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SUMMARY
The wide array of cognitive functions associated with the hippocampus is supported through interactions
with the cerebral cortex. However, most of the direct cortical input to the hippocampus originates in the en-
torhinal cortex, forming the hippocampal-entorhinal system. In humans, the role of the entorhinal cortex in
mediating hippocampal-cortical interactions remains unknown. In this study, we used precision neuroimag-
ing to examine the distributed cortical anatomy associated with the human hippocampal-entorhinal system.
Consistent with animal anatomy, our results associate different subregions of the entorhinal cortex with
different parts of the hippocampus long axis. Furthermore, we find that the entorhinal cortex comprises three
band-like zones that are associated with functionally distinct cortical networks. Importantly, the entorhinal
cortex bands traverse the proposed human homologs of rodent lateral andmedial entorhinal cortices. Finally,
we show that the entorhinal cortex is amajor convergence area of distributed cortical processing and that the
topography of cortical networks associated with the anterior medial temporal lobe mirrors the macroscale
structure of high-order cortical processing.
INTRODUCTION

The entorhinal cortex and the hippocampus are critically

involved in episodic memory, spatial navigation, and learning.

Tract tracing studies in rodents and non-human primates indi-

cate that the entorhinal cortex is a major gateway between the

hippocampus and the neocortex.1,2 The entorhinal cortex re-

ceives direct input from the perirhinal and parahippocampal cor-

tex (postrhinal cortex in the rodent), as well as from multiple

distributed regions across the broader neocortex, such as the

retrosplenial, inferior parietal, and frontal cortex.3,4 Because

direct cortical input to the hippocampus involves mostly input

to the CA1/subiculum border,5 the entorhinal cortex serves as

the main input source to the hippocampus and provides it with

highly processed information.2

Anatomical studies examining the intrinsic connectivity within

the hippocampal system in non-human primates point to at least

two topographically organized gradients in connectivity between

the entorhinal cortex and the hippocampus. One connectivity

gradient relates the anterolateral to posteromedial position in

the entorhinal cortex to the transverse position in CA1 and sub-

iculum, such that more anterolateral parts of the entorhinal cor-

tex are connected to distal parts of CA1 (further away from CA3)
Current Biology 34, 5457–5469, Decem
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and proximal parts of subiculum (further away from pre/parasu-

biculum), and more posteromedial parts of the entorhinal cortex

are connected with proximal parts of CA1 (closer to CA3) and

distal parts of subiculum (closer to pre/parasubiculum).6 An

additional connectivity gradient relates the medial-lateral axis

of the entorhinal cortex with the longitudinal axis of the hippo-

campus, such that medially situated portions of the entorhinal

cortex that are closer to the hippocampus are connected with

the anterior hippocampus, and more lateral portions of the ento-

rhinal cortex that are closer to the rhinal sulcus (the sulcus delim-

iting the entorhinal cortex in rodents and non-human primates)

are connected with the posterior hippocampus.6,7 Similar

connectivity gradients have also been observed in rodents,8,9

cats,10 and bats,11 suggesting potentially conserved entorhi-

nal-hippocampal connectivity patterns across the mammalian

lineage.

Importantly, different portions of the entorhinal cortex can be

also characterized by heterogeneous anatomical input from the

neocortex.3,12 While this is especially true for anterolateral and

posteromedial parts of the entorhinal cortex, different parts of

the entorhinal medial-lateral axis receive different cortical input

as well.12,13 Therefore, together with the topographical connec-

tivity gradients between the entorhinal cortex and the
ber 2, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 5457
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hippocampus, differences in the type of cortical input to different

parts of the entorhinal cortex impose important anatomical con-

straints on information processing and hint to functional differen-

tiations within the hippocampal-entorhinal system.14,15

In humans, multiple studies explored the functional properties

of the entorhinal cortex and the hippocampus. Despite the chal-

lenges in functional magnetic resonance imaging (fMRI) of the

anterior medial temporal lobe (MTL), several studies have

consistently demonstrated a functional dissociation within the

entorhinal cortex. Whereas the anterolateral part of the entorhi-

nal cortex was found to be preferably involved in processing

external information, such as temporal sequence and object-

related information, the more posteromedial part was found to

be preferably involved in processing spatial information.16–22

Furthermore, using fMRI connectivity as a proxy for anatomical

connectivity,23,24 it was found that the anterolateral and poster-

omedial parts of the human entorhinal cortex are associated with

different parts of the subiculum andwith distinct cortical systems

supporting different aspects of mnemonic processing.25–28

In contrast to the entorhinal cortex, previous research into the

functional properties of the human hippocampus is more

abundant. These observations point to several functional and

structural dissociations along the hippocampal longitudinal

axis.14,29,30 Consistent with fine-scale spatial representations in

the rodent dorsal hippocampus,31 the human posterior hippo-

campus was found to be engaged during detailed spatial

processing and retrieval of detailed autobiographical mem-

ories.32–34 Human anterior hippocampus, on the other hand,

was found to be associated with general, gist-like memories, in

linewithmore coarse spatial representations in the rodent ventral

hippocampus.34,35 At the level of hippocampal interactions with

the broader neocortex, important recent observations used indi-

vidualized task-based and connectivity-based methods36–39 to

demonstrate that different parts of the human hippocampus are

associated with different distributed cortical networks.40,41 Spe-

cifically, while the anterior hippocampus was reported to be

associatedwith one subdivision of the canonical default network,

default network A (DN-A),39 the posterior hippocampus was re-

ported tobeassociatedwith theparietalmemorynetwork, known

also as the salience network (PMN/SAL).42–44

In this study, we aimed to extend these findings and to explore

the cortical networks linked to the entorhinal cortex to comple-

ment our understanding of the distributed cortical processing

associated with the hippocampal-entorhinal system in humans.

Using precision fMRI data specifically optimized for high-quality

signal in the MTL, we previously discovered that parts of human

entorhinal cortex are associated with default network B (DN-B),

and parts of the pre/parasubiculum are associated with

DN-A.37 Our prior results pointed to potentially additional cortical

networks associated with the intraparietal sulcus that are linked

to the most lateral parts of the entorhinal cortex.37 Therefore, in

this study, in addition to examining entorhinal cortex associa-

tions with cortical networks DN-A and DN-B, we considered net-

works with known representations in the intraparietal sulcus—

the cortical network PMN/SAL44,45 and two subdivisions of the

canonical frontoparietal network46—frontoparietal network A

(FPN-A) and frontoparietal network B (FPN-B).42,47We leveraged

whole-brain individualized network architecture to explore in

detail cortical networks that are associated with subregions of
5458 Current Biology 34, 5457–5469, December 2, 2024
the human entorhinal cortex and the hippocampus. Using two in-

dependent datasets for networks definition and for exploring as-

sociations with the entorhinal cortex and the hippocampus, we

discovered consistent representations of at least four distributed

cortical networks associated with the human hippocampal-ento-

rhinal system.

RESULTS

In this study, we analyzed fixation task data (resting state) from

four densely sampled individuals collected using 7T fMRI.37 We

leveraged whole-brain individualized network architecture and

unprecedently high-quality signals in the MTL to explore the

distributed cortical anatomy associated with the human hippo-

campal-entorhinal system. More specifically, in each partici-

pant, we used two independent datasets—a network estima-

tion dataset and an exploration dataset. Network estimation

datasets were used to identify five participant-specific cortical

networks of interest—DN-A, DN-B, FPN-A, FPN-B, and PMN/

SAL (Figures 1 and S1). After defining the cortical networks of

interest, independent exploration datasets were used to esti-

mate network-level associations with the entorhinal cortex

and the hippocampus.

Distinct cortical networks are associated with the
entorhinal cortex in a band-like fashion
Using independent explorationdatasets,we found that thecortical

network DN-A was associated with voxels located in the most

medial parts of the parahippocampal gyrus, anatomically corre-

sponding to the pre/parasubiculum, the entorhinal cortex, and to

the transitional area between the pre/parasubiculumand the ento-

rhinal cortex,48,49 (Figure 2, red; see discussion). The cortical

network DN-A was associated with the entire longitudinal extent

of the anterior part of the parahippocampal gyrus with robust rep-

resentations both in the posterior and anterior entorhinal cortex,

including the ambient gyrus50 and pre/parasubiculum.

In contrast, we found that the cortical network DN-Bwas asso-

ciated with voxels located in the more laterally situated portions

of the parahippocampal gyrus, anatomically corresponding to

the entorhinal cortex but closer to the collateral sulcus than the

area associated with DN-A (Figure 2, yellow). Similar to DN-A,

the cortical network DN-B was associated with the entire longi-

tudinal axis of the anterior part of the parahippocampal gyrus

with robust representations both in the posterior entorhinal cor-

tex and anterior entorhinal cortex including the ambient gyrus.

Finally, we found that voxels located in themost lateral parts of

the parahippocampal gyrus, anatomically corresponding to the

entorhinal cortex delimited by the collateral sulcus, were associ-

ated with two distributed cortical networks—PMN/SAL and

FPN-B. Importantly, while the cortical network PMN/SAL was

consistently associated with voxels in the anterior part of the en-

torhinal cortex (Figure 2, blue), the cortical network FPN-B was

associated with voxels in the posterior part of the entorhinal cor-

tex (Figure 2, cyan). No consistent voxels associated with the

cortical network FPN-A were observed in the entorhinal cortex.

However, we observed voxels consistently associated with this

cortical network located deep within the collateral sulcus,

anatomically corresponding to the anterior parts of the perirhinal

cortex (Figure S2).



Figure 1. Individually defined cortical net-

works of interest and one exemplar level of

entorhinal cortex mask

Using network estimation datasets, we applied

multi-session hierarchical Bayesian modeling to

define five cortical networks of interest in each

participant (P1–P4; left). Following our prior re-

sults,37 we considered cortical networks associ-

ated with the inferior parietal lobe and the intra-

parietal sulcus. DN-A, default network A; DN-B,

default network B; FPN-A, frontoparietal network

A; FPN-B, frontoparietal network B; PMN/SAL,

parietal memory network/salience network. The

network labels are repeated in other figures

throughout the manuscript. Next, we defined the

entorhinal cortexmasks for each participant (right).

Note that the masks covered the entire para-

hippocampal gyrus and therefore included the

entorhinal cortex and at least parts of the pre/

parasubiculum (see Figure S1 for masks covering

the anterior entorhinal cortex). CS, collateral sul-

cus; ERC, entorhinal cortex; H, hippocampus;

OTS, occipitotemporal sulcus.
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To validate that distinct parts of the entorhinal cortex are pref-

erably associated with each of the cortical networks, we calcu-

lated Fisher z-transformed Pearson correlation coefficients

associating the subregions of the entorhinal cortex with the

time series of each vertex in the cortical surface without

imposing any network restrictions, allowing them to correlate

with all cortical vertices.40,51 As can be seen from Figure S3, cor-

relations of different parts of the entorhinal cortex with the

broader neocortex showed spatial connectivity patterns that

fell within the network-specific boundaries in each individual

(defined using the network estimation datasets). Moreover,

formal analyses showed greatest Fisher z-transformed Pearson

correlation coefficients between the time series derived from

subregions of the entorhinal cortex and the time series of the cor-

responding networks of interest comparedwith the time series of

other networks (Figure S4; paired t tests, all p < 0.05).

Next, we thresholded the Fisher z-transformedPearson correla-

tion coefficients associating the subregions of the entorhinal cor-

tex with the cortical surface to identify the cortical regions that

display the strongest connectivity patterns with different subre-

gionsof theentorhinal cortex.We found that thestrongestconnec-

tions of the anterior part of the entorhinal cortex closest to the

collateral sulcus were with frontal cortical regions, such as the or-

bitofrontal cortex andmedial prefrontal cortex. The strongest con-

nections of the medial part of the entorhinal cortex, closest to the
Current Biolo
hippocampus, were with the posterome-

dial cortex and inferior parietal lobe. The

strongest connections associated with

the posterior part of the entorhinal cortex

closest to the collateral sulcus and with

the intermediate part of the entorhinal cor-

tex were more distributed across the

corticalmantle and included the lateral sur-

face of the temporal lobe, posteromedial

cortex, parietal cortex, and frontal cortex.

To conclude, we found that the human

entorhinal cortex is organized into three
band-like zones that follow the entire longitudinal extend of the

entorhinal cortex. The most medial band was found to be asso-

ciated with the cortical network DN-A, the intermediate band

was found to associated with DN-B, and the lateral band was

found to be associated with PMN/SAL and FPN-B (see Figure 5A

for summary and Figure 5B for the entorhinal cortex two-dimen-

sional surface map).

Distinct cortical networks are associated with the
hippocampus
Given the animal tract-tracing data indicating strong direct

anatomical connectivity between the entorhinal cortex and the

hippocampus, we explored how the cortical networks we found

to be associated with the entorhinal cortex are related to the hip-

pocampus. First, we sought to replicate previous reports indi-

cating that different parts of the hippocampal longitudinal axis

are associated with distinct cortical regions.40,41 Using indepen-

dent exploration datasets, consistent with prior studies, we

found that the cortical network DN-A is associated with voxels

located preferably in the anterior hippocampus, and the cortical

network PMN/SAL is associated with voxels located preferably

in the posterior hippocampus.

Next, we explored hippocampal associations separately with

each of the cortical networks DN-A, DN-B, PMN/SAL, and

FPN-B. In agreement with the winner-takes-all approach, we
gy 34, 5457–5469, December 2, 2024 5459



Figure 2. Cortical networks associated with the entorhinal cortex are organized into three parallel bands

(A) Anatomical locations of anterior and posterior entorhinal cortex slices presenting winner-takes-all results from one representative participant (P1). Note that

the cyan box represents the left hemisphere, and the orange box represents the right hemisphere. White arrowheads mark the borders of the parahippocampal

gyrus.

(B) Using independent exploration datasets and the winner-takes-all approach, we found that the entorhinal cortex is associated with at least four distributed

cortical networks across all participants—FPN-B, PMN/SAL, DN-B, and DN-A. Cortical networks FPN-B and PMN/SAL (cyan and blue) are associated with the

most lateral parts of the entorhinal cortex, closest to the collateral sulcus.More intermediate parts of the entorhinal cortex are associatedwith the cortical network

DN-B (yellow). The most medial parts of the entorhinal cortex, closest to the hippocampus, are associated with the cortical network DN-A (red; see discussion).

The cortical network PMN/SAL is associated with the anterior parts of the entorhinal cortex in all four participants, but in two participants (P3 and P4) it also

extends to the posterior parts of the entorhinal cortex. Note the band-like organization of the entorhinal cortex with DN-A being the medial band, DN-B the

intermediate band, and PMN/SAL and FPN-B the lateral band. For each participant, the right side of the figure displays the cortical networks of interest on the

cortical surface, and the left side of the figure displays corresponding associations with the anterior and posterior entorhinal cortex presented on representative

coronal slices in right and left hemisphere. Red arrows in the anterior entorhinal cortex slices point to the beginning of the temporal horn of the lateral ventricle

serving as the main landmark for identifying the ambient gyrus. A, amygdala; CS, collateral sulcus; ERC, entorhinal cortex; H, hippocampus; OTS, occipito-

temporal sulcus.

See also Figures S2–S4.
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found consistent associations of the cortical networks PMN/SAL

and DN-A with the posterior and anterior hippocampus, respec-

tively. Furthermore, we found that the cortical network DN-Bwas

consistently associated with voxels located in the anterior hippo-

campus (Figure 3). Because the cortical network DN-B was

associated with the entorhinal cortex intermediate band, situ-

ated between the parts of entorhinal cortex associated with

the cortical networks DN-A (medial band) and PMN/SAL (lateral

band), we hypothesized that the cortical network DN-B might be
5460 Current Biology 34, 5457–5469, December 2, 2024
associated with the intermediate hippocampus, located be-

tween its anterior and posterior parts.52 However, the hippocam-

pal voxels associated with the cortical network DN-B were

largely overlapping with the hippocampal voxels associated

with the cortical network DN-A, andwe could not identify consis-

tent anatomical dissociations between these two networks

within the hippocampus using our dataset. No anatomically

consistent connectivity patterns between the cortical network

FPN-B and the hippocampus were observed.



Figure 3. Cortical networks associated with the hippocampal longitudinal axis

Using independent exploration datasets, we demonstrate that in all four participants, the cortical network PMN/SAL (blue) is preferably associated with the posterior

hippocampus. The cortical networks DN-A (red) and DN-B (yellow) are associatedwith the anterior hippocampus. Despite having a strong anatomical prior based on

animal tract tracing data,wecould not dissociate the cortical networksDN-AandDN-B in the hippocampus (seediscussion). For eachparticipant, the right side of the

figure displays the cortical networks of interest on the cortical surface, and the left side of the figure displays corresponding associations with the hippocampus

presented on representative sagittal slices in right and left hemispheres. Note that the hippocampal masks included the subiculum, but not the pre/parasubiculum.
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Convergence of distributed cortical processing in the
human hippocampal-entorhinal system
Animal anatomical studies indicate that the entorhinal cortex is a

main cortical convergence area in the hippocampalmemory sys-

tem.2,53 Since we found that the human hippocampal-entorhinal

system is associated with at least four distributed cortical net-

works, wewished to examine towhat degree cortical hierarchical

processing54 convergences on the hippocampal-entorhinal sys-

tem compared with other subregions of the MTL—the perirhinal

cortex and the parahippocampal cortex. To this end, we calcu-

lated a low-dimensional embedding fromwhole-brain connectiv-

ity data (see STAR Methods for more details) and visualized its

principal gradient oneachparticipant’s cortical surface (Figure4).

We interpreted the principal gradient values as a relative position

on the unimodal-transmodal processing axis.55 Even with com-

plex areal topography observed at the individual-subject level,56

our results indicate that themacroscale spatial distribution of the

principal gradient closely follows previously reported group-level

topography (compare toMargulies et al.55).More specifically, the

lowest principal gradient values were observed in anatomical lo-

cations corresponding to the primary somato-motor cortex, pri-

mary auditory cortex, and primary visual cortex, and the highest

principal gradient values were observed in the inferior parietal
lobule, lateral surfaceof the temporal lobe, posteromedial cortex,

MTL, and frontal cortex. These findings indicate that diffusion

embedding can be applied for robustly describing participant-

specific connectivity gradients at the whole-brain level.

Next, to position the subregions of the human MTL on the prin-

cipal connectivity gradient, we averaged the principal gradient

values for each of the cortical networks that we found to be asso-

ciated with the hippocampus, entorhinal cortex, perirhinal cortex,

and parahippocampal cortex. Corresponding to our findings, the

cortical networks associated with the entorhinal cortex were

DN-A, DN-B, FPN-B, and PMN/SAL. The cortical networks asso-

ciated with the hippocampus were DN-A, DN-B, and PMN/SAL.

The cortical networks associated with the perirhinal cortex were

the dorsal attention network A (dATN-A)37 and FPN-A (currently

a descriptive finding). The cortical networks associated with the

parahippocampal cortex were DN-A and dATN-A.37 For each

participant, we used individualized cortical network boundaries

overlayed on the participant-specific cortical distribution of the

principal gradient. Our results demonstrate that within human

MTL, the average principal gradient value of the cortical networks

associated with the entorhinal cortex and the hippocampus was

greater than that for theperirhinal cortexand theparahippocampal

cortex (Figure 4; see Figure S5 for gradient values of each network
Current Biology 34, 5457–5469, December 2, 2024 5461



Figure 4. Entorhinal cortex is a major

cortical convergence area in human MTL

To position the subregions of human MTL on the

unimodal-transmodal processing axis, we calcu-

lated their principal gradient values from the

within-participant diffusion embedding analysis.

As can be seen from the diffusion embedding

analysis results (right), the spatial distribution of the

principal gradient in individual subjects closely

follows previously reported group-level topog-

raphy on themacroscale level. Next, we calculated

the principal gradient values of the hippocampus,

entorhinal cortex, perirhinal cortex, and para-

hippocampal cortex based on the principal

gradient values of the cortical networks associated

with each of the MTL subregions (left). In all par-

ticipants, the principal gradient values of the en-

torhinal cortex were comparable with that of the

hippocampus and higher compared with that of

the perirhinal and parahippocampal cortex, sug-

gesting a major cortical convergence role of the

human hippocampal-entorhinal system. ERC, en-

torhinal cortex; HPC, hippocampus; PHC, para-

hippocampal cortex; PRC, perirhinal cortex.

See also Figure S5.
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associated with each of the MTL subregions). These results

demonstrate that the hippocampal-entorhinal system is the main

convergence area of cortical processing in the human memory

system.

DISCUSSION

In this study,weexploreddistributed cortical networks associated

with the human hippocampal-entorhinal system using precision

fMRI data from four densely sampled individuals. Our results sug-

gest that the human entorhinal cortex is associated with distinct

cortical networks that followtheentorhinalmedial-lateral andante-

rior-posterior axes. The entire anterior-posterior extent of themost

medial part of the entorhinal cortex, situated closest to the hippo-

campus, is associated with the cortical network DN-A (medial

bandof the entorhinal cortex). Themore laterally situated, interme-

diate part of the entorhinal cortex, over its full anterior-posterior

extent, is associatedwith the cortical network DN-B (intermediate

band of the entorhinal cortex). The most lateral part of the entorhi-

nal cortex, delimited by the collateral sulcus, is associatedwith the

cortical networks PMN/SAL (anterior part of the lateral band of the

entorhinal cortex) and FPN-B (posterior part of the lateral band;

Figure 5). Furthermore, we demonstrate that the human hippo-

campus is associated with distinct distributed cortical networks

that follow its longitudinal axis—DN-A and DN-B associate with
5462 Current Biology 34, 5457–5469, December 2, 2024
anterior parts of the hippocampus, and

PMN/SAL associates with posterior parts

of the hippocampus (Figure 5A).

Distributed cortical processing
associated with the entorhinal
cortex
We expand our previous findings37 and

show that the human entorhinal cortex is
associated with at least four distributed cortical networks,

DN-A, DN-B, PMN/SAL, and FPN-B, which define three ante-

rior-posteriorly running band-like zones in the entorhinal cortex.

These bands are positioned in parallel along the medial-lateral

axis of the entorhinal cortex. The cortical network DN-A was pre-

viously shown to be associated with the human pre/parasubicu-

lum,37,58 but not with the entorhinal cortex. In rodents, pre/para-

subiculum neurons bordering the entorhinal cortex show both

functional and structural similarities with entorhinal cortex neu-

rons,48,49,59 thus creating a complex transitional area between

these two subregions of the hippocampal system. In monkeys,

posteromedial entorhinal cortex receives direct input from the

retrosplenial cortex3 and parahippocampal cortex (area TH),7

which are associated with the cortical network DN-A in

humans.37 Despite these connectivity data, in addition to the en-

torhinal cortex, anatomical projections from the retrosplenial

cortex and the parahippocampal area TH target the pre/parasu-

biculum as well, thus making it challenging to attribute the

cortical network DN-A to either the pre/parasubiculum or the en-

torhinal cortex. Nevertheless, our current analyses allowed us to

discover consistent associations of the cortical network DN-A

with the anterior parts of the MTL around and including the

ambient gyrus (Figures 2 and 5B). Cytoarchitectonic analysis of

the human ambient gyrus showed that it is largely formed by

the entorhinal cortex, specifically by its medial intermediate



Figure 5. Cortical networks of the hippo-

campal-entorhinal system

(A) A summary illustration showing the cortical

networks associated with the human medial tem-

poral lobe. The cortical network DN-A is associ-

ated with the most medial part of the entorhinal

cortex (closest to the hippocampus; medial band)

and with the anterior part of the hippocampus

(right to the coronal slice; red). Previously, we

found that the cortical network DN-A is associated

as well with the parahippocampal cortex (area TH,

not shown; see Reznik et al.37 for details). The

cortical network DN-B is associated with the in-

termediate part of the entorhinal cortex (yellow;

intermediate band) andwith the anterior part of the

hippocampus. The cortical networks PMN/SAL

and FPN-B are associated with the most lateral

parts of the entorhinal cortex (closest to the

collateral sulcus; blue and cyan, respectively;

lateral band); PMN/SAL is also associated with the

posterior part of the hippocampus. Note that even

though both PMN/SAL and FPN-B are displayed

together on the same coronal slice, the cortical

network PMN/SAL is associated with the anterior

part of the lateral band and the cortical network

FPN-B is associated with the posterior part of the

lateral band. For completeness, we plotted the

cortical networks we found to be associated with

the perirhinal cortex—dATN-A37 and FPN-A. The

strength of direct anatomical projections (weak

projections and strong projections), based on

monkey tracing data, indicates cortical pro-

jections that originate from only a few or frommore

areas and/or projections that are less or more

dense, respectively. See also Figure S5.

(B) Left: Group-level projection of the four cortical

networks that we found to be associated with

the human entorhinal cortex to a template two-dimensional map of the human entorhinal cortex with cytoarchitectonically defined subfields (marked by solid black

lines; adapted from Insausti et al.57). Note the clear arrangement of the cortical networks into three bands (marked by dashed black lines) that run almost in parallel to

the collateral sulcus (red dashed line). It is important tomention that thismap shouldbe treated asan approximation becausenocytoarchitectonic datawere available

and because we tested only four participants. Furthermore, we assigned the potential pre/parasubiculum to the medial band of the entorhinal cortex. Therefore, the

medial band can be thinner than depicted when a more precise entorhinal-pre/parasubiculum boundary is considered. Finally, data anterior to the dashed green line

were approximated due to reduced data quality in the most anterior parts of the entorhinal cortex. Despite these limitations, it is clear that the entorhinal bands

traverse the cytoarchitectonic boundaries of entorhinal subfields.Right: Three coronal slices through the anterior-posterior axis of the entorhinal cortex (markedwith i,

ii, and iii on top of the two-dimensional map) displaying the band-like organization of the human entorhinal cortex. The coronal slices of theMTLwere reproduced and

adapted based on line drawings presented in Insausti et al.57 Amy, amygdala; CS, collateral sulcus; ERC, entorhinal cortex; H, hippocampus; hf, hippocampal

fissure; PRC, perirhinal cortex; Prs/Pas, pre/parasubiculum; U, uncus; V, temporal horn of the lateral ventricle. Entorhinal cortex subfields: Ec, entorhinal caudal; Ecl,

entorhinal caudolateral; Ei, entorhinal intermediate; Elc, entorhinal lateral caudal; Elr, entorhinal lateral rostral; Emi, entorhinal medial intermediate; Eo, entorhinal

olfactory; Er, entorhinal rostral. Directions: A, anterior; L, lateral; M, medial; P, posterior.
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subfield.50,57 Therefore, the association of the cortical network

DN-A with the ambient gyrus supports the association of DN-A

with both the most medial part of the entorhinal cortex and the

pre/parasubiculum rather than with only the pre/parasubiculum.

It is also possible that the association of the cortical network

DN-A with the entorhinal cortex is more prevalent in the anterior

entorhinal cortex than in the posterior entorhinal cortex, thus

making the medial band of the entorhinal cortex potentially

somewhat narrower in its posterior part.

We found that the cortical networks DN-A and DN-B are asso-

ciated with the entire anterior-posterior axis of the entorhinal

cortex (albeit in different positions on the medial-lateral axis).

However, the cortical networks PMN/SAL and FPN-B are associ-

ated with the anterior and posterior parts of the lateral band of the

entorhinal cortex, respectively. This finding is remarkably
consistent with animal anatomy showing that the most divergent

connections with the broader neocortex exist between the ante-

rior and posterior parts of the entorhinal lateral band, while the

connections of the medial and intermediate bands of the entorhi-

nal cortex are more homogeneous along the anterior-posterior

axis13,60 (Figure 5). Taken together, our results demonstrate that

the human entorhinal cortex is associated with widely distributed

cortical areas spanning the posteromedial cortex, parietal cortex,

anterior cingulate cortex, the lateral surface of the temporal lobe,

and medial and lateral prefrontal cortex (Figure 5A).

Distributed cortical processing associated with the
hippocampus
Our findings indicating distinct cortical connectivity associated

with the hippocampal longitudinal axis are consistent with
Current Biology 34, 5457–5469, December 2, 2024 5463
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previous studies showing that the anterior hippocampus is pre-

dominantly associated with the cortical network DN-A, and the

posterior hippocampus is predominantly associated with the

cortical network PMN/SAL.40,41We add to these previous obser-

vations by showing that the anterior hippocampus is associated

with the cortical network DN-B as well. Therefore, highly similar

to the entorhinal cortex, we find that the human hippocampus is

associated with the posteromedial cortex, parietal cortex, ante-

rior cingulate cortex, anterior parts of the lateral surface of the

temporal lobe, and ventromedial and lateral prefrontal cortex

(Figure 5A). This may not be surprising in view of tract tracing

studies indicating thatmost of the cortical input to the hippocam-

pus originates in the entorhinal cortex. In fact, entorhinal cortex is

the only cortical region providing input to the dentate gyrus, and

direct cortical input to the hippocampus is minimal and mostly

targets the border between CA1 and subiculum.5,61

Due to the limitations of fMRI connectivity methods, we could

not differentiate between direct hippocampal-cortical connec-

tions and cortical connections that are mediated by the entorhi-

nal cortex. Irrespective of this limitation, our findings are consis-

tent with animal data pointing to a spatial connectivity gradient

where the parts of the entorhinal cortex that are closer to the

rhinal sulcus (collateral sulcus in humans) are associated with

posterior hippocampus, and the parts of the entorhinal cortex

that are closer to the hippocampus are associated with anterior

hippocampus.6–9 We found that the medial band of the entorhi-

nal cortex, located closest to the hippocampus, is associated

with the anterior hippocampus, and both are associated with

the cortical network DN-A. On the other hand, the lateral band

of the entorhinal cortex, located closest to the collateral sulcus,

is associated with the posterior hippocampus, and both are

associated with the cortical network PMN/SAL. Although our re-

sults show that the cortical network DN-B is associated with the

entorhinal intermediate band, we did not observe the expected

association of DN-B with the intermediate hippocampus52 but

found it to be associated with the anterior hippocampus instead.

While we cannot rule out the possibility that both networks target

similar regions within the human hippocampus, it is important to

consider limitations of fMRI, such as geometrical distortions and

spatial smoothing, in addressing this potential fine-grain

anatomical dissociation.

Convergence of distributed cortical processing in the
entorhinal cortex
Our analysis, showing that the hippocampus and entorhinal cor-

tex are characterized by a higher position on the unimodal-trans-

modal processing axis compared with other MTL subregions,

suggests that the hippocampal-entorhinal system is the main

convergence point of distributed cortical processing in the hu-

man memory system.62 This finding is consistent with animal

anatomy, which has shown that the entorhinal cortex is con-

nected with the entire cortical mantle in the rodent53 and with

the notion that the convergence of a hierarchical organization

of parallel processing streams culminates at the level of the hip-

pocampal-entorhinal system.2 Interestingly, connections of the

parahippocampal cortex, perirhinal cortex, and entorhinal cortex

likely changed in humans to prioritize connectivity with transmo-

dal cortical areas at the expense of connections with unimodal

cortical areas,63 suggesting a greater functional role of
5464 Current Biology 34, 5457–5469, December 2, 2024
converging cortical processing in the entire hippocampal sys-

tem. However, entorhinal cortex preserved its unique position

as a cortical convergence hub compared with the parahippo-

campal cortex and the perirhinal cortex.

Moreover, examining the principal gradient values for each

separate network associated with subregions of the MTL paints

an intriguing picture. Although the apex of the principal gradient

is typically discussed in the context of the canonical default

network,55,64,65 another cortical network that is positioned at

the apex of the principal gradient is a subdivision of the canonical

frontoparietal control network—FPN-B (Figure S5; see also Fig-

ure S4 in Margulies et al.55). Our results suggest that the two

cortical networks positioned at the apex of the unimodal-trans-

modal processing axis, DN-B and FPN-B, are associated exclu-

sively with the entorhinal cortex (and not with other MTL subre-

gions), further supporting the role of the entorhinal cortex as

one of the main convergence areas of cortical hierarchy in the

human brain.

Finally, as can be seen in Figure 2, the spatial order of the

cortical networks associated with the humanMTL is not random.

We observed a clear medial-to-lateral gradient in cortical

network representations in the entorhinal cortex. When we also

considered the cortical networks associated with the perirhinal

cortex—FPN-A and dATN-A37—we observed that the order of

the cortical networks in the anterior MTL followed the macro-

scale order in which the cortical networks repeatedly appear

throughout the cortical mantle—dorsal attention networks, fron-

toparietal networks, and default networks47,55 (Figure S5). This

preliminary observation suggests that the hierarchy of informa-

tion processing in anterior parts of human MTL follows a topo-

graphical rule that mirrors themacroscale structure of high-order

cortical processing.

Relations to prior observations and functional
implications
Functional and structural studies in rodents have provided

strong support to the notion that the entorhinal cortex might

best be considered to comprise two subdivisions, generally

referred to as lateral andmedial entorhinal cortex.66 In rats, these

subdivisions can be easily differentiated using cytoarchitectonic

analysis and patterns of anatomical connections with the hippo-

campus.67 This notion, supported by findings in other species

and partially in the macaque, has been influential in advancing

the view that the hippocampal memory system is best consid-

ered a dual-stream system comprising parallel what (sensory)

and where (spatial) processing networks. Although human and

non-human primate entorhinal cortices can be cytoarchitectoni-

cally divided into multiple areas,57,68,69 previous fMRI and diffu-

sion tensor imaging studies found that the entorhinal cortex in

humans can be subdivided into proposed homologs of rodent

lateral and medial entorhinal cortices.25,28,70,71 This notion was

further supported by functional studies that showed that the pro-

posed human homolog of the rodent lateral entorhinal cortex is

best characterized by processing external information (e.g., tem-

poral sequence and object-related information), and the pro-

posed human homolog of the rodent medial entorhinal cortex

is best characterized by spatial processing.16–22

Our current results showing a band-like organization of hu-

man entorhinal cortex can partly account for the previous
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connectivity observations. We find that the anterior part of the

entorhinal lateral band is more strongly connected with anterior

cortical areas, such as the orbitofrontal cortex, whereas the en-

torhinal medial band is more strongly connected with posterior

cortical areas, such as the retrosplenial cortex and parahippo-

campal cortex. These findings are consistent with the previ-

ously reported preferred connectivity of the putative human

lateral and medial entorhinal cortex with the anterior and poste-

rior memory systems, respectively.25–28 In this study, using

within-individual precision neuroimaging, we extend previous

group-level observations and paint a more complex picture of

cortical processing associated with the human entorhinal

cortex.

Similar to our findings in humans, research into the anatomical

and functional properties of the mammalian entorhinal cortex

over the past 40 years indicates that the entire entorhinal cortex

in rodents, non-humanprimates, andcatscomprises threeparallel

band-like zones as well, running approximately in parallel to the

rhinal sulcus.6–8,10 Importantly, these bands are characterized by

different connectivity with the neocortex, potentially indicating

different, band-specific, functional specializations.13,60,72,73 This

principle of the entorhinal cortex as a matrix-like structure, orga-

nized along medial-lateral and anterior-posterior axes, can thus

potentially represent a prototype of functional specializationwithin

the human entorhinal cortex and the hippocampal-entorhinal

system.

Aswe demonstrate, the entorhinal bands in humans are associ-

atedwithdistinct cortical networks. Themostmedial band is asso-

ciatedwith the cortical network DN-A; amore laterally situated, in-

termediateband is associatedwith the cortical networkDN-B; and

themost lateral band, delimited by the collateral sulcus, is associ-

atedwith the cortical networksFPN-AandPMN/SAL.Cortical net-

works DN-A and DN-B were previously shown to be involved in

internally oriented cognitive processing.42 Association of the hu-

man entorhinal cortex and hippocampus with the cortical network

DN-A suggests involvement of these regions in spatial navigation

and episodic recall/construction,which is supported by numerous

prior observations.38,74–79 The cortical network DN-B was previ-

ously shown to be preferably involved in social inference.38,80–82

The association of the cortical network DN-B with the entorhinal

cortex and hippocampus suggests involvement of these regions

in social functions. Recent reports indicating connectivity of the

default network, and specifically of DN-B, with the amygdala,83,84

potentially complement the social circuit within the anterior por-

tions of MTL involving the entorhinal cortex, hippocampus, and

amygdala.85–90

Two other cortical networks, PMN/SAL and FPN-B, have been

implicated in externally oriented cognitive processing.42,43 A

recent fMRI study in humans demonstrated that the cortical

network PMN/SAL is involved in detecting changes in the

external environment (see Angeli et al.41 for discussion). This

finding is consistent with rodent data attributing processing of

the external environment to the dorsal hippocampus15 and the

lateral parts (closer to the rhinal sulcus) of the lateral entorhinal

cortex.2 Association of the human entorhinal cortex with the

cortical network FPN-B suggests involvement of the entorhinal

cortex in working memory.42,91,92,93

Furthermore, cortical connections of the human hippocampal-

entorhinal system play an important role in cognitive mapping,
abstract structure learning, and reinforcement learning.94–100

Outside of the hippocampal-entorhinal system, these cognitive

processes were shown to be associated with a broad set of

distributed cortical regions, such as the prefrontal cortex, poste-

rior cingulate, and inferior parietal lobule. Most of these cortical

regions overlap with the canonical default network,80 which

was proposed to support the construction of internal mental

models, potentially corresponding to the construction of cogni-

tive maps facilitating flexible behavior in spatial and non-spatial

domains.96,97 Our findings indicate that both subdivisions of

the canonical default network (DN-A and DN-B) are associated

with the hippocampal-entorhinal system, thus potentially sup-

porting the formation of internal cognitive models by integrating

spatial (DN-A) and non-spatial (DN-B) information.

Our results suggest that the human hippocampal-entorhinal

system is a main convergence region of at least four distributed

cortical processing systems in the human brain. Inspired by the

parcellation of the rodent entorhinal cortex into lateral andmedial

subdivisions, it is common to characterize the functional proper-

ties of the entorhinal cortex in a dichotomous way, such as

egocentric vs. allocentric representations101 or what vs. where

streams.26,102 Although we currently cannot propose a general

functional scheme accounting for each of the bands and their

potential functional differentiation along the cytoarchitectoni-

cally defined division along the anterior-posterior axis, we never-

theless suggest that describing the functional properties of the

human entorhinal cortex in terms of internal vs. external process-

ing might better capture its functional complexity.

Limitations
It is important to consider a few limitations pertaining to our study.

The first limitation is fMRI data quality in the entorhinal cortex.

Although our data collection was specifically optimized to reduce

dropout and distortions in the anterior parts of the MTL, signal

quality in the lateral and anterior portions of the entorhinal cortex

was still considerably lower compared with signal quality in the

posterior medial parts of the entorhinal cortex. To reduce noise,

all available data from each participant that were not used for

network estimation were used for independent exploration. This

limitation is especially pronounced given our small sample size

because we examined effects that were consistently present in

all our participants. Therefore, it is highly likely that additional orga-

nization principles of human MTL will be discovered when better

quality data from more participants will be considered. For

example, thecortical networkFPN-Bwas theonlycortical network

we found to be associated with the entorhinal cortex, but not with

the hippocampus. Because we are not aware of an entorhinal re-

gion that does not share direct connectionswith the hippocampus

in animals, we assume that this lack of evidence can be potentially

attributed to limitationsofour toolsandmethods.Anadditional lim-

itation of our study pertains to anatomical interpretability of fMRI

connectivitymethods.Althoughcorrelations in intrinsicbrain activ-

ity patterns are powerful tools for noninvasively studying anatom-

ical connectivity,23,24 thesemethods remainaproxy for anatomical

connectivity. Therefore, in this study, we could not differentiate

neither between input and output cortical connections of the hip-

pocampal-entorhinal system nor between direct hippocampal-

cortical connections and hippocampal connections with the

broader cortex mediated by the entorhinal cortex.
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Conclusions
Using precision 7T fMRI data optimized for high-quality signal in

the MTL, we characterized distributed cortical networks associ-

ated with the human hippocampal-entorhinal system and pro-

posed a biologically plausible anatomical framework associating

the human entorhinal cortex with the hippocampal longitudinal

axis. Furthermore, we demonstrated that similar to other species

in the mammalian lineage, the human entorhinal cortex is parti-

tioned into three band-like zones that follow its anterior-posterior

axis cutting through the proposed human homologs of the lateral

andmedial entorhinal cortex. Our results suggest that a compre-

hensive appreciation of the functional complexity associated

with the human entorhinal cortex can benefit from examining

its organizational principles that go beyond the long-standing

quest for characterizing the human homologs of rodent lateral

and medial entorhinal cortex.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Connectome Workbench Marcus et al.103 http://www.humanconnectome.org/software/

connectome-workbench

FreeSurfer Fischl104 https://surfer.nmr.mgh.harvard.edu/

MATLAB Mathworks https://www.mathworks.com/

MATLAB code for Connectome Workbench – https://github.com/Washington-University/cifti-matlab

MATLAB code for MS-HBM Kong et al.105 https://github.com/ThomasYeoLab/CBIG/tree/master
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants
In this study, we used our previously reported fMRI fixation task (resting-state) dataset specifically optimized for high signal quality in

the MTL.37 In short, four healthy human participants were scanned during four separate 7T MRI sessions comprising eight fixation

tasks, each lasting sevenminutes and 28 seconds. Functional data processing was optimized for within-subject analysis to preserve

anatomical detail and reduce blurring across different scanning sessions (see Reznik et al.37 and Braga et al.58 for more details).

Overall, about 240 min of whole-brain blood-oxygen-level-dependent (BOLD) data with isotropic spatial resolution of 1.5 mm

were acquired for each participant. See Reznik et al.37 for a detailed description of the data acquisition parameters, within-participant

processing and quality control procedures.

METHOD DETAILS

Network definition: Cortical surface
To prepare the data for cortical parcellation, processed volumetric data were resampled to the fsaverage6 standardized cortical sur-

facemesh (40,962 vertices per hemisphere) and spatially smoothed using a 4mm full width at half maximum (FWHM) kernel. To avoid

bias, we dissociated the network estimation procedure and network-based exploration of the hippocampal-entorhinal system by

constructing two separate datasets from all BOLD data available for each participant. In each participant, the network estimation

dataset comprised eight fixation task runs, resulting in about one hour of BOLD data, which was shown to be sufficient for reliable

network estimation within individuals.106 For network estimation, we used multi-session hierarchical Bayesian modelling105 (MS-

HBM) to identify distributed cortical networks in each individual. Our previous seed-based investigation of the entorhinal cortex

pointed to cortical networks DN-A and DN-B, but also to potentially additional networks associated with the intraparietal sulcus.37

Therefore, in the current study, besides the cortical networks DN-A and DN-B, we also considered three additional cortical networks

with known representations in the intraparietal sulcus - the parietal memory network44 (also known as the salience network42,43;

PMN/SAL) and two subdivisions of the canonical frontoparietal network46 - frontoparietal network A (FPN-A) and frontoparietal

network B (FPN-B).42,47 The networks were validated using a surface-based correlation analysis with seeds positioned within the

network boundaries defined by MS-HBM. All networks of interest in each participant are presented in Figure 1.

Entorhinal cortex and hippocampus masks: Volumetric data
For exploration of the cortical networks associated with the hippocampal-entorhinal system, we used spatial masks applied on pro-

cessed volumetric data. For defining the hippocampus, we used participant-specific hippocampal segmentation derived from the

recon_all function implemented in FreeSurfer104 (v7.01). In each participant, the hippocampal masks were cleaned of anatomically

misplaced voxels. For defining the entorhinal cortex, we used the Oxford-Harvard cortical atlas mask covering the anterior segment

of the cortical MTL and containing the entorhinal cortex, pre/parasubiculum and large parts of the perirhinal cortex. In each partic-

ipant, voxels associated with the perirhinal cortex were removed. Manual segmentation of the entorhinal cortex in each participant

was done based on anatomical landmarks defined by cytoarchitectonic delineations of the human entorhinal cortex and identified in

each participant using their T1-weighted image.57,107–109 Note that the resulting entorhinal cortex mask covered the entire anterior

segment of the parahippocampal gyrus and therefore, included also the pre/parasubiculum (Figure S1).
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Functional connectivity analysis: Network associations in the MTL
For associating the individually defined cortical networks with the hippocampal-entorhinal system, we used independent exploration

datasets comprising the remaining 24 fixation task runs (23 runs for P4), resulting in about three hours of BOLD data for each partic-

ipant. The volumetric data were spatially smoothed using a 4 mm FWHM kernel.

First, we used individual cortical network boundaries derived fromMS-HBM to calculate the average time-series for each network

of interest. Next, we estimated Pearson correlation coefficients between the network-level time-series and the time-series of each

voxel within the entorhinal cortex and hippocampus for each BOLD run. The resulting correlation coefficients were averaged across

all available BOLD runs in the independent exploration datasets. These analysis steps resulted in an average Pearson correlation

coefficient associating each cortical network of interest and each voxel in the entorhinal cortex and hippocampus.

To determine the cortical network that is preferably associated with each entorhinal cortex and hippocampus voxel, we used in-

dependent exploration datasets and a winner-takes-all approach40,41,51 in which the network with the highest Pearson correlation

coefficient with a given voxel was assigned to that voxel. Two following constraints were applied to the winner-takes-all procedure.

First, we used a threshold of z(r)>0.05 to remove noisy voxels with low correlation values from the analysis. Second,mixed voxels with

less than 5% difference in correlation values between cortical networks were removed as well from the analysis. Even though our

dataset was specifically optimized for high data quality in the medial temporal lobe, the most lateral portions of the entorhinal cortex

(delimited by the collateral sulcus) and themost anterior portions around the ambient gyrus still suffered from signal loss and dropout.

Therefore, only cortical networks that showed consistent bilateral connectivity patterns across all four participants were used for the

winner-takes-all procedure.

Note that there are some inherent limitations to the winner-takes-all approach. For example, both cortical networks DN-A and

DN-B associated strongly with the medial band of the entorhinal cortex (Figure S4). However, cortical network DN-A associated

with the voxels located at the medial band of the entorhinal cortex to a greater extent compared with the cortical network DN-B.

Individualized gradient analysis
We used diffusion map embedding to recover a low-dimensional embedding from whole-brain connectivity data. For each

participant, fixation task data were used to estimate a whole-brain cross-correlation matrix. For this purpose, Pearson correlation

coefficients were calculated between each vertex and all the other vertices in the fsaverage6 space, resulting in a 40,962 x

40,962 cross-correlation matrix per hemisphere. The cross-correlation matrices were Fisher z-normalized, combined across hemi-

spheres, averaged across all available data for each participant and subjected to diffusion map embedding (see Margulies et al.55 for

more details). Since in the current study we were interested in positioning the subregions of the human MTL on the unimodal-trans-

modal processing axis, we used only the principal gradient from the diffusion map embedding analysis.55 To calculate the principal

gradient values for the hippocampus, entorhinal cortex, perirhinal cortex, and the parahippocampal cortex, we averaged the gradient

values for each cortical network that was associated with each of these MTL subregions.

Two-dimensional entorhinal cortex maps
To display the cortical networks associated with the entorhinal cortex on a two-dimensional surface map, we used the cytoarchitec-

tonic parcellation of the human entorhinal cortex previously reported in Insausti et al.57 For each participant, eight coronal slices that

sequentially followed the entorhinal cortex anterior-posterior axis beginning from the ambient gyrus (anterior entorhinal cortex in Fig-

ure 2; 2 mm gap between slices) were analyzed. Accordingly, the entorhinal cortex template posterior to the ambient gyrus (marked

with a green dashed line in Figure 5B) was divided into eight slices. The slices and their approximate orientation were determined by

data presented in Insausti et al.57 In each participant, for each coronal slice, we mapped the cortical networks positioned on the sur-

face voxels of the parahippocampal gyrus mask, interpolated across hemispheres, and projected each network’s relative length on

the corresponding slice in the two-dimensional entorhinal cortex template. Note that the entire surface of the parahippocampal gyrus

mask (which included the entorhinal cortex and at least parts of the pre/parasubiculum) was assigned to the entorhinal cortex,

For the group level projection (Figure 5B), for each position on a coronal slice, we applied a winner-takes-all approach to determine

the winning network across subjects. When the network assignment was split equally across subjects, the winning network was

determined by the network identity in the previous slice. Since the entorhinal lateral band was found to be associated with at least

two different networks, slices with equal distribution of networks were represented using a color gradient.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, four participants were scanned four times each, which resulted in 32 fixation task runs for each individual participant. For

participant 4 one run was excluded due to excessive head movement (maximum absolute head displacement of 2.9 mm). For each

participant, eight runs were used for defining distributed cortical networks using MS-HBM. Due to lower signal quality in the anterior

and lateral parts of the entorhinal cortex, all remaining 24 runs (23 runs for participant 4) were used for exploring the associations

between the selected cortical networks in the entorhinal cortex and the hippocampus. For statistical analyses we used paired t-tests

with significance level set to p < 0.05. All bar graphs throughout the manuscript represent mean Fisher z-transformed Pearson cor-

relation coefficients ± SEM.
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