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In brief
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of the human memory system are
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cortical networks. Comparison to non-

human primate connectivity data

suggests that some anatomical pathways

are potentially not present in humans,

some are preserved, and some are

potentially new.
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SUMMARY
Tract-tracing studies in primates indicate that different subregions of themedial temporal lobe (MTL) are con-
nectedwithmultiple brain regions. However, no clear framework defining the distributed anatomy associated
with the human MTL exists. This gap in knowledge originates in notoriously low MRI data quality in the ante-
rior humanMTL and in group-level blurring of idiosyncratic anatomy between adjacent brain regions, such as
entorhinal and perirhinal cortices, and parahippocampal areas TH/TF. Using MRI, we intensively scanned
four human individuals and collected whole-brain data with unprecedented MTL signal quality. Following
detailed exploration of cortical networks associated with MTL subregions within each individual, we discov-
ered three biologically meaningful networks associated with the entorhinal cortex, perirhinal cortex, and par-
ahippocampal area TH, respectively. Our findings define the anatomical constraints within which human
mnemonic functionsmust operate and are insightful for examining the evolutionary trajectory of theMTL con-
nectivity across species.
INTRODUCTION

Since William Scoville and Brenda Milner described the psy-

chological effects of hippocampal removal in the epileptic pa-

tient Henry Molaison, the medial temporal lobe (MTL) has

become the focus of research into the neural bases of declar-

ative memory.1–6 Anatomically, the MTL can be broadly

divided into the parahippocampal cortex, perirhinal cortex,

and entorhinal cortex that follow the long axis of the parahip-

pocampal gyrus, amygdala, and the hippocampal formation,

which includes the dentate gyrus, Ammon’s horn, and subic-

ular complex.7 While the functional role of the MTL for declar-

ative memory is clearly established, its anatomical complexity

and heterogeneity inspired multiple debates about potentially

unique contributions of its different subregions to mnemonic

processes.8–10

Animal tract-tracing studies in rodents and non-human pri-

mates were tremendously insightful to our understanding of

the MTL function and to carefully defining the species-specific

anatomical boundaries within which memory-related functions

must operate. In particular, tracing studies in the rodent indi-
cate that rodent postrhinal cortex (rodent’s homologue to pri-

mate parahippocampal cortex) is anatomically connected with

the anterior cingulate, retrosplenial, ventral temporal associa-

tion, and posterior parietal cortex, as well as with the visual

and somatosensory association cortex.11 Rodent’s perirhinal

cortex, which can be divided into areas 35 and 36, is predom-

inantly connected with the ventral temporal association cor-

tex, piriform cortex, and insular cortex.12 The entorhinal

cortex in the rodent was shown to be anatomically connected

with the frontal, insular, parietal, occipital, and temporal

cortices.11,12

Similar to the rodent, tracing studies in the primate (mostly

done on old-world monkeys) indicate as well that distinct sub-

regions of the MTL are anatomically connected with multiple

unimodal and polymodal cortices. The primate parahippocam-

pal cortex (which can be divided into areas TH and TF13,14) re-

ceives direct inputs from the retrosplenial cortex, dorsal bank of

the superior temporal sulcus, auditory association cortex in the

superior temporal gyrus, posterior portion of parietal lobe (area

7a, including Opt15), visual association areas TE/TEO, visual

cortex (V4), insula, and frontal lobe, mostly the ventrolateral
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and ventromedial parts.8,16–20 The perirhinal cortex receives

direct inputs from the frontal lobe (mostly the ventrolateral

and ventromedial parts), dorsal and ventral banks of the supe-

rior temporal sulcus, cingulate cortex, visual areas TE/TEO

(mostly TE), and insula.19,20 The entorhinal cortex receives

direct inputs from the retrosplenial cortex, cingulate cortex

(areas 25, rostral 24, 23, 30, and 32), caudal orbitofrontal cor-

tex, dorsolateral frontal cortex, insula, temporal pole, and supe-

rior temporal gyrus, excluding auditory association areas.21–23

Together with intrinsic connectivity between the MTL substruc-

tures (which are not in the focus of the current study), these

anatomical findings suggest that the MTL is focal to the integra-

tion of significant amount of unimodal and polymodal inputs

from the broader neocortex.

Humans shared a common ancestor with old-world monkeys

about 25–30 million years ago24; therefore, some anatomical ho-

mologies exist between macaque brain and human brain.25–27

However, inferring whole-brain human anatomical connectivity

from macaque is challenging due to the disproportional expan-

sion of human cortical mantle (especially of the parietal, frontal,

and temporal cortices28–30) and the described above anatomical

connectivity of different subregions of the macaque MTL can

serve only as anatomical priors for studying MTL connectivity

in humans. Therefore, a detailed anatomical framework of

the pathways connecting the human MTL with the broader

neocortex is required for understanding the anatomical bound-

aries of the human memory system.

Since anatomical tract-tracing is unfeasible in humans,

other methods have emerged as a proxy to indirectly measure

in vivo mono- and polysynaptic human neuroanatomical con-

nectivity. One such method is based on recording sponta-

neous intrinsic brain activity patterns, which proved to be a

powerful tool in elucidating the anatomical organization of

the brain. For example, on the level of local circuitry, correla-

tions in intrinsic firing patterns reconstruct both the anatom-

ical and functional properties of cats’ visual cortex column or-

ganization (see Figure 1 in Kenet et al.31). On the macro-,

large-scale organization level, intrinsic brain activity can be

estimated by measuring blood oxygenation level-dependent

(BOLD) signal with functional magnetic resonance imaging

(fMRI) during spontaneous brain activity. Using the recorded

BOLD signal over time, it is then possible to calculate correla-

tion patterns in spontaneous activity between distributed

brain regions32 to reveal functional and anatomical organiza-

tional properties at the whole-brain level.33–36 More specif-

ically, distributed brain networks in non-human primates esti-

mated by correlations in low-frequency spontaneous brain

activity closely followed the same networks estimated by

anatomical tract-tracing in the macaque37 and in the

marmoset.38 Taken together, BOLD fMRI functional connec-

tivity patterns serve as a powerful means to noninvasively es-

timate large-scale anatomical connectivity.

Previous human fMRI studies used functional connectivity

methods to explore how different subregions of the MTL

(more specifically, the parahippocampal, perirhinal, and ento-

rhinal cortices) are connected with rest of the brain.39–46 While

most of these studies were able to reproduce some of the

anatomical priors related to the parahippocampal cortex
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(based on macaque MTL connectivity), whole-brain connectiv-

ity findings pertaining to the entorhinal and perirhinal cortices,

situated in the anterior portion of the MTL, were mixed and

only minimally compliant with the primate tract-tracing hypoth-

eses (but see Maass et al.47 for a detailed connectivity explora-

tion within the MTL). Additional human connectivity data which

do not comply with known monkey anatomy pertain to parahip-

pocampal areas TH/TF48,49 that in human MRI studies are typi-

cally considered together to constitute the parahippocampal

cortex.

One can argue that during the course of cortical expansion,

some anatomical pathways present in non-human primates

were changed in humans.50 While this is of course a possibil-

ity, we nevertheless believe that at least two potential reasons

prevented a thorough and detailed exploration of human ento-

rhinal and perirhinal cortices, and parahippocampal areas TH/

TF; therefore, important connectivity features of subregions of

the human MTL with the broader neocortex still await discov-

ery. First, the entorhinal and perirhinal cortices are located in

the anterior portion of the MTL. This brain region is located

just above the petrous part of the temporal bones and very

close to the sphenoid sinuses.40 Therefore, this region is

strongly affected by susceptibility artifacts leading to signal

loss and geometric distortion in fMRI. Consequently, data

quality in the entorhinal and perirhinal cortices (typically

measured by temporal signal-to-noise ratio, tSNR) is

extremely low, as opposed to in the more posterior portion

of the MTL where the parahippocampal cortex is situated.

Second, the entorhinal and perirhinal cortices, as well as para-

hippocampal areas TH/TF, are located in close vicinity to each

other. The cytoarchitectonic boundary between the entorhinal

and perirhinal cortices depends on the depth of the collateral

sulcus, which differs across individuals51,52; and parahippo-

campal areas TH/TF occupy the anatomically adjacent banks

of the collateral sulcus. Therefore, using group averaged data,

where fine anatomical details are blurred across individuals, it

is challenging to confidently define the boundary between the

entorhinal and perirhinal cortices, and between parahippo-

campal areas TH/TF (e.g., see Kahn et al.40 for mixed entorhi-

nal/perirhinal seeds). Even though early fMRI studies were

focused on individual subjects (as a historical continuation

of animal lesion and tract-tracing research), only recently

within-individual, precision neuroimaging approaches were

applied to whole-brain cortical mapping, providing invaluable

insights into the functional and anatomical architecture of the

human brain.53–60

To overcome these challenges and to explore in detail the

whole-brain cortical topography associated with subregions of

the human MTL, we repeatedly scanned four individuals to

collect for each around 4 h of high-quality fixation task data

(‘‘resting-state’’). Within-subject data collection, processing

and analysis was inspired by recent precision neuroimaging

studies focusing on small samples of densely sampled individ-

uals.53–58,60 After dividing the fMRI data collected in each individ-

ual into discovery and independent validation datasets, we were

able to reliably dissociate at least three distributed cortical net-

works associated with the parahippocampal, entorhinal, and

perirhinal cortices.



Figure 1. Study design and data quality

Top—experimental design. Each participant was

scanned during 4 MRI sessions (first scanning

session is depicted here graphically). Each session

comprised 8 fixation task runs (BOLD) and 4 field

map scans (FM). During the first session, a struc-

tural T1-weighted scan was acquired for each

participant. The field map scans were collected

throughout the scanning sessions and were inter-

leaved with the fixation task runs such that each

field map was used to unwarp the temporality

adjacent BOLD runs (marked with arrows). Overall,

�240 min of BOLD data were acquired for each

participant. Middle and bottom—axial slices from

P3 and P4 showing mean BOLD (middle) and mean

tSNR (bottom) data. High coverage and high tSNR

were obtained in most regions of the brain, partic-

ularly in themedial temporal lobe. Note the relatively

lower data quality in the ventral portions of the

medial prefrontal cortex and the lateral surface of

the temporal lobes. See Figure S1 for the same data

from P1 and P2. Left (L) refers to left hemisphere.
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RESULTS

Data quality in densely sampled individuals
Participants (n = 4) performed a fixation task, which is notori-

ously difficult to perform for long periods of time due to its

monotonicity, associated with participants’ fatigue and

increased head movement (alternatives were proposed almost

a decade ago by Krienen et al.61 and recently re-emerged62).

Nevertheless, all our participants were compliant and showed

very little head movement. We had to exclude only one BOLD

run out of total 128 runs across all participants. Maximum ab-

solute head displacement for P1 (‘‘P’’ stands for participant)

was 1.6 mm, for P2 0.62 mm, for P3 1.9 mm, and for P4

1.2 mm (after excluding one BOLD run with maximum move-

ment of 2.9 mm). In every participant, no difference in head

motion between discovery and validation datasets was
observed (all t test p < 0.23). Mean

BOLD data and mean tSNR maps for 2

example participants P3 and P4 can be

seen in Figure 1 (see Figure S1 for data

from the other 2 participants and Fig-

ure S2B for coronal tSNR slices). High

coverage and high tSNR values were

achieved in nearly all brain regions,

including the MTL. More specifically,

the mean tSNR for anterior MTL seeds

across participants was 43.9 (un-

smoothed data). Compared with the

vast majority of previous studies that

performed whole-brain 2D EPI imaging

and explicitly reported tSNR in these re-

gions (e.g., tSNR of �11.563; tSNR of

1164; tSNR of �865; tSNR of �1044; also

see tSNR of 4366), our study provides

excellent data quality in these notoriously

challenging-to-image brain regions, al-
lowing robust estimation of the distributed brain networks

associated with subregions of the MTL, and particularly the

anterior MTL. Parahippocampal, entorhinal, and perirhinal

seeds for two example participants are shown in Figure 2

both on BOLD and T1 images (marked with cyan asterisk;

see Figure S2A for data from the other 2 participants).

Distinct brain anatomy associated with subregions of
the MTL: Discovery
The goal of the current study was to explore the cortical brain re-

gions associated with distinct subregions of the human MTL

within individuals. For each participant, we explored the discov-

ery dataset (half of the data for each participant) and put seeds

throughout the parahippocampal gyrus and collateral sulcus to

discover the whole-brain correlation patterns linked to their

different regions. The associations between different seeds
Neuron 111, 1–17, September 6, 2023 3



Figure 2. Seed regions in the MTL

Coronal slices of the medial temporal lobe from P3 and P4 showing the seed regions in the parahippocampal (area TH, PHC), entorhinal (ERC), and perirhinal

(PRC) cortices on T1 andmean BOLD data, respectively (seeds aremarked with cyan asterisks). Note excellent coverage of the perirhinal and entorhinal cortices.

See Figure S2A for the same data from P1 and P2. M, medial; L, lateral.
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and whole-brain correlation patterns found in the discovery da-

tasets were then blindly tested using independent validation da-

tasets (other half of the data).

Correlation maps associated with parahippocampal area TH

are shown in Figure 3, left column. In all 4 participants, a seed

located in the posterior portion of the parahippocampal gyrus

correlated with an area which we consider to be the retrosplenial

cortex (since it occupied the ventral part of the posteromedial

cortex, potentially corresponding to BA29 andBA30), dorsal pre-

cuneus, caudal portion of the inferior parietal lobule, ventral

medial prefrontal cortex (involving areas BA24, BA32, and

BA1026), and dorsolateral prefrontal cortex. Overall, the distrib-

uted brain regions that were associated with parahippocampal

area TH corresponded to the spatial topography of one subdivi-

sion of the canonical default network, known as default

network A.53–55

Correlation maps associated with the entorhinal cortex (most

likely, with its posterior portion; see discussion) are shown in Fig-

ure 3, middle column. Seeds located in the anterior medial

portion of the parahippocampal gyrus showed consistent corre-

lations patterns across all 4 participants and included the poste-

rior cingulate cortex, rostral inferior parietal lobule, large portions

of the lateral temporal cortex extending to the temporal pole,

ventral and dorsal medial prefrontal cortex (involving areas

BA24, BA32, and BA1026), and dorsolateral prefrontal cortex.

Overall, the correlation patterns of the entorhinal cortex followed
4 Neuron 111, 1–17, September 6, 2023
the spatial topography of another subdivision of the canonical

default network, known as default network B.54

Correlation maps associated with the perirhinal cortex are

shown in Figure 3, right column. Seeds located in the lateral

bank of the anterior portion of the collateral sulcus correlated

with the extrastriate cortex (area anterior to the middle temporal

area complexMT+), dorsal caudal frontal cortex (in or around the

frontal eye field), ventral caudal frontal cortex, superior parietal

lobule, central portion of the anterior-posterior extent of the

cingulate gyrus, and the rostral portion of the inferior frontal gy-

rus. We assumed that the correlations with the extrastriate cor-

tex are likely to correspond to the area anterior to MT+ for two

reasons. First, this area was shown to strongly correlate with a

similar distributed brain network reported in Yeo, Krienen

et al.67 Second, in all participants, peak correlations with the

perirhinal cortex in that area were located rostrally to the peak

coordinate of 143 studies localizing the human area MT

(NeuroSynth tool68), corresponding to the relative anatomical

location of the area anterior to MT+ and MT+. Overall, the corre-

lation patterns with the perirhinal cortex corresponded to the

spatial topography of the dorsal attention network69 and specif-

ically, to its subdivision A54,67 (see formal analyses below).

Even though our seeds were positioned in one hemisphere,

the correlation maps for each MTL seed were mostly symmetric

across two hemispheres (see Figure S3 for unthresholded

maps). Consistency of these correlation patterns across all



Figure 3. Subregions of the MTL are associated with distinct cortical networks

Surface-projected functional connectivity maps produced for each MTL seed region in each participant using the discovery datasets. Each row shows con-

nectivity maps from each participant (P1–P4), and each column shows connectivity maps from each MTL seed. Seeds placed in the parahippocampal cortex

(area TH, PHC) were associated with a hypothesized distributed brain network that follows the topography of one subdivision of the default network. Seeds

placed in the entorhinal cortex (ERC) were associated with a hypothesized distributed brain network that follows the topography of another subdivision of the

default network. Seeds placed in the perirhinal cortex (PRC) were associated with a hypothesized distributed brain network that follows the topography of one

subdivision of the dorsal attention network. Some surface images were right-to-left flipped to match the presented orientation across participants for clearer

comparison of the displayed topographies. Connectivity maps were thresholded above the noise correlation level (z(r) > 0.15). Note the consistency across

participants and the multiple dissociations across the cortex between different seed regions.
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participants provided a strong hypothesis for at least three

distinct networks that are associated with the human MTL. The

correlation maps were largely non-overlapping and importantly,

the whole-brain correlation maps were not contingent on a

particular seed location and were replicable with multiple seed

voxels from eachMTL subregion that weremoved around the re-

ported seed location (Videos S1, S2, S3, S4, and S5). Finally,

connectivity maps showed high stability across discovery and

validation datasets withminimumPearson correlation coefficient

of 0.81 (all p < 0.001) across participants and MTL subregions.

Distinct brain anatomy associated with subregions of
the MTL: Validation
The results of the discovery analysis provided us with the hy-

potheses that distinct subregions of the human MTL are associ-

ated with distinct cortical networks. Next, using independent

validation datasets, we blindly tested these hypotheses and

examined whether networks revealed during the discovery ana-

lyses are indeed associated with distinct subregions of the MTL.

During the validation analyses, we tested four different brain re-

gions that showed anatomically close correlations with the ento-

rhinal cortex, perirhinal cortex, and parahippocampal area TH in
each participant. The regions were the parietal lobe, superior

frontal gyrus, posteromedial cortex, and ventromedial prefrontal

cortex. In each region, using the discovery datasets, we selected

seeds that maximally correlated (using a Fisher z-transformed

Pearson correlation coefficient) with distinct subregions of the

MTL (see top row in Figure 4 for appreciating the general

anatomical proximity between the dissociation seeds). It is

important to emphasize that all seeds were a priori selected us-

ing only the discovery datasets and then used for the validation

analyses. For every seed located in each of the four cortical

dissociation regions, a Fisher z-transformed Pearson correlation

map was calculated for each participant, and we then examined

the ‘‘back-projection’’ correlation values with the MTL seed re-

gions. All ANOVA were significant (all F-values > 9.4 and all

ps < 0.01; Figure 4), and all participants showed crossover ef-

fects where relevant. These validation findings replicated the

correlation patterns with distinct subregions of the MTL we

observed during the discovery analysis and statistically dissoci-

ated connections of multiple cortical regions with the human en-

torhinal cortex, perirhinal cortex, and parahippocampal area TH

(see Figure S6A for testing other cortical brain regions that

showed correlations only with one subregion of the MTL). To
Neuron 111, 1–17, September 6, 2023 5



Figure 4. Cortical networks associated with subregions of the MTL are statistically dissociated using independent validation datasets

We calculated ‘‘back-projections’’ connectivity maps seeding from regions in the parietal lobe, dorsolateral frontal cortex, posteromedial cortex, and ventral

medial prefrontal cortex and examined the correlation strength in each subregion of theMTL. All cortical andMTL seeds were a priori selected using the discovery

datasets. Using independent validation datasets, we showed that distinct regions distributed across the cortex differently correlated with distinct subregions of

the MTL, and these distinctions were statistically significant (all p < 0.01). Bars are mean correlations across all available validation dataset runs ± SEM.

Representative example seeds are shown on a surface representation at the top. See also Figure S6A for a similar analysis of cortical regions that did not show

close correlations with multiple MTL subregions. **p < 0.01, ***p < 0.001.
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conclude, the reported dissociations across the cortex provided

robust support that subregions of theMTL are indeed associated

with distinct cortical networks within individuals.

Above and beyond the formal statistical testing, another sup-

port for the claim that distinct subregions of the MTL are associ-

ated with distinct cortical networks was the spatial correlation

patterns revealed with analyzing the validation datasets. As

can be seen in two example participants (Figure 5—P3 and

P4), ‘‘back projections’’ from distinct regions in the parietal

lobe revealed not only the full extent of the cortical networks

associated with them, but also strong bilateral correlations with

distinct regions of the MTL, anatomically corresponding to the

entorhinal, perirhinal, and parahippocampal cortex (see two

more participants in Figure S4A).

To our surprise, one unexpected finding emerged after we

visually inspected these ‘‘back projection’’ correlations. We

found that the ‘‘back projections’’ from the caudal and rostral

inferior parietal lobule occupied neighboring regions in the ante-

rior medial portion of the parahippocampal gyrus. More specif-

ically, ‘‘back projections’’ from the rostral inferior parietal lobule

occupied more ventral portions of the parahippocampal gyrus

(anatomically corresponding to the entorhinal cortex), and the
6 Neuron 111, 1–17, September 6, 2023
‘‘back projections’’ from the caudal inferior parietal lobule occu-

pied more dorsal portions of the parahippocampal gyrus, only a

fewmillimeters away (anatomically corresponding to the subicu-

lar complex, and due to the distal location, we assume this is

likely to be the pre/parasubiculum; see correlations separated

by the white line in Figures 5 and S4A). We explored this striking

distinction by using the best connectivity estimate comprising all

available BOLD scans for each participant and placed new

seeds within the putative pre/parasubiculum and the putative

entorhinal cortex, identified as the maximum connectivity esti-

mates within these regions with the parietal lobe seeds that

could be localized on the same coronal slice. In Figure 6A, we

highlight P3 and P4 and show that seeds located only a few mil-

limeters apart in the entorhinal cortex and pre/parasubiculum are

associated with distinct cortical topography. Note that the pre/

parasubiculum correlations mostly correspond to correlations

produced by seeds positioned in parahippocampal area TH.

Onemore unexpected finding emerged from examining ‘‘back

projections’’ in the parahippocampal cortex. We found that

‘‘back projections’’ from the superior parietal lobe (perirhinal

network) occupied the lateral bank of the part of the collateral

sulcus where we localize at least parts of the parahippocampal



Figure 5. Back projections from parietal cortex seeds—P3 and P4

Top—surface-projected functional connectivity maps produced for each parietal lobe seed in P3 and P4 using the validation datasets. Bottom—coronal slices

through the MTL showing correlations with the parietal lobe seeds. Note the bilaterally distinct connectivity patterns in the MTL for different parietal lobe seeds.

Also note the distinct connectivity patterns in the anterior MTL separated by the white line. The maps were thresholded within participants to best capture the

differences in connectivity patterns. See Figure S4A for the same data from P1 and P2 and Figure S4B for "back projections" from other cortical regions

highlighting P3 and P4.
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cortex. On the other hand, ‘‘back projections’’ from the caudal

inferior parietal lobule (parahippocampal area TH network) occu-

pied the sulcus’ medial bank (corresponding to parahippocam-

pal area TH). We could not confidently identify distinct seeds

along both banks of the posterior collateral sulcus that were

consistently associated with distinct networks in all participants

(possibly due to spatial smoothing and mixture of signals within

the walls of the sulcus; Videos S3 and S4). Therefore, we pur-

sued this exploratory observation by calculating connectivity dif-

ferences between the retrosplenial cortex and the area anterior

to MT+, defined as the maximum correlation value across all

available BOLD scans with the caudal inferior parietal lobule

and superior parietal lobule, respectively. In Figure 6B, we high-

light P3 and P4 that show the dissociation between the medial

portion of the posterior collateral sulcus (potentially correspond-

ing to area TH) and its lateral portion (potentially corresponding

to area TF; see discussion). In P1 (Figure S5), the connectivity
associated with the area anterior to MT+ extended laterally all

the way into the fusiform gyrus, similarly to the parcellation of

parahippocampal areas TH/TF proposed by von Economo and

Koskinas.13

Finally, we explored the possibility that the distributed

cortical network associated with the perirhinal cortex corre-

sponds to one subdivision of the dorsal attention network. To

this end, we identified the other subdivision of the dorsal atten-

tion network67 (which later was referred to as the subdivision B

in Braga and Buckner54) by placing seeds in the middle occip-

ital collateral sulcus70 (see STAR Methods) and examined its

association with the MTL subregions. Figure 7A displays the

cortical projection of the distributed brain regions associated

with the occipital collateral sulcus (right column) and the

‘‘back-projections’’ from the superior parietal lobule associated

with the perirhinal cortex (left column). Because the peaks of

these two networks had little or no overlap and their joint
Neuron 111, 1–17, September 6, 2023 7



Figure 6. Exploratory analyses

(A) The entorhinal cortex and pre/parasubiculum are associated with distinct cortical networks. Seeds placed only a few millimeters apart in the entorhinal cortex

(ERC, white circles) and pre/parasubiculum (SUB, cyan circles) were associated with distinct cortical networks. This exploratory analysis highlighting P3 and P4

suggests that the distributed brain network associated with the subicular complex is similar to the distributed brain network associated with parahippocampal

area TH.

(B) Different subregions of the parahippocampal cortex are differentially associated with the retrosplenial cortex and the area anterior to MT+ in P3 and P4. While

the medial bank of the collateral sulcus (anatomically corresponding to parahippocampal area TH) was more strongly associated with the retrosplenial cortex

(blue), the lateral bank of the collateral sulcus (anatomically corresponding to parahippocampal area TF) was more strongly associated with the area anterior to

MT+ (red). See Figure S5 for data from P1. In both panels the maps were thresholded within participants to best capture the differences in connectivity patters.
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topography followed closely the canonical dorsal attention

network, we concluded that the set of distributed brain regions

associated with the occipital collateral sulcus was indeed

capturing the subdivision B of the dorsal attention network.

As can be seen in Figure 7B, the subdivisions A and B of the

dorsal attention network were dissociated in all four partici-

pants. P4 showed consistent connectivity nearly in the entire

longitudinal axis of the lateral bank of the collateral sulcus

with the subdivision B of the dorsal attention network; however,

this connectivity pattern was not present in other participants,

and the connectivity values were much smaller compared to

connectivity values with the perirhinal network. Importantly,

the maximum correlation value across all participants between

the seeds from the putative subdivision B of the dorsal atten-

tion network and other MTL subregions was z(r) = 0.03 (sus-

pected parahippocampal area TH of P4).

DISCUSSION

In the current study,weexplored the cortical pathwaysassociated

with the human entorhinal cortex, perirhinal cortex, and parahip-

pocampal area TH using intrinsic functional connectivity in

densely sampled individuals. Our results indicate that the cortical

network associated with parahippocampal area TH follows the

distributed topography of one subdivision of the default network,
8 Neuron 111, 1–17, September 6, 2023
known as the subdivision A.36,53,54,71 The cortical network associ-

ated with the entorhinal cortex follows the distributed topography

of a different subdivision of the default network, known as the sub-

division B.40,41,53,54,71 The cortical network associated with the

perirhinal cortex follows the distributed topography of the subdivi-

sion A of the dorsal attention network.54,67,69

Relations to prior studies
Previous human group-level studies that addressed a similar

question were only partially able to characterize the distributed

brain anatomy associated with the medial temporal lobe. For

example, the pioneer studies by Kahn et al.40 and Libby et al.41

found that human parahippocampal cortex is associated with

the posterior midline cortical areas (without making the distinc-

tion between the posterior cingulate and potential retrosplenial

cortex), inferior parietal lobe (without making the distinction be-

tween its subparts), and ventral medial prefrontal cortex.

Furthermore, in these studies, human perirhinal/entorhinal cor-

tex is associated with the lateral surface of the temporal lobe

and lateral frontal cortex. The study by Wang et al.46 examined

further the associations of the anterior perirhinal cortex and re-

ported a set of distributed brain regions resembling the perirhinal

networks we report in our study.

These and other past group-level studies set the foundation

for the classical view on human MTL connectivity with the



Figure 7. Dissociating two putative subdivisions of the dorsal attention network

(A) Cortical projections of the connectivitymaps generated by seeding the region in the superior parietal lobe that correlated with the perirhinal cortex (left column)

and the middle portion of the occipital collateral sulcus (right column).

(B) The two putative subdivisions A and B of the canonical dorsal attention networks are dissociable in respect to their connectivity with the MTL. While the MTL-

related subdivision A was associated with the perirhinal cortex, at least parts of the subdivision B were not (all p < 0.001). Representative example seeds from the

two putative subdivisions of the canonical dorsal attention networks are shown on a surface representation at the top. Bars are mean correlations across all

available validation dataset runs ± SEM, ***p < 0.001.
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broader neocortex postulating that there are two pathways

associated with human perirhinal/entorhinal and parahippo-

campal cortices—the anterior pathway and the posterior

pathway.9,10,40,41 Our precision neuroimaging results can ac-

count for this view, as the brain regions that were previously

reported to constitute the anterior and posterior pathways

have partial correspondence to the distributed brain networks

we found to be associated with subregions of the MTL within

individuals. The anterior pathway has topographical compo-
nents, such as the lateral temporal lobe and superior parietal

lobule, that are a mixture of brain regions that are parts of the

networks associated with the entorhinal cortex (lateral tempo-

ral lobe) and perirhinal cortex (superior parietal lobule46). The

posterior pathway has multiple components that overlap

with brain regions that are parts of the network associated

with the parahippocampal area TH, such as the posteromedial

cortex and inferior parietal lobule.40 In our study, we could

explore important anatomical details, such as the boundary
Neuron 111, 1–17, September 6, 2023 9



Figure 8. Subregions of the human MTL are associated with distinct distributed cortical networks

A cortical surface map showing a schematic whole-brain neuroanatomical architecture of the distributed cortical networks associated with subregions of the

human medial temporal lobe. See also Figure S8.
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between the entorhinal and perirhinal cortices, and the sepa-

ration between parahippocampal areas TH/TF. Consequently,

our findings substantially extend and complement previous

group-level reports by showing that instead of the canonical

two-pathways system, there are at least three distinct cortical

networks linked to the human parahippocampal area TH, en-

torhinal cortex, and perirhinal cortex (Figure 8). Moreover, our

findings put the human MTL connectivity with the broader

neocortex in a strict biologically driven anatomical context, al-

lowing insightful comparisons between animal and hu-

man data.

Distributed cortical networks associated with the
human MTL are compliant with monkey anatomy
The three networks that we found to be associated with distinct

regions of the human MTL are consistent with multiple anatom-

ical priors expected from monkey tracing studies, but differ in a

way that provides striking anatomical insights into the evolu-

tionary trajectory of cortical development supporting memory

functions in humans.

We found that the human parahippocampal area TH is prefer-

ably associated with the retrosplenial cortex rather than with the

posterior cingulate cortex. The entorhinal cortex connectivity

with the posteromedial cortexwas complementary in that the en-

torhinal cortex showed preferred connectivity with the posterior

cingulate cortex compared with the retrosplenial cortex. This

dissociation is intriguing given monkey anatomy showing that

the parahippocampal and entorhinal cortices are anatomically

connected both with the retrosplenial cortex and posterior

cingulate cortex.18,23,72,73 We found that the human perirhinal

cortex connections with the posteromedial cortex were minute

(the topography of the perirhinal network revealed no connectiv-
10 Neuron 111, 1–17, September 6, 2023
ity patterns with these brain area), which is consistent with mon-

key anatomy showing minimal anatomical connectivity between

these regions.19,20

Another key dissociation was found in the parietal lobe. We

found that the human parahippocampal area TH and entorhinal

cortex are preferably connected with different segments of the

posterior inferior parietal lobule. While parahippocampal area

TH has stronger connections with the more caudal portion of

the posterior inferior parietal lobule, the entorhinal cortex is

more strongly connected with themore rostrally situated portion.

Connectivity of parahippocampal area THwith the parietal lobule

is consistent with monkey anatomy showing that monkey para-

hippocampal cortex shares anatomical connections with the

posterior portion of the inferior parietal lobe (area 7a and

Opt19,20,74). Similarly, monkey entorhinal cortex has anatomical

connectivity (albeit weak) with the inferior parietal lobe.75,76 We

found that the human perirhinal cortex was not associated with

the inferior parietal lobule, which is consistent with tract-tracing

injections in the monkey.19,20 However, large injections in the

inferior parietal cortex that included areas 7b and 7a (excluding

the most posterior 7a area Opt) in monkeys indicate connectivity

with the perirhinal cortex.74,77 Our data suggest that the human

perirhinal cortex is connected with the superior parietal lobule.

Given the significant expansion of the human parietal cortex

compared with monkeys, it was suggested that the human ho-

mologue of monkey inferior parietal area 7b has shifted dorsally

to occupy the superior parietal lobule.29 Though currently spec-

ulative, this notion can account for the connectivity we observed

between the human perirhinal cortex and parietal lobe.

Connections with the lateral surface of the temporal lobe also

showed differential connectivity patterns with the human para-

hippocampal, entorhinal, and perirhinal cortices. We found that
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the entorhinal cortex was heavily connected with the temporal

pole and almost the entire rostro-caudal extent of the middle

temporal gyrus. Parahippocampal area TH connections with

the lateral surface of the temporal lobe were inconsistent

across participants and included only its small rostral portion.

The perirhinal cortex connections with the rostral and lateral

surface of the temporal lobe were minute; however, we

observed that the perirhinal cortex was associated with the

area anterior to MT+. Compared with the monkey anatomy,

our findings are consistent with the known entorhinal cortex

connectivity with the temporal pole and the entire rostro-caudal

axis of the lateral temporal lobe sparing the visual areas in the

inferior temporal lobe (areas TE/TEO). However, unlike in mon-

keys, we observed no consistent connections of neither of the

MTL subregions with the superior temporal gyrus (see Fig-

ure S6B for formal analyses). Together with the parietal cortex,

the lateral temporal cortex has experienced significant expan-

sion in humans. Potential outcomes of such expansion were

dramatic development of auditory association areas in the su-

perior temporal gyrus and significant shift of visual areas to

ventral-posterior portions of the temporal lobe.78

Medial and lateral surfaces of the frontal lobe also showed

interesting connectivity dissociations with the human parahippo-

campal, entorhinal, and perirhinal cortices. While both parahip-

pocampal area TH and the entorhinal cortex were associated

with the ventral medial prefrontal cortex, the entorhinal cortex

was associated with the dorsal medial prefrontal cortex extend-

ing to the superior frontal gyrus. Parahippocampal area TH, on

the other hand, hadmore modest connections with the dorsolat-

eral surface of the frontal lobe. These findings are broadly

consistent with themonkey tract-tracing data showing that mon-

key parahippocampal and entorhinal cortices are anatomically

connected with the medial and lateral frontal cortices. However,

and inconsistent with our findings, monkey entorhinal cortex is

only lightly connected with the dorsolateral frontal cortex.22

Monkey perirhinal cortex connectivity with the frontal cortex is

rather weak, and it is mostly associated with areas 11, 12, and

13.20 Our findings indicate that the network associated with

the human perirhinal cortex did not include the medial prefrontal

cortex but spanned the most ventral areas of the inferior frontal

gyrus (corresponding anatomically to frontal area 47, a proposed

homologue to monkey area 1279,80), the frontal eye field (or

around it), and the precentral ventral frontal gyrus.

Functional properties of the distributed cortical
networks associated with the human MTL
Classical neurophysiological models of human memory were

inspired by animal anatomical studies suggesting that the hip-

pocampus is located at the apex of cortical hierarchy81 and

receives highly integrated unimodal, polymodal, and supra-

modal cortical input, which allows it to form abstract and

rich mnemonic representations that characterize declarative

memory.82 Our data show that the cortical pathways associ-

ated with the human MTL integrate information coming from

at least three different distributed cortical networks spanning

human association cortex. The pathway associated with the

human parahippocampal area TH corresponds to one subdivi-

sion of the default network, labeled as default network A.53,54
This subdivision has been recently shown to be selectively

engaged during episodic simulation of past and future events,

and during spatial processing.55,71,83 The pathway associated

with the human entorhinal cortex corresponds to another sub-

division of the default network, labeled as default network

B.53,54 This subdivision has been shown to be specifically

engaged during social processing that involves imagining

perspective of other agents.55,84–86 The pathway associated

with the human perirhinal cortex corresponds to the subdivi-

sion A of the dorsal attention network69,87,88 that is typically

engaged during visuospatial externally oriented tasks. While

the exact functional specialization of the different subdivisions

of the dorsal attention network is unknown, our data provide

initial evidence that the subdivision A is associated with the

MTL and that at least parts of the subdivision B are not asso-

ciated with the MTL. It has been shown that the dorsal atten-

tion network has stronger functional coupling with unimodal

visual and motor regions compared with other distributed

brain networks.67 Because of the topographical proximity be-

tween different visual areas in humans, it was speculated

that visual sensory information might propagate from early vi-

sual areas to MT+ and then to the area anterior to MT+, which

we find to be associated with the perirhinal cortex.67,81,89

Therefore, we speculate that the subdivision A of the dorsal

attention network is a source of visual input to the human

MTL by way of the perirhinal cortex and potentially parahippo-

campal area TF.

Exploratory analyses
Even though our observations regarding the connectivity pat-

terns of the human pre/parasubiculum with the broader

neocortex and the differential connectivity patterns of the dor-

sal vs. ventral posterior collateral sulcus are of exploratory na-

ture, they nevertheless pave way for exciting future research.

Our exploratory observations regarding the pre/parasubiculum

connectivity are consistent with monkey observations showing

that areas comprising the subicular complex are anatomically

connected with multiple cortical brain regions, including the

inferior parietal lobe, retrosplenial cortex, and frontal cor-

tex.16,18,90 Given that direct anatomical connections between

the hippocampus proper and the neocortex (excluding the

MTL) are minute,91 this is a crucial anatomical pathway, as it

directly connects the broader neocortex with the hippocampal

formation bypassing the parahippocampal, perirhinal, and en-

torhinal cortices (see also Barnett et al.39). Our additional

exploratory observations about the differential connectivity

profiles within the posterior collateral sulcus align with the par-

cellation of the parahippocampal cortex into the medially situ-

ated area TH and laterally situated area TF. Originally,

von Economo and Koskinas13 suggested that area TH spans

the entire parahippocampal gyrus and the lateral bank of the

collateral sulcus, whereas area TF extends laterally all the

way through the fusiform gyrus. In later cytoarchitectonic

studies, von Bonin and Bailey14,92 used the same TH/TF

nomenclature, but argued that area TF is located more medially

and it does not extend beyond the lateral bank of the collateral

sulcus. Recent human studies suggest that area TF is mostly

buried within the walls of the collateral sulcus or occupies
Neuron 111, 1–17, September 6, 2023 11
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only its lateral bank. Therefore, localization of human parahip-

pocampal areas TH/TF is ambiguous.48,49 Nevertheless, our

exploratory findings suggest that human parahippocampal cor-

tex potentially comprises at least two distinct subregions char-

acterized by different connectivity with the broader neocortex.

These fine anatomical dissociations are striking, and they

emphasize the importance of precision neuroimaging ap-

proaches as leverage for discovery.

Insights from comparisons to monkey anatomy
Comparison between our findings and monkey anatomy sug-

gests three novel insights. First insight is that multiple anatom-

ical connections of the memory system are preserved across

human and non-human primates. This mostly pertains to the

anatomical connections of the broader neocortex with parahip-

pocampal area TH. Except for the connections with the unimo-

dal auditory and visual areas, the parahippocampal pathways

involving the posterior parietal cortex, dorsolateral and medial

frontal cortex, posteromedial cortex, and some minute connec-

tions to the lateral temporal cortex are clearly preserved in hu-

mans. Other preserved anatomical pathways are the connec-

tions between the entorhinal cortex and the temporal pole/

lateral temporal cortex, posteromedial cortex, and medial fron-

tal cortex. The perirhinal cortex also shows some anatomical

cross-species preservation that pertains to the ventrolateral

frontal cortex and potentially to the superior parietal lobe.

The second insight is that our data suggest that the human

MTL is only minimally associated with unimodal sensory pro-

cessing (Figure S3; see also Figure S6B for more analyses and

discussion). In monkey, the MTL is a nexus of sensory conver-

gence that receives directly unimodal association inputs from

high-order auditory, visual, and somatosensory cortices. In hu-

mans, however, our results suggest that input to the MTL is

dominated by brain areas that are not involved in unimodal sen-

sory processing.40

The third and perhaps the most exciting insight is that we pro-

vide evidence for potentially novel cortical pathways in the hu-

man memory system compared with non-human primates. In

particular, this pertains to the pathways involving the entorhinal

cortex. In monkeys, the entorhinal cortex is connected with

both the posterior cingulate and retrosplenial cortices, whereas

in our human data, the entorhinal cortex showed preferred con-

nectivity to the posterior cingulate cortex over the most ventral

parts of the posteromedial cortex. Furthermore, monkey data

indicate only faint anatomical connectivity between the caudal

entorhinal cortex and the inferior parietal cortex.76,93 On the

other hand, our human data suggest strong associations be-

tween the human entorhinal cortex and the inferior parietal lobule

(however, it is unclear if this is a newly developed area or a sub-

division of monkey area 7a). Finally, while monkey anatomical

studies indicate only light connections between the entorhinal

cortex and the dorsolateral frontal cortex, we show that these

connections are more pronounced in humans. These differences

suggest that either a novel cortical network emerged in humans

or an existing network in monkeys was functionally specialized in

humans71 (also see Whitesell et al.94). Since the network associ-

ated with the human entorhinal cortex has suggested to be

selectively engaged in social processing,55,71 we speculate that
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this is an evolutionary recent network that could develop

following the extensive cortical expansion in humans.95

Limitations
Our study has two major limitations. The first limitation pertains

to anatomical interpretability of fMRI connectivity methods.

Even though correlations in intrinsic brain activity patterns

were proved to be a powerful means for studying anatomical

connectivity, one must keep in mind that MRI functional connec-

tivity methods are a proxy for mono- and polysynaptic anatom-

ical connectivity. Therefore, when comparing human connectiv-

ity observations with known animal anatomy, interpretation of

negative results is challenging—‘‘new’’ connections observed

in humans can in principle result from polysynaptic connectivity.

Furthermore, absence of functional connectivity between brain

regions cannot indicate lack of anatomical connectivity. It is

also important to consider that many animal tract-tracing exper-

iments contain ‘‘hidden’’ data, either unpublished or not looked

for. Therefore, no evidence for anatomical connectivity between

certain regions does not mean that this connectivity does

not exist.

The second limitation of our study relates to the divisions of

the different subregions of the MTL. The entorhinal, perirhinal,

and parahippocampal cortices are not homogeneous, and

each of them can be divided into distinct subdivisions. Tradi-

tionally, the entorhinal cortex has been considered to

comprise at least two subdivisions—lateral and medial ento-

rhinal cortex. This subdivision is particularly accepted in the

rodent, where the two subdivisions can be easily differenti-

ated using cytoarchitectonic analysis and patterns of anatom-

ical projections.96,97 In primates, no clear cytoarchitectonically

defined division of the entorhinal cortex into lateral and medial

subdivisions exists98, and it was suggested that the primate

homologues of the rodent lateral and medial entorhinal cortex

are located in the anterior and posterior entorhinal cortex,

respectively.99 Given the size of the human entorhinal cortex,

our voxel size, spatial smoothing parameters, gross anatom-

ical location, and whole-brain connectivity patterns, we are

highly likely to sample from a few entorhinal divisions, which

we believe represent the posterior subdivisions of the entorhi-

nal cortex.98 Even though previous fMRI connectivity studies

point to differential connectivity patterns within subregions

of the human entorhinal cortex,42,47,100 in our datasets, we

could not consistently identify distinct seeds within the most

anterior portion of the entorhinal cortex that were associated

with biologically meaningful whole-brain network topography

(Figure S7A and Video S5). The perirhinal cortex can also be

divided into area BA35 (medially situated and mostly buried

within the rhinal sulcus in the monkey) and larger area BA36

(more laterally situated101). While animal tract-tracing studies

indicate differential connectivity of these perirhinal divisions

with the broader neocortex,20 we could not identify distinct

connectivity patterns from sampling the medial and the lateral

walls of the anterior part of the collateral sulcus (see Videos

S1 and S2). In fact, the location of perirhinal areas BA35

and BA36 along the collateral sulcus depends on the depth

of the sulcus. In some cases, when the collateral sulcus is

extremely shallow (see Figure 2F in Insausti et al.51), the
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perirhinal area BA36 extends over the fusiform gyrus, and then

area BA35 occupies the lateral bank of the sulcus. Even

though in our study the perirhinal seeds were positioned

closer to the lateral bank of the collateral sulcus, most likely

sampling from area BA36, it is still a possibility that area

BA35 was sampled instead. The parahippocampal cortex

can also be divided at least into areas TH and TF. In our cur-

rent study, we believe that our parahippocampal seeds spe-

cifically target parahippocampal area TH, and we provide

initial evidence for a dissociation between areas TH/TF. For

pursuing further these questions of fine grain anatomical sub-

divisions of the entorhinal, perirhinal, and parahippocampal

cortices, further neuroimaging research focused on within-

subject analysis is required.
Conclusions
Using precision neuroimaging focused on individuals, our find-

ings significantly extend previous group-level reports by

providing a robust estimation of at least three distributed cortical

networks linked to the human memory system. The evolutionary

insights gained from comparing our observations to knownmon-

key anatomy highlights the importance of comparative neuro-

anatomy approach in studying the developmental trajectory of

mnemonic functions.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT

DETAILS

B Human participants

d METHOD DETAILS

B MRI data acquisition

B Phase encoding direction

B Data processing

B Data quality and susceptibility artifacts

B Networks discovery

B Networks validation

B Replication analyses using different MTL seeds

B Consistency of MTL connectivity maps

B Subdivisions of the dorsal attention network

B Cortical networks associated with the temporal pole

B Connectivity between subregions of the human MTL

B Replication using UK Biobank fixation task data

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

neuron.2023.05.029.
ACKNOWLEDGMENTS

D.R. thanks Randy L. Buckner, Jared Nielsen, Rodrigo M. Braga, and Lauren

M. DiNicola for inspiring conversations about within-subject functional con-

nectivity and neuroanatomy. The authors thank Domenica Klank, Kerrin

Pine, Lea-Sofie Funk, Kerstin Schumer, and Heidrun Schultz for their help

with data acquisition and administrative support. The authors thankMartin He-

bart, Sofie Valk, Falk Eippert, Misun Kim, and Simone Viganó for helpful com-
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Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Daniel Reznik (reznik@

cbs.mpg.de or reznikda@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d De-identified data that supports the findings of this study are available via Mendeley Data in the following link - https://doi.org/

10.17632/jzxz3xkws6.1.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants
Four healthy human participants (2 females and 2 males; 20, 26, 31, and 32 years old) were recruited for this study from the partic-

ipants database of the Max Planck Institute for Human Cognitive and Brains Science, Leipzig, Germany. The sample size was based

on previous precision neuroimaging work estimating functional connectivity within individual.53,54,60,109 The study involved 4 sepa-

rate MRI scanning sessions comprising only fixation tasks (‘‘resting state’’ data), and the participants were rewarded with an addi-

tional monetary payment for completing all 4 sessions. All participants provided written consent in accordance with guidelines

approved by the ethics committee of Leipzig University.

METHOD DETAILS

MRI data acquisition
MRdata were collected on a 7T SiemensMAGNETOMTerra scanner with pTX capability (Siemens Healthineers, Erlangen, Germany)

equipped with whole-body gradients (70 mT/m maximum amplitude and 200 T/m/s maximum slew rate). An 8-channel transmit/32-

channel receive coil (Nova Medical, Wilmington MA, USA) was used for radio frequency transmission and reception. We decided to

use a 7T scanner since it allows to collect fMRI data with higher SNR at high spatial resolutions compared with 3T scanners. More-

over, BOLD sensitivity is greater and it peaks at an earlier echo time (TE) at 7T compared to 3T. To leverage this advantage of 7T, we

used a TE of 18 milliseconds, which would be too short for optimal BOLD contrast at 3T. Such an unusually short TE allowed us to
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collect whole brain 7T data with relatively high temporal resolution of 1500milliseconds, which resulted in more temporal data-points

necessary for robust intrinsic functional connectivity analysis.

Each of the 4 scanning sessions consisted of 8 fixation tasks (‘‘resting state’’), each lasting 7 mins and 28 seconds, for estimating

intrinsic functional connectivity. Functional imaging data were acquired using a 2D, multi-band gradient-echo echo-planar imaging

(EPI) pulse sequence with the following parameters: repetition time (TR) = 1500ms; TE = 18ms; flip angle 60o; isotropic spatial res-

olution of 1.5mm; field of view of 1923 1923 120mm3; 80 interleaved slices covering the entire cerebral cortex and the cerebellum

without gaps; GRAPPA factor of 3; multiband factor of 2. The EPI sequence was a custom sequence provided by the Center for Mag-

netic Resonance Research (CMRR) at University of Minnesota (Moeller et al., 2010; Setsompop et al., 2012); sequence parameters

were piloted and optimized for highest image quality.

To estimate the distortions caused by static magnetic field (B0) inhomogeneities, the phase-encoding polarity technique was

applied which combines two spin-echo EPI scans with different phase encoding directions (anterior-posterior and posterior-ante-

rior). The field map was estimated from the difference in distortion between the two acquisitions. Field of view, imaging matrix, slice

thickness and bandwidth for the Spin-Echo EPI scans were identical to the fMRI acquisition parameters. For the spin-echo scans, we

used a TR of 7 s (dictated by SAR restrictions) and a TE of 41 ms. Fixation tasks were interleaved with Spin Echo EPI scans in a way

that each resulting field map was used for unwarping the two temporally adjacent task runs (Figure 1). During one of the scanning

sessions, a T1-weighted structural image was acquired using an MP2RAGE three-dimensional sequence with TR = 5000 ms;

TE = 2.17 ms; spatial resolution of 1mm isotropic; inversion times (TI)1/2 = 900/2750 ms; flip angles (FA)1/2 = 5/3o; band width =

200 Hz/Px; phase partial Fourier = 6/8.

During the fixation task runs, participants were instructed to remain still, stay awake and to focus on a white crosshair presented in

a center of a black screen. During the Spin Echo EPI scans, participants were allowed to close their eyes, but were instructed not to

fall asleep. To reduce head movement, participants were encouraged to find the most comfortable lying position prior to scanning.

We did not use an objectivemeasure tomonitor our participants’ drowsiness level during scanning, such as an eye camera. However,

our analysis of the movement artifacts indicated minimal head displacement for all participants (except for one session, out of total

128, that was excluded), which can serve as an indirect indication that participants remained alert throughout the scanning proced-

ure. The scanner room lights were kept dim and participants were talked to after each task and Spin-Echo EPI scans to ensure they

are ready to continue and whether they would like a break.

Phase encoding direction
Previous functional connectivity fMRI studies showed that the anterior portion of the MTL is linked to areas around the temporal

pole.40,41 Therefore, during acquisition of the fMRI data using the typical anterior-posterior phase encoding direction, it is possible

that data from this anterior region will be geometrically projected to adjacent posteriorly situated brain regions, including the ento-

rhinal and perirhinal cortex. Therefore, with BOLDdata acquired using the anterior-posterior phase encoding direction, seeds located

in the anterior MTL might actually sample non-MTL fMRI signals. Even though we used field maps to correct for geometrical distor-

tions occurring during data acquisition and to reconstruct the original anatomy, to avoid as much as possible projection of BOLD

signal from anterior portions of the temporal lobe and other anteriorly located regions to the anterior portion of the MTL, all fixation

tasks data were acquired with a posterior-anterior phase encoding direction.

Data processing
Processing of the fMRI data was optimized for within-subject analysis to preserve anatomical detail across different scanning ses-

sions. Each participant was processed separately, and data handling followed closely the steps described in detail in Braga et al.53

Overall, five spatial transformation matrixes were calculated for each available BOLD run:

Matrix 1 – motion correction – each available BOLD run was motion corrected by aligning all volumes within a run to its middle

volume. The alignment was performed with a linear registration (FSL v6.0.1105).

Matrix 2 – field map correction – every middle volume from all available BOLD runs was field map unwarped using the session-spe-

cific and run-specific field map. We used not only session-specific, but also run-specific (i.e., within sessions) field maps as partic-

ipants’ head position in the scanner typically changes throughout the scanning session (even with minimal within-run head move-

ment), thus introducing run-specific inhomogeneities which we aimed to account for. Field maps were prepared using FSL topup

(FSL v6.0.1105).

Matrix 3 – alignment to the mean BOLD template – field map unwrapped middle volumes from each run were then registered to a

participant-specific mean BOLD template which was created in 2 steps. First, we took the field map unwrappedmiddle volume of the

BOLD run that was acquired closest to the T1-weighted structural image and linearly registered to it all field map unwrapped middle

volumes from all available runs. Then, we averaged all these aligned middle volumes to create a participant specific mean BOLD

template to which all field map unwrapped middle volumes were linearly registered with 12 DOF (FSL, v6.0.1105). By averaging all

the aligned middle volumes in creating the mean BOLD template, we wanted to minimize any bias toward any one run or session.

Matrix 4 – alignment to T1 space – the mean BOLD template was then registered to the T1 native space using boundary-based

registration implemented in FREESURFER (v7.0.1104,110).

Matrix 5 – alignment to MNI space – we then projected the data from T1 space to MNI space using nonlinear registration in FSL

(v6.0.1105).
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Matrices 1–5 were combined into a single interpolation transformation that was then applied to the original raw volumes from all

available BOLD runs. We used this single interpolation (as opposed to serial interpolations of the data applied step-after-step) to

reduce interpolation artifacts and to maintain as much as possible anatomical detail of within-participant datasets. Matrices 1–4

were combined in a similar way to project the data to T1 native space.

To prepare the data for functional connectivity analysis, nuisance variables (six motion parameters, whole brain signal, ventricular

signal, and white matter signal) and their temporal derivatives (computed by backward differences) were derived from BOLD data

projected to the native T1 space. All signals were regressed out of both T1-and MNI-space data using 3dTproject (AFNI

v19.1.05102,111). This was followed by bandpass filtering at 0.01–0.1 Hz using 3dBandpass (AFNI v19.1.05102,111). MNI-space volu-

metric data were then spatially smoothed (FSL v6.0.1105). Initially, all participants’ data were smoothed using a 4mm full width at half-

maximum (FWHM) kernel. During a preliminary connectivity analysis (excluding and prior to MTL exploration), participants 2 and 4

showedmore blurred cortical networks (which can be partly seen in the unthresholdedmaps presented in Figure S3), therefore these

participants’ data were smoothed using a 3 mm FWHM kernel (see also Braga et al.53 for applying different smoothing kernels to

different participants; Figure S3B shows MTL connectivity maps from participants 2 and 4 smoothed with a 4 mm FWHM kernel).

For visualization purposes, the MNI-space connectivity maps that were created in the volumentric data, were projected to T1

space and resampled to the fsaverage6 standardized cortical surface mesh (40,962 vertices per hemisphere112). For the cortical

surface projection, data were sampled from the gray matter halfway between the white matter and pial surfaces using trilinear inter-

polation. Surface maps were visualized using the ConnectomeWorkbench commandwb_view.103 For this purpose, fsaverage6 sur-

face-projected data were converted into CIFTI format using Workbench MATLAB commands (v2022a; https://github.com/

Washington-University/cifti-matlab).

Data quality and susceptibility artifacts
Headmotion is known to affect functional connectivity and to drive spurious correlation patterns (for example, see Figure 4 in VanDijk

et al.113). To minimize the effect of head motion on our connectivity findings, every BOLD run with maximum absolute head displace-

ment greater than 2mmwas discarded from the analysis. Additionally, imaging the brain regions in the anterior MTL is a longstanding

challenge since these regions are particularly prone to signal loss and distortion due to magnetic inhomogeneities seen clearly in T2*-

weighted images (BOLD data). To estimate the overall data quality, we calculated tSNR in every voxel by averaging the signal inten-

sity in all available BOLD runs (prior to nuisance variables regression, filtering and smoothing) for each participant and dividing it by

the standard deviation over time. The tSNR maps were averaged separately for each participant to provide a single tSNR value for

each voxel in the brain.

Networks discovery
Following the logic described in Braga & Buckner,54 to reliably test for different cortical networks associated with distinct subregions

of the human MTL, for each participant we divided all available BOLD data into discovery and validation datasets. After 4 scanning

sessions with 8 fixations tasks each, every participant had up to 32 BOLD runs (�230min). All odd-numbered runswere assigned to a

discovery dataset (16 fixations task runs) and all even-numbered runs were assigned to a validation dataset (16 fixations task runs).

We excluded one fixation task run for participant 4 due to extensive head motion (see data quality in results), therefore, the validation

dataset for that participant comprised 15 fixations task runs. All connectivity analyses were done on volumetric data in MNI-space

since we wanted to use a common reference frame which allows comparison of our findings with other studies.

Human MTL is immensely variable and its anatomy strongly depends on the sulcal pattern. Therefore, we adopted a seed-based

method for network discovery and validation rather than a group-level mask-based analysis to examine each participant’s data in

depth and to move away from MTL-related group-based priors. The hypotheses for our connectivity study were biologically driven

from primate tract-tracing work showing that macaque entorhinal, perirhinal and parahippocampal cortices are anatomically con-

nected with multiple distributed brain regions, such as posterior middle, parietal lobe, frontal lobe, temporal lobe and visual cortex.

We aimed to use human MR precision neuroimaging as a discovery tool to resolve a fundamental question in human memory

research and to identify the distributed cortical areas associated with the cortical components of the human MTL. Our study did

not seek to confirm expectations from previous human group-level connectivity studies dealing with whole-brain MTL connectivity

(especially, with the anterior MTL). In our data, we expected that subregions of the human MTL will show distributed connectivity

patterns that can broadly resemble the distributed connectivity patterns observed in macaque data. We used human group-level

and individual-level cortical distributed networks as a general reference; these findings are highly robust and most importantly,

they have a strong biological basis, such that many of these networks can be identified also in the primate.114

One critical aspect of our analysis approach was using only half of the data for exploring the MTL and for generating hypotheses

about potentially different networks associated with its subregions. Therefore, all seed regions and hypothesized networks were

defined using only the discovery datasets (half of the data). Then, in the hypothesis-testing step (see below), we used independent

datasets (other half of the data) to either provide support or reject the hypotheses that distinct subregions of the humanMTL are asso-

ciated with different cortical networks.

For the discovery analysis, for each participant we explored in detail the anterior-posterior and the medial-lateral axes of the para-

hippocampal gyrus and the collateral sulcus. Seed regions were single voxels selected from the gray matter and positioned on the

mean BOLD image in MNI space. We used macroanatomical landmarks for determining the approximate location of the entorhinal,
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perirhinal and parahippocampal cortices.48,51,115 On the anterior-posterior axis, the most anterior segment of the parahippocampal

gyrus (containing the suspected entorhinal cortex) was determined as the first slice with visible amygdala.51 The most posterior

segment of the parahippocampal gyrus (containing the suspected parahippocampal areas TH/TF) was determined as the last slice

with visible hippocampus. On the medial-lateral axis, the most medial point was positioned ventrally to the subicular complex. The

most lateral point was positioned in the ventral part of the lateral bank of collateral sulcus (see Videos S1, S2, S3, S4, and S5 for ex-

amples of seed placement showcasing raw data). Anatomical landmarks were identified in each participant using an anatomical atlas

containing human brain photos, the corresponding structural MR images and detailed anatomical labels at different slices.115

For each examined MTL seed, we calculated whole-brain Pearson correlation coefficients between the seed voxel’s time series

and all other voxels’ time series for every discovery BOLD run using instacorr (AFNI v19.1.05102,111). Resulting Pearson correlation

coefficients were Fisher z-transformed and averaged across all discovery dataset BOLD runs. Functional connectivity maps for every

seed voxel were visually inspected and if they showed a set of distributed brain regions that strongly correlated with the seed voxel,

the seed voxel was used for further analysis. Strong correlations with the distributed brain regions were defined as z(r) > 0.3 for the

seeds in the anterior segment of theMTL, containing the candidate entorhinal and perirhinal cortices and z(r) > 0.5 for the seeds in the

posterior segment of the MTL, containing the candidate parahippocampal cortex. For participant 3, that showed overall weaker cor-

relations, strong correlations with seeds in the anterior segment of the MTL were defined as z(r) > 0.2. Negative correlation values

were not interpreted. Since we performed the discovery analysis in the volume space, correlations in the white matter and ventricles,

as well as low gray matter correlations of z(r) < 0.15 were considered spurious (see Figure S7A for an example of spurious correla-

tions). To determine the level of spurious correlations, we placed large spherical seeds within the deepwhite matter (5mm radius) and

the ventricles (2mm radius), and calculatedwhole-brain Fisher z-transformed Pearson correlation coefficients. The 99-th percentile of

positive correlations (z(r) = 0.15) was taken as the noise correlation threshold (see also Braga et al.53 for using a similar threshold for a

volume-based within-subject intrinsic functional connectivity analysis). We visualize the process of seed placement in Videos S1 and

S2 (anterior MTL) and Videos S3 and S4 (posterior MTL); all examples display raw unthresholded data. For instance, as can be seen

from Videos S1 and S2, moving the seed along the parahippocampal gyrus and the collateral sulcus in the anterior segments of the

MTL produced two clear hypotheses for two distributed networks associated with distinct regions of the parahippocampal gyrus and

the collateral sulcus. These hypothesized networks were present in each individual participant’s anterior MTL. As can be seen from

Videos S3 and S4, moving the seed along the parahippocampal gyrus and the collateral sulcus in the posterior segment of the MTL

resulted in one clear hypothesis of another distributed cortical network (note clear evidence for mixture of signals with moving the

seed along the collateral sulcus, possibly due to smoothing of BOLD data from the banks of the sulcus; as the results unfolded,

this mixture of signals was resolved as potential parahippocampal areas TH/TF; see results and discussion; see Video S5 for move-

ment of the seed along the anterior-posterior axis of the parahippocampal gyrus). These hypotheses were then blindly tested using

independent validation datasets (see below).

Following the discovery analysis, for each participant we identified a set of seed voxels located in different portions of the para-

hippocampal gyrus and collateral sulcus that strongly correlated with distinct set of distributed brain regions. For each participant,

these voxels occupied continues segments on the anterior-posterior and medial-lateral axes of the parahippocampal gyrus and

collateral sulcus, albeit in different locations. Across all participants, one set of seed voxels was located in the anterior medial portion

of the parahippocampal gyrus, medially to the collateral sulcus, anatomically corresponding to the entorhinal cortex and more spe-

cifically, to its posterior medial part. Another set of seed voxels was located in the lateral bank of the anterior portion of the collateral

sulcus, anatomically corresponding to the perirhinal cortex (the suspected perirhinal seeds were always more anteriorly or just

around the suspected entorhinal seeds, corresponding to the relative anatomical locations of these MTL regions51). Another set

of seed voxels was located in the posterior medial portion of the parahippocampal gyrus (anatomically corresponding to the potential

parahippocampal area TH). These voxels were identified by visualizing the connectivity maps at a threshold of z(r) > 0.15 (above the

noise correlation level) and by inspecting the anatomical locations of different cortical areas that consistently correlated with subre-

gions of the MTL across all participants—posterior midline, anterior midline, parietal lobe, lateral frontal cortex and lateral surface of

the temporal lobe (as can be seen in Figure S3, even unthresholded connectivity maps showed little overlap in all 4 participants). It is

important to emphasize that even though we explored the MTL for seeds that maximize potential networks separation, these seeds

and their associated distributed brain regions represented only hypotheses for distinct networks linked to different parts of the MTL.

Therefore, a critical stepwas to put these hypotheses to an independent test and to examinewhether distinct associations of theMTL

seeds with different areas across the cortical mantle will be replicated using independent validation datasets.

Connectivity patterns that were not consistently present in each individual participant were not tested during the hypothesis-vali-

dation step. In our data we observed two potentially meaningful inconsistent connectivity patterns. First, participant 4 showed a

candidate network (however withmuchweaker correlations compared to other candidate networks) associated with themost ventral

tip of the entorhinal cortex (Figure S7C). The distributed whole-brain topography associated with this region bore some resemblance

to components of the frontoparietal control network.116 Even though this connectivity pattern is remarkably compliant with known

primate anatomy106,107,114 (appreciate the marmoset tracing results presented in Figure S7C demonstrating labeled cells just at

the border between the entorhinal and perirhinal cortices, similar to our seed location), since no other participant provided clear ev-

idence for this association, it was not further pursued. Second, some participants showed distinct connectivity patterns with seeds

positioned in themedial and lateral portions of the suspected parahippocampal cortex, occupying themedial and lateral banks of the
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collateral sulcus. However, this connectivity pattern was not consistent as well across all participants. As the results unfolded, this

was resolved as potential parahippocampal areas TH/TF (see results and discussion).

Networks validation
After identifying the distinct sets of seed voxels that maximized potential networks separation using the discovery datasets, one seed

with the highest or near to highest Fisher z-transformed Pearson correlation coefficient with the distributed brain regionswas taken as

the representative seed for eachMTL region – posterior entorhinal cortex, perirhinal cortex and parahippocampal area TH (see below

replication analyses using multiple different MTL seeds). For the hypotheses-testing step using the independent validation datasets,

for each chosenMTL seed and for each participant, we identified the voxels with maximum Fisher z-transformed Pearson correlation

values in the parietal lobe, dorsolateral frontal cortex, posteromedial cortex, and ventral medial prefrontal cortex. The voxels were

always identified in the hemisphere ipsilateral to each givenMTL seed. This seeds definition was done using only the discovery data-

sets. We choose these cortical dissociation regions for independent validation purposes as either two or all three subregions of the

MTL showed strong, however close, correlations in these areas. Since the validation datasets were analyzed blindly of the discovery

datasets, the critical test was to see whether the a priori chosen seed regions in the MTL and the cortical dissociation regions will

replicate the connectivity patterns observed during the discovery analysis. Specifically, we wanted to see whether the distinct seeds

in the parietal lobe, dorsolateral frontal cortex, posteromedial cortex, and ventral medial prefrontal cortex will show distinct ‘‘back-

projection’’ connectivity to the subregions of the MTL. For testing the hypothesis that distinct MTL regions are associated with

distinct brain regions, the connectivity patterns derived from the validation datasets were statistically tested using F-tests with

one-way or two-way repeatedmeasures analysis of variance (ANOVA). One-way ANOVAwas used in eachMTL subregion for testing

the dissociation regions that showed correlations with all three subregions of theMTL (parietal lobe, dorsolateral frontal cortex). Two-

way ANOVA was used for testing the dissociation regions that showed correlations with two subregions of the MTL (posteromedial

cortex, ventral medial prefrontal cortex).

Replication analyses using different MTL seeds
To demonstrate that our results do not depend on one particular seed selection, we choose different seeds by moving the original

seeds 6 mm toward each other (3 mm shift for each seed separately) on the anterior-posterior axis. Therefore, the suspected ento-

rhinal and perirhinal seeds were shifted caudally toward the parahippocampal cortex and the suspected parahippocampal seeds

were shifted rostrally toward the entorhinal and perirhinal cortex. The decision to shift the seeds exactly 6 mm toward each other

was semi-arbitrary. Moving the seeds only 2 mm toward each other would be too close to the original seed location and the repli-

cation would be obvious. However, moving the seeds 10 mm toward each other would be too big of a shift and the suspected en-

torhinal and perirhinal seeds would then likely sample signal from the parahippocampal cortex. Therefore, themiddle ground of 6mm

shift was chosen. Even with these new seeds that were optimally pitted against each other, we replicate all our findings reported in

Figure 4, except for a preferred correlation of the perirhinal seed with the dorsolateral frontal cortex in participant 1. Moreover, like in

the original results, all participants showed cross-over interaction effects where relevant. Furthermore, we examined how our results

generalize in the anterior direction aswell. We shifted all original entorhinal seeds 3mm rostrally and performed the same analyses. All

effects reported in Figure 4 were replicated. We also shifted the perirhinal seeds 3 mm rostrally for participant 1 and participant 3 (in

participant 2 and participant 4 the original perirhinal seeds were already positioned very rostrally) and performed the same analyses.

All effect reported in Figure 4 were replicated. Finally, we shifted all original parahippocampal seeds 0.5 cm rostrally to move them

even closer toward the entorhinal and perirhinal cortices. All effects presented in Figure 4 were replicated except for a preferred en-

torhinal seed connectivity with the parietal lobe and dorsolateral frontal cortex in participant 4 due to potential blurring andmixture of

signals across networks.

Consistency of MTL connectivity maps
To examine the consistency of whole brain functional connectivity maps from each MTL subregion, we correlated the mean func-

tional connectivity matrices from the discovery and replication datasets in each participant. Connectivity maps showed high stability

across discovery and validation datasets with minimum Pearson correlation coefficient of 0.81 (all p < 0.001) across participants and

MTL subregions.

Subdivisions of the dorsal attention network
The two subdivisions A and B of the canonical dorsal attention network can be robustly dissociated from each other by the collateral

sulcus (potentially involving the fusiform gyrus and the lingual gyrus; see Figures 23 and 25 in Yeo, Krienen et al.,67 and bottom of

Figure 5 in Braga & Buckner54). Using the discovery datasets, we put spherical seeds of 3 mm radius in the middle of the occipital

collateral sulcus (anatomically defined70,115) in each participant. The middle of the occipital collateral sulcus was determined as the

middle y coordinate between the last slice with visible hippocampus and the last slice with visible occipital cortex. The seed was

always positioned within the sulcus to avoid sampling signal from the white matter and to allow sampling from the surrounding fusi-

form and lingual gyri. See Figure 7A for the cortical projection of the distributed brain regions associated with the occipital collateral

sulcus (right column; putative subdivision B) and the ‘‘back-projections’’ from the superior parietal lobule associated with the peri-

rhinal cortex (left column; putative subdivision B). Next, still using the discovery datasets, we identified in each participant the voxels
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with maximum Fisher z-transformed Pearson correlation coefficients in the superior parietal lobe and in the suspected MT+. We

aimed to localize these cortical regions as the perirhinal network showed strong correlations located in their vicinity. Then, using vali-

dation datasets, we performed similar ‘‘back-projection’’ analyses to see whether the connectivity patterns of the neighboring seeds

in the superior parietal lobule and the extrastriate cortex (area anterior to MT+ and MT+) with the perirhinal cortex and the occipital

collateral sulcus will be replicated (see results and Figure 7B).

Cortical networks associated with the temporal pole
The study byWang et al.46 examined the cortical anatomy associatedwith the anterior perirhinal cortex and observed perirhinal-audi-

tory associations. Based on this observation, the authors raised an intriguing possibility that the anterior segment of the human

perirhinal cortex is a homologue of monkey area 36d. In our investigation of the human MTL, we found no consistent auditory asso-

ciations with the human MTL. Nevertheless, we wished to explore the cortical networks associated with the human temporal polar

cortex117 as the putative human homologue of the rostral extension of the monkey perirhinal cortex area 36. Even though this rostral

area is a direct continuation of the perirhinal cortex, in themacaque, the connectivity patterns of at least a part of the polar cortex with

the broader neocortex and cytoarchitectonic characteristics are different from the rest of the perirhinal cortex. Therefore, it is still

unclear whether the temporal polar cortex should be regarded as a subdivision of the perirhinal cortex.73,101 In our data, seeds

put directly into the temporal pole118 produced connectivity maps resembling the entorhinal network (Figure S7B). Since the

observed connectivity patterns were not compliant with the reported anatomical connectivity of the monkey area 36d, we do not

discuss this finding any further and leave this to future investigations.

Connectivity between subregions of the human MTL
Our results show low correlations between the entorhinal, perirhinal and parahippocampal seeds (Table S1). At first glance, this

observation does not comply with animal neuroanatomy studies showing anatomical connectivity between the entorhinal, perirhinal

and parahippocampal (postrhinal in the rodent) cortices. However, a more detailed look into our seed locations and tract-tracing ro-

dent and primate data can potentially account for this observation.

First, recent anatomical data in the rodent suggest that both postrhinal and perirhinal cortices predominantly target the lateral en-

torhinal cortex119; re-evaluation of anatomical MTL data from the macaque suggests similar connectivity patterns. These findings

challenge the classical cognitive models for differential sensory (‘‘what’’, mediated by the perirhinal-lateral entorhinal cortex connec-

tivity) and spatial (‘‘where’’, mediated by the parahippocampal-medial entorhinal cortex connectivity) processing within the entorhinal

cortex2,9 and highlight the lateral entorhinal cortex as the main multimodal convergence area in the parahippocampal region. These

findings can potentially account for our results, since the proposed primate homologue of the lateral entorhinal cortex is situated in

the anterior portion of the entorhinal cortex,99 while our entorhinal seeds are likely located in the posterior entorhinal cortex. Like we

mention in the main text, previous human group-level studies were able to delineate potential subdivisions of the entorhinal cor-

tex,42,47,100 however, in our datasets focused on individuals, we could not identify distinct seeds within the most anterior portion

of the entorhinal cortex that were associated with biologically meaningful signal (Figure S7A and Video S5). Therefore, one key ques-

tion for future MTL precision imaging is to reliably characterize the distributed anatomy associated with the most anterior portion of

human entorhinal cortex.

Second, tract-tracing in the macaque indicates that the vast majority of anatomical connections between the perirhinal and para-

hippocampal cortices involve parahippocampal area TF, while the perirhinal cortex connections with parahippocampal area TH are

muchmoremodest.120 These observations are compliant with our findings showing low connectivity between parahippocampal area

TH and the perirhinal cortex (Table S1), and that parahippocampal area TF and the perirhinal cortex are associated with similar

cortical anatomy (Figure 8).

Replication using UK Biobank fixation task data
Inspired by Gordon et al.,121 we used the publicly available voxel-wise whole-brain connectome computed on 4100 participants108

from the initial release of the UK-Biobank fMRI dataset (see https://biobank.ctsu.ox.ac.uk/crystal/ukb/docs/brain_mri.pdf for docu-

mentation). Using anatomical heuristics, we put seeds in the putative entorhinal, perirhinal, and parahippocampal cortices and calcu-

lated whole-brain connectivity maps. The resulting maps were projected to the surface and thresholded to display only correlations

greater than 2 standard deviations from the mean (for the perirhinal seed, the threshold was 1.5 standard deviations from the mean).

The resulting maps are presented in Figure S8B. These population-level results provide additional evidence supporting our individ-

ual-level observations associating different subregions of the human MTL with distinct cortical networks.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, 4 participants were scanned 4 times each, which resulted in 32 fixation task ("resting-state") runs for each individual

participant. Half of the data (16 runs) were assigned to the discovery datasets and the other half of the data (16 runs) were assigned

to the validation datasets. For participant 4 one run was excluded due to excessive head movement (2.9 mm), therefore, the valida-

tion dataset for this participant comprised 15 runs. Functional connectivity analysis was performed separately in each participant

using AFNI instacorr command which allowed interactive exploration of the whole-brain connectivity patterns in each
Neuron 111, 1–17.e1–e7, September 6, 2023 e6
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participant.102,111 Resulting Pearson correlation coefficients were Fisher z-transformed and averaged across all discovery datasets

BOLD runs. Localization of different anatomical landmarks was done using an anatomical atlas as refence containing human brain

photos, the corresponding structural MR images and detailed anatomical labels at different slices.115 For statistical analyses we used

one-way and two-way repeated measures ANOVA with significance level set to p < 0.05. All bar graphs throughout the manuscript

represent mean Fisher z-transformed Pearson correlation coefficients ± SEM.
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Figure S1. Data quality. Related to Figure 1 in the main text. Axial slices from participants 1 

and 2 (P1, P2) showing mean BOLD (top) and mean tSNR (bottom) data. High coverage and high 

tSNR were obtained in most regions of the brain, particularly in the medial temporal lobe. Note 

lower data quality in the ventral portions of the medial prefrontal cortex and the lateral surface of 

the temporal lobes. See Figure 1 for the same data from participants 3 and 4. Left on the image 

(L) refers to left hemisphere.  
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Figure S2. Seed regions in the MTL. Related to Figures 1-2 in the main text and Figure S1.  
(A) Coronal slices of the medial temporal lobe from participants 1 and 2 (P1, P2) showing the 

seed regions in the parahippocampal (area TH, PHC), entorhinal (ERC) and perirhinal (PRC) 

cortices on T1 and mean BOLD data respectively (seeds are marked with cyan asterisks). Note 

excellent coverage of the perirhinal and entorhinal cortices. See Figure 2 for the same data from 

participants 3 and 4. M – medial; L – lateral. 

(B) TSNR of the 7T fMRI data. Coronal images presenting tSNR at slices used as seeds in the 

parahippocampal, entorhinal and perirhinal cortices. Left on the image (L) refers to left 

hemisphere. 
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Figure S3. Subregions of the MTL are associated with distinct cortical networks. Related 
to Figure 3 in the main text.  

(A) Bilateral surface-projected and unthresholded functional connectivity maps produced for each 

MTL seed region in each participant (P1 – P4) using the discovery datasets.  
(B) Bilateral surface-projected and unthresholded functional connectivity maps produced for each 

MTL seed region in P2 and P4 using data that were smoothed with a 4 mm FWHM kernel.  
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Figure S4. Back projections from parietal cortex seeds – Participant 1 and Participant 2. 
Back projections from seeds in dorsolateral frontal cortex, anterior midline and posterior 

midline – Participant 3 and Participant 4. Related to Figure 5 in the main text. 
(A) Top - surface-projected functional connectivity maps produced for each parietal lobe seed in 

P1 and P2 using the validation dataset. Bottom – coronal slices through the MTL showing 

correlations with the parietal lobe seeds. Note the bilaterally distinct connectivity patterns in the 

MTL for different parietal lobe seeds. Also note the distinct connectivity patterns in the anterior 

MTL associated with caudal and rostral portions of the inferior parietal lobule (separated by the 

white line). See Figure 5 in the man text for the same data from participants 3 and 4. Left on the 

image (L) refers to left in the brain. 

(B) Similar to Figure 5 in the main text and Figure S4A. Note the distinct connectivity patterns in 

the anterior MTL separated by the white line. Also note more blurred network distinction using 

anterior midline seeds in P4, most likely due to lower signal quality in ventral medial prefrontal 

cortex. 
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Figure S5. Different subregions of the parahippocampal cortex are differentially associated 

with retrosplenial cortex and the area anterior to MT+. Related to Figure 6B in the main 
text. Using all available BOLD data, this additional exploratory analysis shows difference in 

functional connectivity maps between the retrosplenial and the area anterior to MT+ seeds in P1. 

Unlike P3 and P4 (Figure 6B), P1 shows more laterally located preferred connectivity with the 

area anterior to MT+, in accordance with the parahippocampal areas TH/TF definition proposed 

by von Economo and Koskinas in 1925. The map was thresholded to best capture the differences 

between connectivity patterns of the suspected parahippocampal areas TH/TF. Left on the image 

(L) refers to left hemisphere. 
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Figure S6. Subregions of the MTL are associated with distinct cortical regions across the 

cortex and association of subregions of the MTL with sensory systems. Related to Figure 

4 in the main text and Figure S3. 

(A) In addition to testing the cortical dissociation regions reported in Figure 4 in the main text, we 

also tested cortical regions that showed connectivity only with the perirhinal cortex - ventral 

premotor cortex, area anterior to MT+ and anterior lateral frontal cortex. These regions were 

identified following inspection of the connectivity maps produced during the discovery analysis. 

Note that since we did not have “competing” MTL seeds that showed anatomically close 

connectivity patterns in the same cortical region, we performed this comparison between different 

seeds (which we believe is suboptimal, since different seeds can have different connectivity 

values due to differences in data quality). All hypothesized regions associated with the perirhinal 

network showed preferred back projection connectivity with the perirhinal cortex, except for the 

rostral interior frontal gyrus in P1 (all other p<0.001).  

Moreover, we tested the connectivity of the lateral surface of the temporal lobe (left-most column). 

In all our participants we observed widespread correlations between the entorhinal cortex and the 

lateral surface of the temporal lobe, but two participants showed correlations between this brain 

region and the parahippocampal cortex. Our analysis suggests that the connectivity of the lateral 

surface of the temporal lobe with the parahippocampal network is variable across individuals.  
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(B) To examine how the MTL seeds are associated with the somatomotor, auditory and visual 

systems, in each participant we put three seeds along the central sulcus (somatomotor system), 

superior temporal gyrus (auditory system), and calcarine sulcus (visual system), anatomically 

defined. The correlation values between the sensory and MTL seeds were small with only six 

correlations that were significantly greater than zero, and only one seed showed a correlation 

value that was greater than noise correlation level (z(r) = 0.15). It is important to mention that in 

this analysis we examined only the association between early sensory systems and the MTL 

using anatomically defined areas. To provide a full characterization of the interactions between 

different sensory modalities and the human MTL, future studies combining both task-based and 

connectivity-based approaches are needed. Bars are mean correlations across all available 

validation dataset runs ± SEM; * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure S7. Connectivity patterns of the anterior entorhinal cortex and temporal pole, and a 
candidate network associated with the boundary between the entorhinal and perirhinal 

cortex in P4. Related to Figure 3 in the main text.  
(A) In our attempts to localize the human homologue of the rodent lateral entorhinal cortex, we 

put seeds in the most anterior part of the suspected entorhinal cortex. As can be seen from the 

cortical projections of the resulting connectivity patterns, correlations coefficients mostly 

represented spurious/noise correlations that we could not biologically interpret. 

(B) Seeds placed directly in the temporal pole resulted in connectivity patterns that closely 

resembled the entorhinal cortex network. Since the observed connectivity patterns are not 

compliant with the reported anatomical connectivity of the monkey area 36d (temporal pole), we 

do not discuss this finding any further.  
(C) Left - Seeds placed in the very ventral part of the suspected entorhinal cortex, just prior to the 

medial wall of the collateral sulcus, were associated with a candidate distributed network that 

bears some resemblance to the frontoparietal control network. Right – tracing data with an 

injection in the anterior intraparietal area (AIP) displaying a proposed homologue of the human 

frontoparietal control network in the marmoset. Note the remarkable parallel between the human 

MTL seed location and the labelled cells in the marmoset entorhinal and perirhinal cortices (red 

box). Even though the connectivity pattern observed in P4 is compliant with primate anatomy, no 

other participant in our study provided clear evidence for this association and therefore, we did 

not explore it any further in this study. Left on the image (L) refers to left hemisphere. 
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Figure S8. Spatial consistency of the cortical areas associated with subregions of the MTL 
and replication using UK-Biobank data. Related to Figure 8 in the main text.  

(A) Based on visual inspection of the unthresholded connectivity maps displayed on Figure S3, 

we summarized the general consistency of the cortical areas that were associated with 

parahippocampal area TH, the entorhinal and perirhinal cortices. Numbers represent consistency 

of major connectivity patterns for each MTL subregions across 8 hemispheres (4 participants with 

2 hemispheres each). Note that most of the presented cortical areas were statistically dissociated 

(see Figure 4 and Figure S6A). aMT+ - area anterior to MT+; SPL – superior parietal lobe; FEF – 

frontal eye field (or around it); PrCv – precentral gyrus, ventral; PFCla – prefrontal cortex, lateral 

anterior; Cingm – medial segment of the cingulate cortex; IPLr – inferior parietal lobule, rostral; 

IPLc - inferior parietal lobule, caudal; Templ – temporal lobe, lateral surface; PCC – posterior 

cingulate cortex; PFCdp – prefrontal cortex dorsal posterior; PFCm – prefrontal cortex, medial; 

OFC – orbitofrontal cortex PFClp – prefrontal cortex lateral posterior; RSC – retrosplenial cortex.  
(B) Seeds put into the putative entorhinal, perirhinal and parahippocampal cortices on the 

population-level data revealed distributed cortical networks that are similar to the networks we 

observed on the individual-subject level. Note that the interpretation of these population-level 

connectivity data is straightforward given our individual-level findings. 
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Table S1. Connectivity between the MTL subregions. Related to Figure 3 in the main text. 

In each participant, we calculated the mean Fisher z-transformed Pearson correlation coefficients 

between the entorhinal, perirhinal and parahippocampal seeds. As can be seen from the table, 

almost all connectivity values were low and did not pass the noise correlation level (z(r) = 0.15). 

Nevertheless, these findings potentially can be explained by recent anatomical tract-tracing data 

in the rodent and by re-evaluation of existing anatomical data in the primate (see STAR Methods 

for more details and discussion). 
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