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Effective connectivity measurements in the human hippocampal memory system based on the resting-state blood oxygenation-level
dependent signal were made in 172 participants in the Human Connectome Project to reveal the directionality and strength of the
connectivity. A ventral “what” hippocampal stream involves the temporal lobe cortex, perirhinal and parahippocampal TF cortex, and
entorhinal cortex. A dorsal “where” hippocampal stream connects parietal cortex with posterior and retrosplenial cingulate cortex,
and with parahippocampal TH cortex, which, in turn, project to the presubiculum, which connects to the hippocampus. A third
stream involves the orbitofrontal and ventromedial-prefrontal cortex with effective connectivity with the hippocampal, entorhinal,
and perirhinal cortex. There is generally stronger forward connectivity to the hippocampus than backward. Thus separate “what,”
“where,” and “reward” streams can converge in the hippocampus, from which back projections return to the sources. However, unlike
the simple dual stream hippocampal model, there is a third stream related to reward value; there is some cross-connectivity between
these systems before the hippocampus is reached; and the hippocampus has some effective connectivity with earlier stages of
processing than the entorhinal cortex and presubiculum. These findings complement diffusion tractography and provide a foundation
for new concepts on the operation of the human hippocampal memory system.

Key words: dorsal visual stream; hippocampal effective connectivity; human episodic memory; orbitofrontal cortex; ventral visual
stream.

Introduction
A recent anatomical analysis of the direct connections
of the human hippocampal memory system using
diffusion tractography with 172 participants in the
Human Connectome Project (HCP) (Huang, Rolls, Hsu,
et al. 2021b) provides evidence that hippocampal
connections are much more extensive than in the
simple dual stream model, in which ventral cortical
processing streams concerned with representations of
“what” object or person is present (Kravitz et al. 2013;
Rolls 2021b) reach the hippocampus by the perirhinal
and then lateral entorhinal cortex; and the dorsal cortical
stream concerned with representations of “where”
spatial locations or actions (Gallivan and Goodale 2018)
are connected via the parahippocampal gyrus and the
medial entorhinal cortex with the hippocampus (Van
Hoesen 1982; Suzuki and Amaral 1994; Burwell et al.
1995; Burwell 2000; Knierim et al. 2014; Doan et al. 2019).
For example, in humans the diffusion tractography

provided evidence for direct connections between the
hippocampus that bypass the entorhinal cortex to reach
the perirhinal and parahippocampal cortex; and for
direct hippocampal connections with early sensory
cortical areas for vision, touch, and olfaction; and for
cross-connections between the “what” and “where”
streams in the connectivity before the hippocampus
(Huang, Rolls, Hsu, et al. 2021b). The connections were
analyzed between the hippocampal system and the 362
cortical areas defined in the HCP atlas (Glasser et al. 2016)
and in our modified and extended version of it, HCPex
(Huang, Rolls, Feng, et al. 2021a). However, diffusion
tractography has limitations, in that it does not provide
evidence about the directionality of the connections; it
can be difficult to trace pathways that cross each other;
and it does not reveal well the connections between the
two hemispheres. These connections receive support
from a functional connectivity (FC) investigation, but
as that is based on the correlations between the blood
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oxygenation-level dependent (BOLD) signals in pairs
of brain regions (Ma et al. 2021), that method cannot
measure the direction of effects between brain regions.
Many of the connections identified with the diffusion
tractography in humans are consistent with tract-tracing
studies in macaques, as described elsewhere (Huang,
Rolls, Hsu, et al. 2021b) and below.

The aim of the research described here is to use an
independent method to measure the strength of the
connectivity of the human hippocampal system with
different brain areas, in which directionality can be mea-
sured, and the crossing of pathways is not a problem.
The method that we developed for this is a new way
of measuring effective connectivity in the brain from
the functional magnetic resonance image (fMRI) BOLD
signal, which allows the directionality of the connectivity
to be measured. A previous version of the algorithm that
measured effective connectivity without direction was
the starting point (Deco et al. 2019), and this was devel-
oped further to enable it to measure the connectivity in
each direction, as described in the Methods. As set out in
the Discussion, the effective connectivity algorithm does
not show that there is a direct connection between a pair
of brain regions, but it does show the directed influence
of one brain region on another.

The hypotheses that we investigated included whether
the hippocampus does have effective connectivity with
neocortical areas beyond what might be mediated just
through the entorhinal cortex; whether there are inter-
actions of the hippocampus with some early sensory
cortical areas and if so in which direction and which early
cortical areas; whether there is segregation between a
perirhinal cortex “what” stream and a parahippocampal
cortex “where” stream; whether the connectivity from
neocortical areas to the hippocampus is mainly hierar-
chical, from stage to stage, as in the dual stream model;
and whether there are interactions between the two
halves of the brain for this system, as the direct connec-
tivity in humans (in contrast to rodents; Rolls 2018a) of
the hippocampus may be somewhat unilateral, and is not
well measured by diffusion tractography (Huang, Rolls,
Hsu, et al. 2021b).

A highlight of the present investigation is that it was
performed in the same participants as those in which
the anatomical connections were described (Huang,
Rolls, Hsu, et al. 2021b), facilitating direct comparison
between the anatomical connections and the effective
connectivity. Another highlight of this investigation is the
use of data from the HCP, in which evidence is available
from more than 170 participants carefully imaged at 7T
with a relatively long imaging time. Another highlight is
use of the HCP atlas of 360 cortical areas that have been
carefully defined using multimodal information, and in
which many of the areas have identified functionality
(Glasser et al. 2016), which we have extended by including
a redefinition of the hippocampus and subiculum, and to
which we have added 66 subcortical areas in an extended
HCP atlas HCPex (Huang, Rolls, Feng, et al. 2021a;

Huang, Rolls, Hsu, et al. 2021b). Another highlight is
the use of the new Hopf algorithm described here for
measuring effective connectivity that can operate with
360 or more brain areas. We note that the human brain
has developed very greatly in a number of key areas even
compared to the macaque, including the temporal lobe
with semantic representations for language, the parietal
and posterior cingulate cortex, and the orbitofrontal
and anterior cingulate cortex (Rolls 2016, 2021d). Given
that the human hippocampus is essential for memory
function (Corkin 2002; Maguire et al. 2016; Clark et al.
2019), and that the connections between brain areas
are important in understanding brain computations
(Rolls 2021d), it is a high priority to understand human
hippocampal system connectivity with all cortical
regions, and this is described here.

Methods
Participants and Data Acquisition
Multiband 7T resting-state fMRIs (rs-fMRIs) of 184 indi-
viduals were obtained from the publicly available S1200
release (last updated: April 2018) of the HCP (Van Essen
et al. 2013). Individual written informed content was
obtained from each participant, and the scanning pro-
tocol was approved by the Institutional Review Board of
Washington University, St. Louis, MO, United States (IRB
#201204036).

Multimodal imaging was performed in a Siemens
Magnetom 7T Skyra housed at the Center for Magnetic
Resonance at the University of Minnesota in Minneapolis.
For each participant, 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
Sessions 2 and 4. Specifically, each rs-fMRI session
was acquired using a multiband gradient-echo EPI
imaging sequence. The following parameters were used:
TR = 1000 ms, TE = 22.2 ms, flip angle = 45◦, field of
view = 208 × 208, matrix = 130 × 130, 85 slices, voxel
size = 1.6 × 1.6 × 1.6 mm3, and multiband factor = 5. The
total scanning time for each session for the rs-fMRI pro-
tocol was approximately 16 min with 900 volumes. The
time series used here thus contained 900 data points for
every brain region from the first session. 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).

This investigation was designed to complement an
investigation with diffusion tractography (Huang, Rolls,
Hsu, et al. 2021b), 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, to allow
a comparison of the 7T data described here with results
obtained at the 3T rs-fMRI data set, five participants were
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excluded: three with no 3T fMRI scans and two with
incomplete rs-fMRI sessions. This provided 172 partici-
pants for the analyses described here (age 22–36 years,
66 males), each with four sessions of 7T rs-fMRI, of which
the first was used for the effective connectivity analysis
described here.

Data Preprocessing
The preprocessing was performed by the HCP as
described in Glasser et al. (2013), based on the updated 7T
data pipeline (v3.21.0, https://github.com/Washington-
University/HCPpipelines), including gradient distortion
correction, head motion correction, image distortion
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 artifact (Smith et al. 2013;
Griffanti et al. 2014; Salimi-Khorshidi et al. 2014). This
step also used 24 confound time series derived from the
motion estimation (6 rigid-body parameter time series,
their backward-looking temporal derivatives, plus all 12
resulting regressors squared (Satterthwaite et al. 2013)
to minimize noise in the data. (The mean framewise
displacement was 0.083 ± 0.032 std.) The time series were
detrended, and temporally filtered with a second-order
Butterworth filter set to 0.008–0.08 Hz.

As is evident from the above, the HCP was extremely
careful in its preparation of the time series, to minimize
any unwanted noise from head motion etc. To address
this further, we performed a further analysis with the
same 172 participants at 3T that has a 1200 point time
series with TR = 0.72. In this set of data, it was possible
to regress out the framewise displacement, and it was
found that this made little difference, in that the FCs
with and without regression of framewise displacement
were correlated 0.987. (The FCs are relevant here, because
the effective connectivity is calculated using the FCs
and the time-lagged FCs.) [Framewise displacement mea-
sures 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 transla-
tion and three rotation parameters) at every time point
(Power et al. 2012).] We also performed cross-validation
and showed that the FCs described here for 172 par-
ticipants at 7T were correlated 0.944 with those in 845
different HCP participants at 3T. These precautions and
cross-validation thus show that the 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
influence the nine regions of interest (ROIs) analyzed
here, as they are all close together in the brain (Fig. 1).
Furthermore, we checked the temporal signal-to-noise

ratio for all brain regions, and that provided evidence that
signal dropout was not a problem.

Brain Atlas and Seed Selection
To construct the effective connectivity for the ROIs in this
investigation with other parts of the human brain, we
combined the following atlases, as fully described else-
where to produce the extended HCP atlas HCPex (Huang,
Rolls, Feng, et al. 2021a): 1) HCP’s multimodal parcella-
tion (v1.0), including 179 cortical regions per hemisphere
except for the hippocampus (Glasser et al. 2016); 2) 9
subcortical regions per hemisphere from the CIT168 rein-
forcement learning atlas (Pauli et al. 2018), including the
putamen, caudate nucleus, nucleus accumbens, globus
pallidus externalis, globus pallidus internalis, substantia
nigra pars compacta, substantia nigra pars reticulata,
ventral tegmental area, and mammillary bodies; 3) the
thalamic nuclei as described in Iglesias et al. (2018).
These atlases are defined in the asymmetric MNI space
of ICBM152 2009c (Fonov et al. 2011). To distinguish the
subiculum from the hippocampus, we used the subicu-
lum mask provided in the CoBrALab atlas (Winterburn
et al. 2013). The amygdala came from the same atlas.
Thus, the final modified HCP atlas contained 362 parcels
that cover the cerebral cortex. A list of these regions is
provided in Supplementary Table 1, and coronal slices
with the HCP parcellation with labels for each region are
provided in Supplementary Figure 1 with a more exten-
sive series elsewhere (Huang, Rolls, Feng, et al. 2021a).
The HCPex atlas is in volumetric space, partly because
this facilitates inclusion of subcortical areas, and partly
because this allows the use of much software that per-
forms analyses in volumetric MNI space (Huang, Rolls,
Feng, et al. 2021a). We note that analyses in surface
space are likely to have some advantages for cortical
areas because of better registration (Coalson et al. 2018;
Huang, Rolls, Feng, et al. 2021a), so we checked whether
the volumetric HCPex atlas was accurate for the present
purposes. We found that for the 360 cortical areas in the
surface-based HCP-MMP v1.0 atlas (Glasser et al. 2016),
the correlation of the FCs averaged over 171 participants
at 7T with those calculated with the HCPex volumetric
atlas (Huang, Rolls, Feng, et al. 2021a) and used here
was 0.94, and regard that as satisfactory for the present
purposes. (It is this FC matrix and its time-lagged version
averaged across participants, which are used by the effec-
tive connectivity algorithm described here.)

In this investigation, the same nine seed ROIs were
included as in the complementary diffusion tractography
investigation (Huang, Rolls, Hsu, et al. 2021b) to investi-
gate their whole-brain FCs. They were the hippocampus
(Hipp), subiculum (Subic), presubiculum (PreS), entorhi-
nal Cortex (EC), perirhinal cortex (PeEc), and parahip-
pocampal gyrus (area TF; area TH in terms of three subre-
gions PHA1–3), as shown in Figure 1. Of the four parahip-
pocampal areas, PHA1–3 correspond to area TH (which is
medial to and extends posterior to area TF), where within
TH, PHA1 is medial, PHA2 is dorsolateral, and PHA3 is
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Fig. 1. The hippocampal, parahippocampal, and related ROIs as defined in the HCP atlas (Glasser 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.

ventrolateral (see Fig. 1) (The hippocampus defined in
this investigation was slightly larger than in the original
HCP atlas [Glasser et al. 2016] and was separated from the
subiculum, as described in the Supplementary Material.)

Measurement of Effective Connectivity
Effective connectivity measures the effect of one brain
region on another and utilizes differences detected at dif-
ferent times in the signals in each connected pair of brain
regions to infer effects of one brain region on another.
One such approach is dynamic causal modeling, but it
applies most easily to activation studies and is typically
limited to measuring the effective connectivity between
just a few brain areas (Friston 2009; Valdes-Sosa et al.
2011; Bajaj et al. 2016), though there have been moves
to extend it to resting-state studies and more brain areas
(Frassle et al. 2017; Razi et al. 2017). The method used
here was developed from a Hopf algorithm to enable
measurement of effective connectivity between many
brain areas, described by Deco et al. (2019). A principle
is that the FC is measured at time t and time t + tau,
where tau is typically 2 s to take into account the time
within which a change in the BOLD signal can occur, and
then the effective connectivity model is trained by error
correction until it can generate the FC matrices at time
t and time t + tau. Further details of the algorithm, and
the development that enabled it to measure the effective
connectivity in each direction, are described next and in
more detail in the Supplementary Material.

To infer the effective connectivity, we use a whole-
brain model that allows us to simulate the BOLD activity

across all brain regions and time. We use the so-called
Hopf computational model, which integrates the dynam-
ics of Stuart–Landau oscillators, expressing the activity
of each brain region, by the underlying anatomical con-
nectivity (Deco, Kringelbach, et al. 2017b). As mentioned
above, we include 362 cortical brain areas in the model
(Huang, Rolls, Feng, et al. 2021a). The local dynamics of
each brain area (node) is given by Stuart–Landau oscilla-
tors which expresses the normal form of a supercritical
Hopf bifurcation, describing the transition from noisy to
oscillatory dynamics (Kuznetsov 2013). During the last
years, numerous studies were able to show how the
Hopf whole-brain model successfully simulates empiri-
cal electrophysiology (Freyer et al. 2011, 2012), MEG (Deco,
Cabral, et al. 2017a), and fMRI (Kringelbach et al. 2015;
Deco, Kringelbach, et al. 2017b; Kringelbach and Deco
2020).

The Hopf whole-brain model can be expressed math-
ematically as follows:

dxi
dt

=

Local Dynamics︷ ︸︸ ︷[
ai − x2

i − y2
i

]
xi − ωiyi +

Coupling︷ ︸︸ ︷
G

∑N

j=1
Cij

(
xj − xi

)
+

Gaussian Noise︷ ︸︸ ︷
βηi(t), (1)

dyi
dt

=
[
ai − x2

i − y2
i

]
yi + ωixi + G

∑N

j=1
Cij

(
yj − yi

)
+ βηi(t). (2)

Equations (1) and (2) describe the coupling of Stu-
art–Landau oscillators through an effective connectivity
matrix C. The xi(t) term represents the simulated BOLD
signal data of brain area i. The values of yi(t) are rel-
evant to the dynamics of the system but are not part
of the information read out from the system. In these

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/32/17/3706/6509015 by guest on 02 Septem

ber 2022

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab442#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab442#supplementary-data


3710 | Cerebral Cortex, 2022, Vol. 32, No. 17

equations, ηi(t) provides the additive Gaussian noise with
standard deviation β. The Stuart–Landau oscillators for
each brain area i express a Hopf normal form that has
a supercritical bifurcation at ai = 0, so that if ai > 0 the
system has a stable limit cycle with frequency fi = ωi/2π

(where ωi is the angular velocity); and when ai< 0 the sys-
tem has a stable fixed point representing a low-activity
noisy state. The intrinsic frequency fi of each Stuart–
Landau oscillator corresponding to a brain area is in the
0.008–0.08 Hz band (i = 1, . . . , 362). The intrinsic frequen-
cies are fitted from the data, as given by the averaged
peak frequency of the narrowband BOLD signals of each
brain region. The coupling term representing the input
received in node i from every other node j, is weighted by
the corresponding effective connectivity Cij. The coupling
is the canonical diffusive coupling, which approximates
the simplest (linear) part of a general coupling function.
G denotes the global coupling weight, scaling equally
the total input received in each brain area. Although the
oscillators are weakly coupled, the periodic orbit of the
uncoupled oscillators is preserved. Details are provided
in the Supplementary Material.

The effective connectivity matrix can be derived by
optimizing the conductivity of each existing anatomical
connection as specified by the structural connectivity
matrix (measured with tractography; Huang, Rolls,
Hsu, et al. 2021b) to fit the empirical FC pairs and
the lagged FCtau pairs. By this, we are able to infer a
nonsymmetric effective connectivity matrix (see Gilson
et al. 2016). Note that FCtau, that is, the lagged FC between
pairs, lagged at tau s, breaks the symmetry and thus is
fundamental for our purpose. Specifically, we compute
the distance between the model FC simulated from the
current estimate of the effective connectivity and the
empirical data FCemp, as well as the simulated model
FCtau and empirical data FCtau_emp and adjust each
effective connection (entry in the effective connectivity
matrix) separately with a gradient-descent approach.
The model is run repeatedly with the updated effective
connectivity until the fit converges toward a stable
value.

We start with the anatomical connection matrix C
obtained with probabilistic tractography from dMRI (or
with a C matrix initialized to zero as described in the
Supplementary Material, which in fact was used here
because it does not rely on knowledge of the anatomical
connections) and use the following procedure to update
each entry Cijin the effective connectivity matrix

Cij = Cij + ε
(
FCemp

ij − FCij + FCtau_emp
ij − FCtau

ij

)
, (3)

where ε is a learning rate constant, and i and j are
the nodes. When updating each connection if the initial
matrix is a dMRI structural connection matrix (see Sup-
plementary Material), the corresponding link to the same
brain region in the opposite hemisphere is also updated,
as contralateral connections are not revealed well by

dMRI. The convergence of the algorithm is illustrated in
Supplementary Figure 6, and the utility of the algorithm
was validated as described below.

For the implementation, we set tau to be 2 s, selecting
the appropriate number of TRs to achieve this.

Effective Connectome
Whole-brain effective connectivity (EC) analysis was per-
formed between the nine seed regions, shown in Figure 1,
and the 362 regions defined in the modified HCP atlas
are shown in Supplementary Table 1 (Huang, Rolls, Feng,
et al. 2021a). This EC was computed from the FC and
FCtau averaged across all 172 participants. The effective
connectivity algorithm was run until it had reached the
maximal value for the correspondence between the sim-
ulated and empirical FC matrices at time t and t + tau,
which was indicated by a minimal mean square error,
and maximum correlation between the simulated and
empirical FC and FCtau (see Supplementary Material).
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), in a modi-
fied and extended form (Huang, Rolls, Feng, et al. 2021a).

The effective connectivity calculated between the 362
cortical areas was checked and validated in a number of
ways. First, in all cases the 362 × 362 effective connec-
tivity matrix could be used to generate by simulation
362 × 362 FC matrices for time t and time t + tau that
were correlated 0.8 or more with the empirically mea-
sured FC matrices at time t and time t + tau using fMRI.
Second, the effective connectivity matrices were robust
with respect to the number of participants, in that when
the 172 participants were separated into two groups of
86, the correlation between the effective connectivities
measured for each group independently was 0.98. Third,
the effective connectivities for early visual areas V1, V2,
V3, and V4 were compared with the known connections
for forward and backward connections involving these
areas in macaques (Markov, Vezoli, et al. 2014b), and the
human effective connectivity was consistent with the
connections in this hierarchically organized system in
macaques, with these results shown in Supplementary
Figure 5 and described in the Supplementary Material.

Results
Effective Connectivity of the Nine Hippocampal
System ROIs with all Cortical Areas
The effective connectivities to the hippocampal system
from other cortical areas are shown in Figure 2. The
effective connectivities from the hippocampal system to
other brain areas are shown in Figure 3. Figures 2 and
3, Supplementary Figures 3 and 4 focus on effective
connectivities in the left hemisphere to or from cortical
regions in both hemispheres. The left hemisphere was
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Fig. 2. Effective connectivity to the hippocampal system from all cortical areas in the left (L) hemisphere. The effective connectivity is read from a
column to a row. This is calculated from 172 participants in the HCP imaged at 7T. The threshold value for the effective connectivity is 0.005, with a
blank indicating effective connectivity less than this, and typically 0. Hipp, hippocampus; Subic, subiculum; PreS, presubiculum; EC, entorhinal cortex;
PeEc, perirhinal cortex; TF, parahippocampal area TF; PHA1–3, parahippocampal gyrus TH areas 1–3. The abbreviations for the other brain areas are
shown in Supplementary Table 1, and the brain regions are shown in Supplementary Fig. 1. The effective connectivity from the first set of cortical areas
is shown above with the subiculum added; and from the second set of areas below.

chosen for these figures to make it likely that any con-
nectivities with language-related areas would be evident.
The effective connectivities shown are those calculated
over 172 participants with data at 7T in the HCP. In
the following sections, the connectivities for each of
the hippocampal system areas are considered. A list
of the brain regions from the HCP atlas (Glasser et al.
2016) reordered (Huang, Rolls, Feng, et al. 2021a; Huang,
Rolls, Hsu, et al. 2021b) is provided in Supplementary
Table 1, and coronal slices of the human brain showing
where each cortical region is located are provided in
Supplementary Figure 1. There are 362 cortical areas
in the HCPex atlas used, so the brain regions shown
in Figures 2 and 3 as having connectivity with the hip-
pocampus are a small proportion of all these cortical
areas. Figures 2 and 3 show that the binary sparseness
of the connectivity from the hippocampus to all cortical
areas in the left hemisphere = 0.056; and that the binary
sparseness of connectivity to the hippocampus from all
areas in the left hemisphere is 0.097. (The binary sparse-
ness measures the proportion of effective connectivity
links that are not zero.) The sparseness of the effective
connectivity matrix across the whole 362 × 362 cortical
areas was 0.11. Figures 2 and 3 are helpful because they
allow direct comparison with the connections of the
human hippocampus traced with diffusion tractography
(Huang, Rolls, Hsu, et al. 2021b). Figure 5 provides an
overview of some of the effective connectivities to be
described.

Hippocampus

The effective connectivity to the hippocampus from
other brain areas (Figs 2 and 4) shows that it receives
strong-to-moderate influences from the entorhinal
cortex, perirhinal cortex, subiculum, presubiculum,
parahippocampal gyrus TH, posterior cingulate cortex
(v23ab), and an early visual area POS1. Weaker inputs
to the hippocampus are directed from the anterior
cingulate cortex (p32, a24, 25), orbitofrontal cortex (pOFC
and 47m), and prefrontal areas 10d (frontal pole) and 8Ad
(dorsolateral prefrontal cortex), somatosensory cortex
(3b), and auditory cortex (A5). Some of this connectivity
is bilateral as shown below.

Figures 3 and 5 show that the hippocampus has effec-
tive connectivity directed strongly to the subiculum and
entorhinal cortex; with some effective connectivity to
A5, presubiculum, perirhinal cortex, parahippocampal
cortex TH (PHA1), posterior cingulate cortex, POS1, and
lateral orbitofrontal cortex (47m).

Subiculum

As shown in Figures 2 and 5, the subiculum receives
strong effective connectivity from the hippocampus, pre-
subiculum, entorhinal cortex; with some effective con-
nectivity from posterior (31) and anterior cingulate cor-
tex (p32, 25, a24, 10d), parietal cortex, orbitofrontal cortex
(pOFC), early visual cortical areas (e.g., POS1), and pre-
frontal cortex (8Ad).
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Fig. 3. Effective connectivity from the hippocampal system to all cortical areas in the left (L) hemisphere. The effective connectivity is read from a column
to a row. This is calculated from 172 participants in the HCP imaged at 7T. The threshold value for the effective connectivity is 0.005. Hipp, hippocampus;
Subic, subiculum; PreS, presubiculum; EC, entorhinal cortex; PeEc, perirhinal cortex; TF, parahippocampal area TF; PHA1–3, parahippocampal gyrus TH
areas 1–3. The abbreviations for the other brain areas are in Supplementary Table 1, and the brain regions are shown in Supplementary Figure 1. The
effective connectivity to the first set of cortical areas and the subiculum is shown on the left; and to the second set of areas on the right.

As shown in Figures 3 and 5, the subiculum has
strong effective connectivity directed to the hippocam-
pus, presubiculum, and entorhinal cortex; with some
effective connectivity to parahippocampal gyrus TH,
parietal cortex (PGs), posterior cingulate cortex (v23ab),
early visual areas (POS1), anterior cingulate cortex (p32),
orbitofrontal cortex (pOFC), anterior cingulate cortex
(10d), and dorsolateral prefrontal cortex (8Ad).

Presubiculum

As shown in Figures 2 and 5, the presubiculum receives
strong effective connectivity from the subiculum,
parahippocampal gyrus TH, parietal cortex (7Pm, PGs),

precuneus visual area (PCV) and early visual areas POS1
and ProS, and posterior cingulate cortex (31a, v23ab);
with some effective connectivity from the hippocampus,
entorhinal cortex, anterior cingulate cortex (p32), and
dorsolateral prefrontal cortex (8Ad).

As shown in Figures 3 and 5, the presubiculum
has strong effective connectivity directed to the hip-
pocampus, subiculum, parahippocampal gyrus TH,
relatively early visual areas (POS1 and ProS), and to
the posterior cingulate cortex (v23ab); with weaker
effective connectivity to the entorhinal cortex, anterior
cingulate cortex (p32), and the dorsolateral prefrontal
cortex (8Ad).
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Fig. 4. Difference of the effective connectivity for the hippocampal system with cortical areas. For a given link, if the effective connectivity is positive,
the connectivity is stronger in the direction column to row. For a given link, if the effective connectivity is negative, the connectivity is weaker in the
direction column to row. This is calculated from 172 participants in the HCP imaged at 7T. The threshold value for any effective connectivity difference
to be shown is 0.001. Hipp, hippocampus; Subic, subiculum; PreS, presubiculum; EC, entorhinal cortex; PeEc, perirhinal cortex; TF, parahippocampal
area TF; PHA1–3, parahippocampal gyrus TH areas 1–3. The abbreviations for the other brain areas are shown in Supplementary Table 1, and the brain
regions are shown in Supplementary Figure 1. The effective connectivity difference for the first set of cortical areas is shown above with the subiculum
added; and for the second set of areas below.

Entorhinal Cortex

As shown in Figures 2 and 5, the entorhinal cortex
receives strong effective connectivity from the hip-
pocampus, subiculum, entorhinal cortex, perirhinal
cortex, inferior temporal cortex (TE1p), and posterior
orbitofrontal cortex (pOFC and 13l); with some effective
connectivity from the presubiculum, TF, parietal cortex
(PGs), posterior cingulate cortex (31a, d23ab), and
anterior cingulate cortex (10d).

As shown in Figures 3 and 5, the entorhinal cortex
has strong effective connectivity to the hippocampus,
subiculum, and perirhinal cortex; with some effective
connectivity to the presubiculum, TF, parietal cortex
(PGs), anterior cingulate cortex (10d), and orbitofrontal
cortex (posterior pOFC, 13l, OFC, and lateral 47m).

Perirhinal Cortex

As shown in Figures 2 and 5, the perirhinal cortex
receives strong inputs from the pyriform (olfactory)
cortex, the entorhinal cortex, TF, and the inferior
temporal cortex (TE2p and TE1p) and fusiform face
area (FFC); and weaker effective connectivity from the
hippocampus, TH, posterior (pOFC) and lateral (47m)
orbitofrontal cortex.

As shown in Figures 3 and 5, the perirhinal cortex has
strong effective connectivity directed to the hippocam-
pus, entorhinal cortex, and TF; and some effective con-
nectivity to the inferior temporal cortex (TE2p)), TH, and
lateral orbitofrontal cortex (47m).

Parahippocampal Cortex TF

As shown in Figures 2 and 5, the parahippocampal gyrus
part TF receives strong inputs from the perirhinal cortex,
and from ventral stream cortical areas (FFC, TE2a, TE2p,
and TGv); and has some effective connectivity from the
hippocampus, superior temporal sulcus areas (STS), and
inferior frontal gyrus (IFSa).

As shown in Figures 3 and 5, the parahippocampal
gyrus part TF has strong effective connectivity directed to
the perirhinal cortex; with some effective connectivity to
the ventral stream cortical areas (TE2a, TE2p, and TGv),
STS areas, TH, the lateral orbitofrontal cortex (47m), and
the inferior frontal gyrus (IFja, IFsa, IFsp).

Parahippocampal Cortex TH (Areas PHA1–3)

As shown in Figures 2 and 5, the (medial) parahippocam-
pal gyrus part TH regions PHA1–3 are strongly intercon-
nected, and receive strong effective connectivity from
the presubiculum, the parietal cortex (e.g., PGp), and
from relatively early cortical visual areas (e.g., ProS, POS1,
TPOJ3) including ventromedial visual (VMV) and VVC
which are part of the parahippocampal place/scene area
(Sulpizio et al. 2020); and some effective connectivity
from the subiculum, posterior cingulate cortex (31a), and
dorsolateral prefrontal cortex (8Ad).

As shown in Figures 3 and 5, the parahippocampal
gyrus part TH has strong effective connectivity directed
to the hippocampus, presubiculum, the VMV areas, and
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POS1; with some effective connectivity to perirhinal cor-
tex, and the parietal cortex (e.g., PGs, PGp).

Effective Connectivity of the Nine Hippocampal
System ROIs with Contralateral Cortical Areas
The contralateral effective connectivity matrices for the
left hemisphere in Supplementary Figures 3 and 4 show
that the nine hippocampal system regions have almost
bilaterally symmetrical connectivity with the contralat-
eral regions, though the connectivity tends to be weaker
contralaterally. Apart from that the nine hippocampal
system regions have much less effective connectivity
with other contralateral cortical regions, apart, interest-
ingly, from the posterior cingulate cortex. This is quite
different to what can be shown as the direct connections
with diffusion tractography, which connect across the
midline mainly for the hippocampus, presubiculum, and
TH (Huang, Rolls, Hsu, et al. 2021b). The effective con-
nectivity analysis provides a useful and important exten-
sion in this respect to the diffusion tractography where
contralateral connectivity, which tends to be long-range,
is concerned. The connectivity of the nine hippocam-
pal system regions with corresponding cortical regions
contralaterally provides evidence that the effective con-
nectivity algorithm works well, for it is contralateral
corresponding cortical regions that have the strongest
effective connectivity.

Effective Connectivity of the Nine Hippocampal
System Regions with Subcortical Areas
The hippocampus had effective connectivity with the
amygdala (To = 0.065, From = 0.052, contralaterally a
little lower at 0.061 and 0.046) and septum (To = 0.011,
From = 0.031, contralaterally only From = 0.016). The
subiculum had effective connectivity from the forebrain
nucleus basalis of Meynert (0.021) and some from the
septum (0.015). The entorhinal cortex had effective
connectivity to the amygdala (0.019). The perirhinal
cortex had effective connectivity with the amygdala
(To = 0.051, From = 0.031), and weakly from the nucleus
basalis (0.007). The septum and basal nucleus, mapped
in humans, contain cholinergic neurons (Mesulam 1990;
Zaborszky et al. 2008; Zaborszky et al. 2018). TF had
effective connectivity to the amygdala (0.015), and PHA1–
3 did not correctly in our typescript.

Difference of the Effective Connectivities in the
Two Directions in the Hippocampo-Cortical
System
To help reveal what the effective connectivity can show
that is different from FC or anatomical connections,
Figure 4 shows the difference of the effective connectiv-
ity in the two directions for each link in the hippocampo-
cortical system. For a given link, if the effective connec-
tivity shown in Figure 4 is positive, the connectivity is
stronger in the direction from column to row. Conversely,
for a given link, if the effective connectivity shown
in Figure 4 is negative, the connectivity is weaker in
the direction from column to row. The interpretation

of Figure 4 is as follows. The effective connectivity is
stronger in the direction from column to row for most
of the effective connectivity links. For example, parietal
cortex area PGp has stronger effective connectivity to
parahippocampal TH (PHA 1–3) than in the reverse
direction. Most of these positive effective connectivity
links are as expected, given understanding of cortico-
hippocampal function, for these cortical areas are driving
strong forward inputs into the hippocampal system,
with weaker connectivity in the back projection direction
from the hippocampal system for memory recall (Rolls
2016, 2021d), as considered in the Discussion. One great
exception in Figure 5 to the directionality of the links
is that the effective connectivity is weaker from the
hippocampus to the other hippocampal system areas
such as the subiculum, presubiculum, entorhinal cortex,
than in the other direction. This is very consistent that
these hippocampal connectivities are back projections
used for memory recall, for they must be weak in this
back projection direction for memory systems to operate
correctly, as considered in the Discussion.

Validation of the Effective Connectivity Algorithm
As this is the first use of this asymmetric Hopf effective
connectivity algorithm that measures connectivity in
both directions, steps were taken in a number of ways
to validate it.

First, its performance was evaluated in a brain system
in which the connectivity is relatively well understood
using anatomy in nonhuman primates. In particular, it
is expected that there is a hierarchy from V1 to V2 to V4,
with the connections stronger in the forward direction
than in the reverse direction, due to the asymmetric con-
nections in the forward and backward directions between
each pair of cortical areas (Markov et al. 2013; Markov
and Kennedy 2013; Markov, Ercsey-Ravasz, et al. 2014a;
Markov, Vezoli, et al. 2014b; Rolls 2016). The effective con-
nectivity between these areas measured with the present
algorithm is consistent with this anatomy, as set out
in the Supplementary Material including Supplementary
Figure 5.

Second, it was important to assess whether the oper-
ation of the Hopf effective connectivity algorithm could
operate independently of any evidence from the anatom-
ical structural connectivity. The algorithm can utilize
evidence from the anatomy about which connections are
not present in the brain, because reducing the number
of connectivities that have to be computed by the algo-
rithm may help it to converge faster or more accurately
(Deco et al. 2019). But if the effective connectivity algo-
rithm is to provide support, it would be helpful to know
whether it can calculate the same effective connectivity
without any structural anatomical information. This was
tested by replacing the structural connectivity matrix
used by the algorithm with a matrix of zeros. It was
found that the effective connectivity matrix computed
using the structural anatomical versus zero matrices was
correlated with r=0.97. Thus the effective connectivity
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Fig. 5. Summary of the effective connectivity of the human hippocampal system measured across all 172 HCP participants at 7T. The maximum value
of the effective connectivity is 0.2, and the strength in each direction is shown close to the termination of an arrow. The width of the arrows and the
size of the arrowheads reflect the strength of the effective connectivity. For areas such as the temporal lobes, the parietal cortex, and the posterior
cingulate cortex, there are several subregions in the HCP atlas, and the value of the strongest effective connectivity to or from any subarea is shown in
this case. Brain regions that are part of the ventral “what” stream are shown in blue color, that are part of the dorsal “where” or “action” stream are shown
in red color, and that involve the orbitofrontal and anterior cingulate cortex reward value stream are in green color. The VMV areas and TH include
the parahippocampal place/scene area. The early visual areas referred to here include POS1 and ProS. Effective connectivities of less than 0.010 in the
stronger direction are not included for clarity, but are shown in Figures 2 and 3. Dashed lines indicate that there are several stages to the connectivity.
The summary figure focuses on connectivity of hippocampal system brain regions and does not show connectivity between other brain systems such
as the orbitofrontal cortex and lateral temporal cortex TE and TG.

algorithm described here can compute effective connec-
tivity that is independent of any input from the structural
connectivity, and that procedure starting with zeros was
used here. This enables these two types of independent
evidence, from diffusion tractography (for the hippocam-
pal system, see, e.g., Huang, Rolls, Hsu, et al. 2021b) and
from effective connectivity, to be brought to bear on the
connectivity of the human brain.

Third, the great consistency in the direction of the
effective connectivity shown in Figure 4 across many
connectivity links, and the way in which these connec-
tivities fit with understanding of the operation of cor-
tical memory systems (Rolls 2016, 2021d), provides evi-
dence on the robustness and utility of the algorithm
described here, even when measuring effective connec-
tivity between 428 brain regions.

Summary of the Effective Connectivity
of the Human Hippocampal System
Figure 5 shows a summary of the effective connectivity
of the hippocampal system measured here across all
172 participants. The maximum value of the effective
connectivity is 0.2, and is shown for each link where
the connectivity in either direction is ≥0.010 in Figure 5.
The width of the arrows and the size of the arrow heads
reflect the strength of the effective connectivity. For
areas such as the temporal lobes, the parietal cortex, and
the posterior cingulate cortex, there are several regions

in the HCP atlas, and the value of the strongest effective
connectivity to or from any region is shown in this case.

First, it is clear that the visual “what” system (blue
in Fig. 5) projects from the temporal lobes with gener-
ally stronger forward effective connectivity toward the
hippocampus via the perirhinal cortex and entorhinal
cortex. However, there is generally effective connectivity
also in the backward direction, away from the hippocam-
pus, and this may be useful in memory recall (Treves and
Rolls 1994; Rolls 2021d).

Second, it is interesting in humans that the lateral part
of the parahippocampal gyrus, TF, is strongly connected
with and is part of this ventral stream, in terms of
its effective connectivity. (In macaques, the understand-
ing was that the parahippocampal gyrus is interposed
between parietal/posterior cingulate areas and the hip-
pocampus [Van Hoesen 1982].)

Third, the ventral stream connectivity is not purely
hierarchical, but instead the effective connectivity oper-
ates in part to jump across layers of the hierarchy. For
example, the hippocampus has bidirectional effective
connectivity with the perirhinal cortex, in addition to
the effective connectivity involving the entorhinal cortex;
the entorhinal cortex has effective connectivity between
it and temporal cortical visual areas, in addition to the
connectivity via the perirhinal cortex.

Fourth, in the visual “where” or “action” system (red
in Fig. 5), the system is not strictly hierarchical. There is
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connectivity from parietal cortex via posterior cingulate
cortex directly to the hippocampus; and via posterior
cingulate cortex via parahippocampal TH and presubicu-
lum to and from the hippocampus. In addition, there is a
pathway from early visual cortical areas via the VMV area
which together with the parahippocampal TH include
the parahippocampal place area (Sulpizio et al. 2020) that
projects via the presubiculum to the hippocampus. Fur-
thermore, the presubiculum has some effective connec-
tivity with early visual cortical areas (including POS1 and
ProS); and also via TH and the posterior cingulate cortex
then parietal cortex with early visual cortical areas (see
above and Figs 2 and 3).

Fifth, a point of interest in this system is that in terms
of effective connectivity (and anatomically; Huang, Rolls,
Hsu, et al. 2021b), the presubiculum appears in the dor-
sal visual system to be topologically equivalent to the
entorhinal cortex for the (mainly) ventral visual sys-
tem. In humans, the presubiculum is largely posterior
to the entorhinal cortex (Figs 1 and Supplementary Fig.
1; Huang, Rolls, Feng, et al. 2021a), and so is in a good
position to provide for connections between the hip-
pocampus and parietal, posterior cingulate, and early
visual areas that are relatively posterior.

Sixth, the effective connectivity indicates that in
humans it is the TH part of the parahippocampal gyrus
that is part of the dorsal visual route to and from the
hippocampus.

Seventh, the posterior cingulate cortex has interesting
effective connectivity with the hippocampal system, for
it has strong forward connectivity to the hippocampus,
with relatively weak backward effective connectivity.

Eighth, the subiculum has strong effective connectiv-
ity with both the entorhinal cortex and presubiculum,
and also with the hippocampus, and provides a route that
is additional to the direct connectivity of the entorhinal
cortex and presubiculum with the hippocampus. The
subiculum is thus a potentially interesting area in terms
of convergence of the ventral and dorsal stream connec-
tivity with the hippocampus.

Ninth, the orbitofrontal and anterior cingulate cor-
tex, implicated in reward and emotion processing (Rolls
2019a, 2021a; Rolls, Cheng, Feng 2020a), has interestingly
moderate effective connectivity with the hippocampus,
subiculum, entorhinal cortex, and perirhinal cortex. This
provides evidence for connectivity for reward informa-
tion to reach the hippocampal system (e.g., to become
part of an episodic memory), and to return from the hip-
pocampus (e.g., during the retrieval of an episodic mem-
ory) (Rolls 2021a). The orbitofrontal cortex, ventromedial
prefrontal cortex, and anterior cingulate cortex thus in
terms of effective connectivity constitute a third stream
of effective connectivity to and from the hippocampus,
as shown, in green color, in Figure 5. It is notable that
the hippocampal connectivity of this third stream is
more with the orbitofrontal cortex and the ventromedial
prefrontal cortex than with the anterior cingulate cortex
(Fig. 5, see also Figs 2 and 3).

Tenth, the connections of the hippocampal system
with the prefrontal cortex system for short-term memory
appear to be interestingly organized (Fig. 3). The parahip-
pocampal TH area implicated in place/scene spatial
representations (and the hippocampus, subiculum, and
presubiculum) is interconnected with the dorsolateral
prefrontal cortex area 8Ad, which is probably part of
the frontal eye field used to remember where the eyes
have been fixating in space (Funahashi et al. 1989) and
is involved in top-down attention (Germann and Petrides
2020) that requires short-term memory to hold the object
of attention online (Deco and Rolls 2005; Rolls 2021d).
In contrast, the perirhinal cortex is connected with the
lateral prefrontal cortex (p9–46), and TF is especially
interconnected with the inferior frontal prefrontal cortex
areas, which is of interest for this interconnectivity
may be involved more in “what” short-term memory
(Rolls 2021d). Also, area 10, the frontal pole, implicated
in planning (Gilbert and Burgess 2008; Shallice and
Cipolotti 2018), has effective connectivity with the
hippocampus, presubiculum, and entorhinal cortex
(Fig. 3).

Eleventh, it is evident that some early sensory corti-
cal areas have connectivity with the hippocampal sys-
tem. For vision, one such key early visual area is POS1,
which is located just adjacent to V1 (see brain diagrams;
Huang, Rolls, Feng, et al. 2021a; Huang, Rolls, Hsu, et al.
2021b). The details of this connectivity revealed by the
analysis performed here are that V1 and V2 have effec-
tive connectivity to ProS = 0.078; ProS then has effec-
tive connectivity to POS1 = 0.043; and POS1 then has
effective connectivity to the Hipp = 0.038. There is thus
a pathway from early visual cortical areas to the hip-
pocampus. That is reflected in the diffusion tractog-
raphy (Huang, Rolls, Hsu, et al. 2021b), and the effec-
tive connectivity further extends the diffusion tractog-
raphy by showing that the strong connections between
the same early visual cortical areas and the presubicu-
lum and TH (PHA1) are reflected in high effective con-
nectivity from these early visual cortical areas directed
toward these hippocampal system areas. Similarly, there
was effective connectivity from other sensory systems
to the hippocampal system, including pyriform (olfac-
tory) cortex, somatosensory cortex, and auditory area A5
(Fig. 2).

Some of the implications of the effective connectivity
shown in Figure 5 are considered in the Discussion.

Discussion
Effective Connectivity and Connections
of the Human Hippocampal System
The effective connectivity of the human hippocampal
system described here and summarized in Figure 5 is
very helpful to compare with the direct anatomical
connections of the hippocampal system as revealed
by diffusion tractography in the same individuals
(Huang, Rolls, Hsu, et al. 2021b) and shown here in
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Supplementary Figure 2 for comparison. The effective
connectivity supports new key findings about the
anatomical direct connections in humans (Huang, Rolls,
Hsu, et al. 2021b), by showing functional correlates
that are measured independently of any anatomical
information, and using only BOLD signals recorded with
fMRI. We focus on these comparisons in this section,
and consider their implications later. The effective
connectivity measurements in addition go beyond the
diffusion tractography, by providing evidence on the
direction of the connectivity, and on its physiological
strength measured by effects on signals as compared
with streamline numbers.

First, the human hippocampus has more extensive
anatomical direct connections with cortical areas as
shown by diffusion tractography than in even nonhuman
primates, including with some parietal cortex areas,
the posterior and retrosplenial cingulate cortex, the
temporal pole, and even with early sensory areas for
vision, olfaction, and somatosensation (Huang, Rolls,
Hsu, et al. 2021b) (see Supplementary Fig. 2 that
summarizes the anatomical connections measured
with diffusion tractography). The effective connectivity
described here extends that evidence, by confirming that
there is effective connectivity between the hippocampus
and most of these cortical areas (Figs 2–5). The effective
connectivity also shows that the connectivity with early
sensory areas is stronger toward the hippocampal sys-
tem, so may provide for some low-level sensory details
to be stored with each episodic memory, which could
help to make human episodic memory vivid because
some lower level sensory detail can be incorporated
that may not be represented in areas higher in the
hierarchy including, for example, the perirhinal cortex.
The effective connectivity was measured in the resting
state, and it is possible that during an imagery task,
the connectivity from the hippocampus to early sensory
areas might be stronger. Based on research in macaques,
some of the connections to the hippocampus are direct
to hippocampal CA1, rather than through the trisynaptic
circuit from the dentate gyrus and CA3 to CA1. For
example, 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). That raises the important concept that
in humans (and to some extent in nonhuman primates)
direct inputs to CA1 may be combined with the output
of CA3 to enable detailed cortical information to be
combined in CA1 with what is recalled via the CA3 input
to CA1.

Second, a key finding of the tractography related to the
above is that the human hippocampus has direct connec-
tions with the perirhinal cortex and parahippocampal

gyrus areas TF and TH (Huang, Rolls, Hsu, et al. 2021b).
That suggested that the entorhinal cortex is not the
primary and exclusive gateway to and from the hip-
pocampus in humans. The effective connectivity of the
entorhinal cortex described here supports this concept
for humans, in that the entorhinal cortex has effec-
tive connectivity with fewer cortical areas than the hip-
pocampus (Figs 2–5). The concept that the entorhinal
cortex is not the primary and exclusive gateway to and
from the hippocampus in humans is supported by evi-
dence from macaques (Rosene and Van Hoesen 1977;
Barbas and Blatt 1995; Blatt and Rosene 1998; Insausti
and Munoz 2001).

A third key observation was that the effective con-
nectivity of the human presubiculum makes it appear
as an equivalent for the dorsal visual cortical stream
to the entorhinal cortex for the ventral stream, as set
out in Figure 5, and in fact the tractography fits this too,
as shown in Supplementary Figure 2. In particular, the
presubiculum receives inputs from the parietal cortex,
the parahippocampal gyrus TH, and the posterior cin-
gulate cortex, and has strong bidirectional connections
with the hippocampus (Fig. 5). However, this is not to say
that the entorhinal cortex does not provide a route for
dorsal stream inputs to reach the hippocampal trisynap-
tic circuit, for the entorhinal cortex does have effective
connectivity directed toward it from the presubiculum
and posterior cingulate/retrosplenial cortex (Figs 2–4).
Consistent with what was found here for humans (Figs 2–
5), in the monkey the presubiculum receives a strong
input from area 7 of the posterior parietal cortex (Seltzer
and Van Hoesen 1979) and the posterior cingulate cortex
(Bubb et al. 2017), and the monkey presubiculum projects
to the posterior part of the entorhinal cortex (Witter and
Amaral 2021). The macaque presubiculum contains head
direction cells (Robertson et al. 1999).

The subiculum has strong bidirectional effective
connectivity with the hippocampus, entorhinal cortex,
and presubiculum, and thus has connectivity with both
the dorsal and ventral processing streams. Although
anatomically the hippocampus classically projects to
the subiculum and the presubiculum, the effective
connectivity from the subiculum and the presubiculum
to the hippocampus, evident in Figures 3 and 5, could
arise via direct connections to CA1 from the subiculum
(demonstrated in rodents and rabbits) (Xu et al. 2016),
via connections involving nearby cortical areas such as
the entorhinal cortex, or via subcortical areas including
the thalamus (Bubb et al. 2017). The subiculum and the
hippocampus represent information about linear and
angular whole body motion, 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 et al.
2015].) The subiculum has effective connectivity with
parietal PG areas, and with the posterior cingulate cortex,
which are likely to be part of the same system. Consistent
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with this, vestibular and optic flow signals are found in
the parietal cortex of primates in area 7a (Wurtz and
Duffy 1992; Bremmer et al. 2000; Avila et al. 2019; Cullen
2019), 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 the subiculum that drive the whole body motion
neurons (O’Mara et al. 1994).

A fourth key finding of the tractography is that the
parahippocampal gyrus is not mainly for connections
with the dorsal visual system/parietal areas, as in the
dual stream model (see Van Hoesen 1982; Suzuki and
Amaral 1994; Burwell et al. 1995; Burwell 2000; Knierim
et al. 2014; Doan et al. 2019). Instead, the effective con-
nectivity also strongly supports the diffusion tractogra-
phy (Huang, Rolls, Hsu, et al. 2021b) in that in humans,
area TF, which is lateral and extends relatively anterior,
is connected with ventral stream “what” areas (Figs 2–
5) (and this is supported by connections of TF to the
perirhinal cortex in macaques; Suzuki and Amaral 1994).
It was also interesting that TF had connectivity with the
inferior frontal gyrus areas involved in short-term mem-
ory (Rolls 2021d). In a complementary way, area TH of
the parahippocampal gyrus (proisocortical, and possibly
of early evolutionary origin; Pandya et al. 2015), which is
more medial and extends more posterior, appears to pro-
vide the effective connectivity between the hippocampus
and dorsal stream areas including parietal and posterior
cingulate areas including the retrosplenial cingulate cor-
tex. This supports the human tractography (Huang, Rolls,
Hsu, et al. 2021b). Moreover, the effective connectivity
reveals that it is especially area TH (compared to TF), that
with the presubiculum, has strong effective connectivity
with early sensory areas. Area TH (PHA1–3) and the adja-
cent posterior VMV regions include the parahippocampal
place area that responds to spatial scenes (Sulpizio et al.
2020), and it is via this route that hippocampal and
parahippocampal spatial view cells (Rolls et al. 1997,
1998, 2005; Robertson et al. 1998; Georges-François et al.
1999; Rolls and Xiang 2005, 2006; Wirth et al. 2017; Rolls
and Wirth 2018; Tsitsiklis et al. 2020; Rolls, 2021d, 2021e)
are likely to receive inputs.

A fifth key finding from the effective connectivity
is that this extends bilaterally (Supplementary Figs 3
and 4). This is an important extension of the diffusion
tractography, which does not generally reveal interhemi-
spheric connections as well as it does intrahemispheric
connections (Huang, Rolls, Hsu, et al. 2021b). The pattern
of connections to contralateral areas of the hippocam-
pal system is interesting, for although the contralateral
effective connectivity is weaker than the ipsilateral, the
areas with which there is connectivity correspond well,
as shown in Figures 2 and 3. It is noted that if there
are only relatively minor connections between the CA3
regions in the two hemispheres of the human hippocam-
pus this would enable the human CA3 attractor net-
work of the hippocampus to operate as two separate
attractor networks, allowing the left human hippocam-

pus to specialize more for language-related functions
(Rolls 2018a, 2021d). This would effectively double the
memory capacity of the human hippocampus, as the
capacity is determined largely by the number of CA3–
CA3 connections per neuron in each separate attractor
network (Rolls 2018a, 2021d). Consistent with this, in
macaques there are relatively few CA3–CA3 interhemi-
spheric connections (Amaral et al. 1984).

A sixth finding was evidence for effective connec-
tivity between areas in the ventral and dorsal streams
before the level of the entorhinal cortex and presubicu-
lum (Fig. 5). As expected, both ventral stream and dorsal
stream areas had effective connectivity with the entorhi-
nal cortex (Fig. 5). But before this level, there was bidi-
rectional effective connectivity between the perirhinal
cortex and TH (0.025) (Figs 2–5); and between TF and TH
(0.003). This provides support for the tractography which
provided evidence for connections between the dorsal
and ventral streams (Huang, Rolls, Hsu, et al. 2021b; Sup-
plementary Fig. 2). This provides evidence for incomplete
segregation of “what” and “where” streams, thus going
beyond the simple dual stream model illustrated in Fig-
ure 1 of Huang, Rolls, Hsu, et al. (2021b) (Supplementary
Fig. 2).

Seventh, Figures 2 and 3 make it evident that an area
with which the human hippocampal system does have
effective connectivity, via parahippocampal gyrus TF, is
with the human anterior temporal lobe (TG). This sup-
ports the diffusion tractography (Huang, Rolls, Hsu, et al.
2021b, Fig. 5), which indicates connections in humans
between TG and perirhinal, TF and the hippocampus,
with weaker connections of TG with the entorhinal cor-
tex. This may be important in relation to language, as
the human left anterior temporal lobe is implicated in
semantic representations (Bonner and Price 2013; Pas-
cual et al. 2015; Rolls 2021d). Indeed, it must be remem-
bered that the formation of new semantic representa-
tions, as well as episodic memory, is impaired by hip-
pocampal damage (Rolls 2021a), and the connectivity
especially with the anterior temporal lobe provides clues
about this functionality. Indeed, TF is a very interesting
area in humans, for it has effective connectivity not only
with the perirhinal cortex and thereby with the hip-
pocampus, but also with the cortex in the superior tem-
poral gyrus that has auditory functions, with TE areas
with high-level visual functions and the fusiform face
area, with the inferior frontal gyrus involved in short-
term memory and that are very close to Broca’s area (BA
45), and with the orbitofrontal cortex (Fig. 3) (Rolls 2021d).
This connectivity suggests that TF in humans may have a
role in language and semantic processing, and consistent
with this, concrete nouns that can be perceived visually
activate the left parahippocampal gyrus (Mayer et al.
2017).

Eighth, there is effective connectivity of the hippocam-
pus with many auditory cortex areas (Figs 2 and 3), but
this is likely to be mediated through direct connections
of the hippocampus with region STGa with which the
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hippocampus does have direct connections (Fig. 5 of
Huang, Rolls, Hsu, et al. 2021b). (This is supported by
evidence in macaques, in which the entorhinal, perirhi-
nal, and parahippocampal cortices have connections
with auditory association areas in the superior temporal
sulcus [Insausti et al. 1987; Suzuki and Amaral 1994;
Lavenex et al. 2002; Munoz and Insausti 2005].)

Ninth, the moderate effective connectivity of the hip-
pocampus with prefrontal cortex areas 10 and 8 (Figs 2
and 3) is likely to be trans-synaptic, as it is not evident in
the tractography (Fig. 5 of Huang, Rolls, Hsu, et al. 2021b).

Tenth, it is of interest that most parts of the hippocam-
pal system described here have effective connectivity
with prefrontal area 8, especially 8Ad at the junction of
the superior and middle frontal gyri (Figs 2 and 3). This
was not evident in the tractography, so this is probably
a trans-synaptic connection. This is probably part of the
frontal eye fields that have extensive connectivity with
dorsal visual stream areas (Passingham 2021), and which
are involved in eye movements to remembered targets
(Funahashi et al. 1989; Goldman-Rakic 1996). The hip-
pocampal spatial view representation of scenes by spa-
tial view cells (Rolls and Xiang 2006; Rolls and Wirth 2018;
Rolls 2021d, 2021e) that can be updated by eye position
self-motion (Robertson et al. 1998; Wirth et al. 2017) may
relate to this brain area when the movements have to be
remembered, as they do for idiothetic update (Rolls 2020,
2021e). Area 8A is also implicated in visual and auditory
top-down attention (Germann and Petrides 2020), which
requires a short-term memory to hold online the target
for attention (Deco and Rolls 2005; Ge et al. 2012; Rolls
2021d).

Comparisons with Macaque Neuroanatomy
Many of the findings described here go beyond what
is known in rodents, because of the great development
of many cortical systems in humans including in the
orbitofrontal, cingulate, and visual cortical areas, but
receive support from neuroanatomical tract-tracing
studies in macaques as described next. Some homolo-
gies between the macaque and human hippocampal
formation have been described (Insausti and Amaral
2004). The effective connectivity in humans of course
goes beyond what is known in macaques, partly because
many of these cortical systems are more developed in
humans, partly because effective connectivity measures
the strength of physiological effects, and partly because
effective connectivity may reveal some trans-synaptic
effects.

The effective connectivity of the human entorhi-
nal cortex described here includes connectivity with
parahippocampal TF and TH, with perirhinal cortex,
with some posterior cingulate and anterior cingulate
regions, with the medial (13) and lateral (47) orbitofrontal
cortex, and with prefrontal area 8A, and anatomical
afferents to entorhinal cortex from generally similar
regions are found in macaques (Insausti et al. 1987).
The effective connectivity of the entorhinal cortex with

inferior temporal TE and inferior parietal PG described
here is probably trans-synaptic (via perirhinal and
parahippocampal cortex, or even via the hippocampus;
Huang, Rolls, Hsu, et al. 2021b), because it is not evident
in the human diffusion tractography (Huang, Rolls,
Hsu, et al. 2021b), and is of limited extent in macaque
neuroanatomy (Insausti et al. 1987; Saleem and Tanaka
1996). In macaques, the entorhinal cortex receives from
the cortex in the superior temporal sulcus (Insausti
et al. 1987), but that was not evident in the human
STS auditory regions in the effective connectivity or
diffusion tractography (Huang, Rolls, Hsu, et al. 2021b),
but this could be related to the development of the
middle temporal gyrus in humans which may contain
some of the macaque’s STS regions that represent face
expression and vocalization (Hasselmo et al. 1989; Cheng
et al. 2015). The entorhinal cortex in humans also has
connectivity with three somatosensory areas (Fig. 2). In
macaques, analogous connections with sensory areas are
less evident (Insausti et al. 1987) than in rodents (Insausti
et al. 1997; Burwell and Amaral 1998).

The hippocampus has effective connectivity in humans
with expected areas such as the entorhinal cortex,
subiculum, and presubiculum, but in addition has
effective connectivity with the perirhinal cortex, inferior
parietal (PG), anterior cingulate, posterior cingulate, and
orbitofrontal cortex, supporting most of the diffusion
tractography (Huang, Rolls, Hsu, et al. 2021b), and also
supported by macaque neuroanatomy (Suzuki and
Amaral 1990; Barbas and Blatt 1995; Rockland and Van
Hoesen 1999; Ding et al. 2000; Insausti and Munoz
2001), though connections from the hippocampus to the
posterior cingulate cortex may not have been reported in
macaques.

The connectivity of TF, shown in Figures 2 and 3, with
early visual cortical areas is supported by the diffusion
tractography in the same participants (Huang, Rolls, Hsu,
et al. 2021b), and by connections in macaques of V2, V3,
and V4 to parahippocampal gyrus TF (Felleman and Van
Essen 1991; Lavenex and Amaral 2000; Lavenex et al.
2002).

In humans, the effective connectivity of the hippocam-
pal system to contralateral areas is less strong and less
extensive than ipsilaterally (compare Supplementary
Figs 3 and 4 with Figs 2 and 3), and this is supported
by evidence from macaques (Amaral and Cowan 1980;
Insausti et al. 1987).

Implications for Understanding Hippocampal
Function as a System Involved in Memory and
Navigation in Humans
The wider implications of the effective connectivity and
connections described above are now considered.

First, the hippocampus receives effective connectivity
(in some cases via regions such as the perirhinal cor-
tex) from a number of sensory processing areas early in
the cortical hierarchies including somatosensory cortex
(3b), auditory cortex (A5), piriform (olfactory) cortex, and
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early visual cortex (POS1, POS2, and ProS) (Figs 2–5 and
Supplementary Fig. 5). It is suggested that this enables
some low-level sensory information to be included in
human episodic memory. There are, in most cases, return
pathways, generally weaker, that provide for this type
of information to be recalled to early sensory cortical
areas during the recall of episodic memories (Treves and
Rolls 1994; Rolls 2016). In the case of vision, the effective
connectivity is especially strong with POS1, which is close
to V1 and V2 (see Supplementary Fig. 1 and Huang, Rolls,
Feng, et al. (2021a)), with the effective connectivity path
V1 and V2 to ProS (EC = 0.08), which in turn connects with
POS1 (EC = 0.05) (Supplementary Fig. 5).

Second, the hippocampus and entorhinal cortex have
effective connectivity with the orbitofrontal cortex
(including the medial pOFC and the lateral 47 m) and the
anterior cingulate cortex (p32 and 25), which represent
reward and punishment value, and are involved in
emotion (Rolls 2014, 2018b, 2019b, 2019a; Rolls, Cheng,
Feng 2020a). Part of the importance of this is that
remembering where rewards have been seen in the
world is an important part of episodic memory, which is
reflected in neurons that respond in macaques to rapidly
learned locations of rewards in viewed spatial scenes
(Rolls and Xiang 2005). Even more, by providing the value
component to episodic memory, this orbitofrontal/ante-
rior cingulate relationship of the human hippocampus
may lead to greater processing of episodic memory if the
recalled episodic memory has some value component,
and thus to whether that information is consolidated
into semantic neocortical memory (Rolls 2021a). This
provides a new approach (Rolls 2021a) to understanding
the role of the ventromedial prefrontal cortex/anterior
cingulate cortex in memory (Bonnici and Maguire 2018;
McCormick et al. 2018; McCormick et al. 2020). The
orbitofrontal/ventromedial prefrontal cortex connectiv-
ity to and from the hippocampus can be considered as a
third stream of processing for the hippocampal system
in addition to the ventral “what” and dorsal “where”
streams (Fig. 5). These three processing streams thus
together provide the information to the hippocampus
that enable three key components of episodic memory,
“what,” “where,” and “reward/emotional value,” to be
associated together in the CA3 attractor network, for
later recall from any of the three components (Rolls
2021a).

Third, the effective connectivity of the human hip-
pocampal system described here is consistent with
the hypothesis that it is not organized as a strictly
hierarchical system from neocortex via perirhinal
cortex/parahippocampal gyrus via entorhinal cortex
to and from the hippocampus (Fig. 5). A consequence
is that each stage does not need to be relied on as
a primary route to and from the hippocampus, and
this in turn may allow different areas to specialize in
different functions. For example, the parahippocampal
gyrus TH (PHA1–3) receives from the VMV areas, and
together they include the parahippocampal place (or,

in fact, scene) area (Sulpizio et al. 2020). This is likely
to be a route for hippocampal spatial view cells to
receive their inputs about locations in spatial scenes
(Rolls et al. 1997; Georges-François et al. 1999; Tsitsiklis
et al. 2020), which are important not only for memory
(Rolls et al. 2005; Rolls and Xiang 2005; Rolls and Xiang
2006; Kesner and Rolls 2015), but also for navigation
(Rolls and Wirth 2018) from landmark to landmark
(Rolls 2021e). Spatial view cells can be updated by
self-motion in the dark (Robertson et al. 1998), which
may be valuable in navigation if a part of the scene
is temporarily obscured (Rolls 2021e), and these inputs
for idiothetic update may reach the hippocampus from
the dorsal visual stream via the parietal cortex which is
implicated in this computation (Rolls 2020), and which
projects to the human hippocampus (Figs 2 and 5).
These multiple routes to and from the hippocampus
may also allow specialization of parts of the entorhinal
cortex, with the medial entorhinal cortex implicated
in grid cells for place (Moser et al. 2015) and view
(Meister and Buffalo 2018; Garcia and Buffalo 2020), and
the lateral entorhinal cortex implicated in generating
time within the hippocampal system (Tsao et al. 2018;
Rolls and Mills 2019). Another possible specialization
is parahippocampal cortex TF (which is lateral), which
is not only linked with the human ventral visual
system, but which also has effective connectivity that is
prominent with the anterior temporal lobe (TG) impli-
cated in semantic memory (Bonner and Price 2013), with
A5 and the superior temporal gyrus/sulcus areas impli-
cated in auditory and semantic processing including
word-form recognition (DeWitt and Rauschecker 2013;
Rolls 2021d), and with the inferior frontal gyrus (IFsa,
IFja, IFSp) that is implicated in short-term memory and
has strong connectivity with Broca’s areas 44 and 45
(for TF on the left but not on the right) (EC = 0.07) (Rolls
2021d). This links left TF to, at least, short-term memory
and perhaps to language. Another interesting region
suggested for further study in relation to understanding
human hippocampal function better is POS1, because of
its strong effective connectivity with the hippocampal
formation (Figs 2, 3, and Supplementary Fig. 5).

Fourth, not only does the hippocampus have strong
effective connectivity directed to the subiculum and pre-
subiculum, consistent with traditional concepts, but also
both have strong connectivity directed to the hippocam-
pus (Figs 3 and 5). There is some anatomical support for
this in that there is now evidence from nonhumans for
connections from the subiculum to CA1 (Xu et al. 2016).
This deserves further exploration.

Fifth, although the ventral and dorsal visual routes
to and from the hippocampus are moderately separate
(Fig. 5), providing an important role for the hippocampus
to associate together “what” and “where” representations
for episodic memory (Kesner and Rolls 2015; Rolls
2018a), there are moderate (EC = 0.027) interactions
between the perirhinal cortex and medial parahip-
pocampus gyrus TH (Fig. 5), raising the possibility for
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some representations to be built in these regions that
reflect a
combination of information from the ventral and dorsal
visual streams. These cross-connectivities between the
processing streams are supported by the diffusion
tractography in humans (Huang, Rolls, Hsu, et al. 2021b)
and by findings in macaques (Felleman and Van Essen
1991; Suzuki and Amaral 1994; Buffalo et al. 2006) and
rodents (Burwell et al. 1995; Furtak et al. 2007; Ranganath
and Ritchey 2012; Knierim 2015).

Sixth, the effective connectivity analyses described
here go beyond diffusion tractography and FC by pro-
viding evidence on the directionality of the connectivity.
This is brought out by the analysis shown in Figure 4.
For most of the links shown in Figure 4, the effective
connectivity is stronger in the direction from cortical
areas to the hippocampal system, indicated by a positive
difference of connectivity for a link in Figure 4. For
example, parietal cortex area PGp has stronger effective
connectivity to parahippocampal TH (PHA1–3) than in
the reverse direction. The interpretation is that these
cortical areas are driving strong forward inputs into the
hippocampal system, with weaker connectivity in the
back projection direction from the hippocampal system
for memory recall (Rolls 2016, 2021d). The concept is that,
for example, the entorhinal cortex must strongly drive
the hippocampus to help force memories into storage
in the hippocampus, and then the hippocampal back
projection can be weak so that it recalls, and does not
dominate activity in the entorhinal cortex (Treves and
Rolls 1994; Rolls 2016, 2021d). Part of the importance
of weaker back projections than forward projections
in memory systems is that perception should always
be dominated by forward, bottom-up, inputs from
the world, otherwise the individual could become
locked into a world dominated by memories, rather
than responding to the environment, as described
elsewhere with computational analyses (Rolls 2016,
2021d). Indeed, the ratio of forward to back projection
strength is lower in schizophrenia, and it is proposed
that this may contribute to domination by internal
thoughts and disconnection from the real world in
schizophrenia (Rolls, Cheng, Gilson, et al. 2020b). One
great exception in Figure 4 to the directionality of the
links is that hippocampal connectivity is weaker from
the hippocampus to the other hippocampal system
areas subiculum, presubiculum, and entorhinal cortex,
than in the other direction. This is very consistent with
the theory that these hippocampal connectivities are
back projections used for memory recall, for they must
be weak in this back projection direction for memory
systems to operate correctly, as noted above (Rolls 2016,
2021d). Figure 4 also shows that the inferior frontal
gyrus areas have weaker connectivity from these areas
to other cortical areas, and this is consistent with the
same hypothesis, as the inferior frontal gyrus is also
implicated in memory, in this case short-term memory
(Rolls 2016, 2021d). The lateral orbitofrontal cortex (47 m)

effective connectivity is also interesting, as it too has
weaker effective connectivity in the direction from the
orbitofrontal cortex to the entorhinal, perirhinal, and
parahippocampal TF cortex. Overall, what is shown in
Figure 4 highlights some of the great usefulness of the
approach to effective connectivity described here, by
showing consistent effects across many cortical areas
and systems in the directionality that is produced by
the algorithm, and also how this type of analysis helps
to understand and interpret in computational analyses
how memory and other systems in the brain operate
(Rolls 2016, 2021d).

Conclusion
In summary, this is the first quantitative assessment
we know of the effective connectivity of the human
hippocampal system. The connectivities of the human
hippocampus that are revealed are with more cortical
areas than was previously assumed, and lead to new
focus on specializations in different parts of the cortical
system that connect with the hippocampus, including
specialization of parahippocampal TH and its VMV input
regions for processing related to viewing spatial scenes
(Sulpizio et al. 2020) with neurons such as spatial view
cells (Georges-François et al. 1999; Rolls and Wirth 2018;
Rolls 2021e), and specialization of parahippocampal TF
for functions related to the ventral “object” and “face”
visual system (Rolls 2012, 2021b), but also relating to
anterior temporal lobe semantic systems (Bonner and
Price 2013; Rolls 2021d) and language areas (Mayer et al.
2017). 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 connectivities described
here. The effective connectivity also supports the
extensive direct connections of the human hippocampal
system followed with diffusion tractography which was
performed in the same HCP participants, showing, for
example, that the findings with tractography did not
reflect incorrect following of tracts where pathways cross
(Huang, Rolls, Hsu, et al. 2021b). In addition, the effective
connectivity described here provides evidence not
available from the tractography, about the physiological
strength and direction of the connectivity. 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 2021d). Another highlight is that we show
that in this case important advances can be made about
the connectivity of the human memory and navigation
system, based on the large investments in studies
designed to collect data on the human connectome
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such as the HCP. Another highlight is that we emphasize
the third stream of processing with the hippocampal
system, the orbitofrontal/ventromedial prefrontal cortex
stream (green in Fig. 5), which enables a key component
of episodic memory, the reward/emotional component,
to be added to the ventral stream “where” (blue color in
Fig. 5) and the dorsal stream “what” (red color in Fig. 5)
components for episodic memory storage and recall
(Rolls 2021c).

Supplementary Material
Supplementary material can be found at Cerebral Cortex
online.
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