


21 
 

Honda, Y., Ishizuka, N., 2004. Organization of connectivity of the rat presubiculum: I. Efferent 

projections to the medial entorhinal cortex. Journal of Comparative Neurology 473, 463-484. 

doi:10.1002/cne.20093 

Hoover, W.B., Vertes, R.P., 2007. Anatomical analysis of afferent projections to the medial 

prefrontal cortex in the rat. Brain Structure & Function 212, 149-179. doi:10.1007/s00429-007-

0150-4 

Huang, C.-C., Rolls, E.T., Hsu, C.-C.H., Feng, J., Lin, C.-P., 2021. Extensive Cortical 

Connectivity of the Human Hippocampal Memory System: Beyond the “What” and “Where” 

Dual Stream Model. Cerebral Cortex 31, 4652-4669. doi:10.1093/cercor/bhab113 

Iglesias, J.E., Augustinack, J.C., Nguyen, K., Player, C.M., Player, A., Wright, M., Roy, N., 

Frosch, M.P., McKee, A.C., Wald, L.L., Fischl, B., Van Leemput, K., 2015. A computational 

atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: Application to 

adaptive segmentation of in vivo MRI. Neuroimage 115, 117-137. 

doi:10.1016/j.neuroimage.2015.04.042 

Insausti, R., Amaral, D.G., 2008. Entorhinal cortex of the monkey: IV. Topographical and 

laminar organization of cortical afferents. Journal of Comparative Neurology 509, 608-641. 

doi:10.1002/cne.21753 

Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. Improved optimization for the robust 

and accurate linear registration and motion correction of brain images. Neuroimage 17, 825-

841. doi:10.1016/s1053-8119(02)91132-8 

Jenkinson, M., Beckmann, C.F., Behrens, T.E., Woolrich, M.W., Smith, S.M., 2012. FSL. 

Neuroimage 62, 782-790. doi:10.1016/j.neuroimage.2011.09.015 

Jeurissen, B., Descoteaux, M., Mori, S., Leemans, A., 2019. Diffusion MRI fiber tractography 

of the brain. NMR in Biomedicine 32, e3785. doi:10.1002/nbm.3785 

Johansen-Berg, H., Behrens, T.E., Robson, M.D., Drobnjak, I., Rushworth, M.F., Brady, J.M., 

Smith, S.M., Higham, D.J., Matthews, P.M., 2004. Changes in connectivity profiles define 

functionally distinct regions in human medial frontal cortex. Proceedings of the National 

Academy of Sciences of the United States of America 101, 13335-13340. 

doi:10.1073/pnas.0403743101 

Jones, B.F., Witter, M.P., 2007. Cingulate cortex projections to the parahippocampal region 

and hippocampal formation in the rat. Hippocampus 17, 957-976. doi:10.1002/hipo.20330 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 23, 2022. ; https://doi.org/10.1101/2022.12.23.520976doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.23.520976
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

Kerr, K.M., Agster, K.L., Furtak, S.C., Burwell, R.D., 2007. Functional neuroanatomy of the 

parahippocampal region: The lateral and medial entorhinal areas. Hippocampus 17, 697-708. 

doi:10.1002/hipo.20315 

Kjonigsen, L., Leergaard, T., Witter, M., Bjaalie, J., 2011. Digital Atlas of Anatomical 

Subdivisions and Boundaries of the Rat Hippocampal Region. Frontiers in Neuroinformatics 

5. doi:10.3389/fninf.2011.00002 

Knierim, J.J., Neunuebel, J.P., Deshmukh, S.S., 2014. Functional correlates of the lateral and 

medial entorhinal cortex: objects, path integration and local–global reference frames. 

Philosophical Transactions of the Royal Society B: Biological Sciences 369, 20130369. 

doi:doi:10.1098/rstb.2013.0369 

Kondo, H., Witter, M.P., 2014. Topographic organization of orbitofrontal projections to the 

parahippocampal region in rats. Journal of Comparative Neurology 522, 772-793. 

doi:10.1002/cne.23442 

Lavenex, P., Amaral, D.G., 2000. Hippocampal-neocortical interaction: A hierarchy of 

associativity. Hippocampus 10, 420-430. doi:10.1002/1098-1063(2000)10:4<420::Aid-

hipo8>3.0.Co;2-5 

Ma, Q., Rolls, E.T., Huang, C.-C., Cheng, W., Feng, J., 2022. Extensive cortical functional 

connectivity of the human hippocampal memory system. Cortex 147, 83-101. 

doi:10.1016/j.cortex.2021.11.014 

Marcus, D., Harwell, J., Olsen, T., Hodge, M., Glasser, M., Prior, F., Jenkinson, M., Laumann, 

T., Curtiss, S., Van Essen, D., 2011. Informatics and Data Mining Tools and Strategies for the 

Human Connectome Project. Frontiers in Neuroinformatics 5. doi:10.3389/fninf.2011.00004 

Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network model of 

insula function. Brain Structure & Function 214, 655-667. doi:10.1007/s00429-010-0262-0 

Milchenko, M., Marcus, D., 2013. Obscuring surface anatomy in volumetric imaging data. 

Neuroinformatics 11, 65-75. doi:10.1007/s12021-012-9160-3 

Moeller, S., Yacoub, E., Olman, C.A., Auerbach, E., Strupp, J., Harel, N., Uğurbil, K., 2010. 

Multiband multislice GE-EPI at 7 tesla, with 16-fold acceleration using partial parallel imaging 

with application to high spatial and temporal whole-brain fMRI. Magnetic Resonance in 

Medicine 63, 1144-1153. doi:10.1002/mrm.22361 

Mori, S., Zhang, J., 2006. Principles of diffusion tensor imaging and its applications to basic 

neuroscience research. Neuron 51, 527-539. doi:10.1016/j.neuron.2006.08.012 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 23, 2022. ; https://doi.org/10.1101/2022.12.23.520976doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.23.520976
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

Moser, Edvard I., Moser, M.-B., 2013. Grid Cells and Neural Coding in High-End Cortices. 

Neuron 80, 765-774. doi:10.1016/j.neuron.2013.09.043 

Maass, A., Berron, D., Libby, L.A., Ranganath, C., Düzel, E., 2015. Functional subregions of 

the human entorhinal cortex. eLife 4, e06426. doi:10.7554/eLife.06426 

Navarro Schröder, T., Haak, K.V., Zaragoza Jimenez, N.I., Beckmann, C.F., Doeller, C.F., 

2015. Functional topography of the human entorhinal cortex. eLife 4, e06738. 

doi:10.7554/eLife.06738 

Nilssen, E.S., Doan, T.P., Nigro, M.J., Ohara, S., Witter, M.P., 2019. Neurons and networks 

in the entorhinal cortex: A reappraisal of the lateral and medial entorhinal subdivisions 

mediating parallel cortical pathways. Hippocampus 29, 1238-1254. doi:10.1002/hipo.23145 

Raichle, M.E., 2015. The Brain's Default Mode Network. Annual Review of Neuroscience 38, 

433-447. doi:10.1146/annurev-neuro-071013-014030 

Ranganath, C., Ritchey, M., 2012. Two cortical systems for memory-guided behaviour. Nature 

Reviews: Neuroscience 13, 713-726. doi:10.1038/nrn3338 

Reagh, Z.M., Yassa, M.A., 2014. Object and spatial mnemonic interference differentially 

engage lateral and medial entorhinal cortex in humans. Proceedings of the National Academy 

of Sciences 111, E4264-E4273. doi:10.1073/pnas.1411250111 

Rolls, E.T., Deco, G., Huang, C.-C., Feng, J., 2022. The Effective Connectivity of the Human 

Hippocampal Memory System. Cerebral Cortex, bhab442. doi:10.1093/cercor/bhab442 

Rykhlevskaia, E., Gratton, G., Fabiani, M., 2008. Combining structural and functional 

neuroimaging data for studying brain connectivity: A review. Psychophysiology 45, 173-187. 

doi:10.1111/j.1469-8986.2007.00621.x 

Saleem, K.S., Kondo, H., Price, J.L., 2008. Complementary circuits connecting the orbital and 

medial prefrontal networks with the temporal, insular, and opercular cortex in the macaque 

monkey. Journal of Comparative Neurology 506, 659-693. doi:10.1002/cne.21577 

Schultz, H., Sommer, T., Peters, J., 2012. Direct Evidence for Domain-Sensitive Functional 

Subregions in Human Entorhinal Cortex. The Journal of Neuroscience 32, 4716-4723. 

doi:10.1523/jneurosci.5126-11.2012 

Setsompop, K., Gagoski, B.A., Polimeni, J.R., Witzel, T., Wedeen, V.J., Wald, L.L., 2012. 

Blipped-controlled aliasing in parallel imaging for simultaneous multislice echo planar imaging 

with reduced g-factor penalty. Magnetic Resonance in Medicine 67, 1210-1224. 

doi:10.1002/mrm.23097 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 23, 2022. ; https://doi.org/10.1101/2022.12.23.520976doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.23.520976
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 
 

Smitha, K., Akhil Raja, K., Arun, K., Rajesh, P., Thomas, B., Kapilamoorthy, T., Kesavadas, 

C., 2017. Resting state fMRI: A review on methods in resting state connectivity analysis and 

resting state networks. The Neuroradiology Journal 30, 305-317. 

doi:10.1177/1971400917697342 

Sotiropoulos, S.N., Hernández-Fernández, M., Vu, A.T., Andersson, J.L., Moeller, S., Yacoub, 

E., Lenglet, C., Ugurbil, K., Behrens, T.E.J., Jbabdi, S., 2016. Fusion in diffusion MRI for 

improved fibre orientation estimation: An application to the 3T and 7T data of the Human 

Connectome Project. Neuroimage 134, 396-409. doi:10.1016/j.neuroimage.2016.04.014 

Sotiropoulos, S.N., Moeller, S., Jbabdi, S., Xu, J., Andersson, J.L., Auerbach, E.J., Yacoub, 

E., Feinberg, D., Setsompop, K., Wald, L.L., Behrens, T.E.J., Ugurbil, K., Lenglet, C., 2013. 

Effects of image reconstruction on fiber orientation mapping from multichannel diffusion MRI: 

Reducing the noise floor using SENSE. Magnetic Resonance in Medicine 70, 1682-1689. 

doi:10.1002/mrm.24623 

Syversen, I.F., Witter, M.P., Kobro-Flatmoen, A., Goa, P.E., Navarro Schröder, T., Doeller, 

C.F., 2021. Structural connectivity-based segmentation of the human entorhinal cortex. 

Neuroimage 245, 118723. doi:10.1016/j.neuroimage.2021.118723 

Tsao, A., Sugar, J., Lu, L., Wang, C., Knierim, J.J., Moser, M.-B., Moser, E.I., 2018. Integrating 

time from experience in the lateral entorhinal cortex. Nature 561, 57-62. doi:10.1038/s41586-

018-0459-6 

Van Dijk, K.R., Hedden, T., Venkataraman, A., Evans, K.C., Lazar, S.W., Buckner, R.L., 2010. 

Intrinsic functional connectivity as a tool for human connectomics: theory, properties, and 

optimization. Journal of Neurophysiology 103, 297-321. doi:10.1152/jn.00783.2009 

Van Essen, D.C., Ugurbil, K., Auerbach, E., Barch, D., Behrens, T.E., Bucholz, R., Chang, A., 

Chen, L., Corbetta, M., Curtiss, S.W., Della Penna, S., Feinberg, D., Glasser, M.F., Harel, N., 

Heath, A.C., Larson-Prior, L., Marcus, D., Michalareas, G., Moeller, S., Oostenveld, R., 

Petersen, S.E., Prior, F., Schlaggar, B.L., Smith, S.M., Snyder, A.Z., Xu, J., Yacoub, E., 2012. 

The Human Connectome Project: a data acquisition perspective. Neuroimage 62, 2222-2231. 

doi:10.1016/j.neuroimage.2012.02.018 

van Strien, N.M., Cappaert, N.L.M., Witter, M.P., 2009. The anatomy of memory: an interactive 

overview of the parahippocampal–hippocampal network. Nature Reviews Neuroscience 10, 

272-282. doi:10.1038/nrn2614 

Witter, M.P., 2007. The perforant path: projections from the entorhinal cortex to the dentate 

gyrus. In: Scharfman, H.E. (Ed.), Progress in Brain Research. Elsevier, pp. 43-61. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 23, 2022. ; https://doi.org/10.1101/2022.12.23.520976doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.23.520976
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

Witter, M.P., Amaral, D.G., 1991. Entorhinal cortex of the monkey: V. Projections to the 

dentate gyrus, hippocampus, and subicular complex. Journal of Comparative Neurology 307, 

437-459. doi:10.1002/cne.903070308 

Witter, M.P., Amaral, D.G., 2021. The entorhinal cortex of the monkey: VI. Organization of 

projections from the hippocampus, subiculum, presubiculum, and parasubiculum. Journal of 

Comparative Neurology 529, 828-852. doi:10.1002/cne.24983 

Witter, M.P., Doan, T.P., Jacobsen, B., Nilssen, E.S., Ohara, S., 2017. Architecture of the 

Entorhinal Cortex A Review of Entorhinal Anatomy in Rodents with Some Comparative Notes. 

Frontiers in Systems Neuroscience 11. doi:10.3389/fnsys.2017.00046 

Wyss, J.M., Van Groen, T., 1992. Connections between the retrosplenial cortex and the 

hippocampal formation in the rat: a review. Hippocampus 2, 1-11. 

doi:10.1002/hipo.450020102 

Xu, J., Moeller, S., Strupp, J., Auerbach, E.J., Xhen, L., Feinberg, D.A., Ugurbil, K., Yacoub, 

E., 2012. Highly accelerated whole brain imaging using aligned-blipped-controlled-aliasing 

multiband EPI. Proc. Int. Soc. Mag. Reson. Med, p. 2306. 

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 23, 2022. ; https://doi.org/10.1101/2022.12.23.520976doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.23.520976
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

 

Supplementary Figure 1: Group-averaged and field strength-averaged structural connectivity 
maps from DTI. Results are shown on selected sagittal (left) and coronal (right) slices in MNI space. 
A: EC connectivity with presubiculum, B: EC connectivity with dCA1pSub, C: EC connectivity with RSC, 
D: EC connectivity with OFC.  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 23, 2022. ; https://doi.org/10.1101/2022.12.23.520976doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.23.520976
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

 

Supplementary Figure 2: Group-averaged and phase encoding direction-averaged functional 
connectivity maps from rs-fMRI. Results are shown on selected sagittal (left) and coronal (right) slices 
in MNI space. A: EC connectivity with presubiculum, B: EC connectivity with dCA1pSub, C: EC 
connectivity with RSC, D: EC connectivity with OFC.  
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Supplementary Table 1: Degree of posterior-anterior (PA) and medial-lateral (ML) orientation of 
the border between MEC and LEC for the 20 different segmentation approaches. For DTI, 
segmentation was performed separately for 3T and 7T field strengths, while for fMRI, segmentation 
was performed separately for posterior-anterior (PA) and anterior-posterior (AP) phase encoding 
directions. The degree of PA and ML orientation is given as a percentage between 0 and 100%, 
dependent on the angle between the MEC-LEC center of gravity vector and the pure PA or ML vector, 
respectively. All numbers are given as the mean of both hemispheres ± mean absolute deviation. 

Segmentation approach 
Posterior-anterior (PA) axis Medial-lateral (ML) axis 

Angle (°) % PA Angle (°) % ML 

DTI 

3T 

Presubiculum/dCA1pSub 45.4 ± 3.5 49.6 ± 3.9 29.0 ± 7.9 67.8 ± 8.7 

RSC/OFC 35.2 ± 5.4 60.8 ± 6.0 86.3 ± 7.6 4.2 ± 8.4 

Presubiculum/OFC 39.5 ± 0.6 56.1 ± 0.7 54.6 ± 0.2 39.3 ± 0.3 

RSC/dCA1pSub 27.2 ± 0.5 69.7 ± 0.6 78.7 ± 5.2 12.6 ± 5.8 

Presubiculum+RSC/dCA1pSub+OFC 30.8 ± 0.1 65.7 ± 0.1 69.0 ± 2.4 23.3 ± 2.7 

7T 

Presubiculum/dCA1pSub 47.9 ± 5.6 46.7 ± 6.2 30.8 ± 10.2 65.7 ± 11.3 

RSC/OFC 44.2 ± 5.8 50.9 ± 6.5 82.4 ± 1.3 8.4 ± 1.5 

Presubiculum/OFC 53.6 ± 0.5 40.5 ± 0.5 46.8 ± 6.3 48.0 ± 7.0 

RSC/dCA1pSub 33.8 ± 3.4 62.5 ± 3.8 78.2 ± 7.5 13.1 ± 8.3 

Presubiculum+RSC/dCA1pSub+OFC 39.1 ± 1.7 56.6 ± 1.9 65.8 ± 7.1 26.9 ± 7.9 

fMRI 

PA 

Presubiculum/dCA1pSub 44.9 ± 3.8 50.1 ± 4.2 33.5 ± 5.6 62.7 ± 6.2 

RSC/OFC 29.0 ± 2.4 67.8 ± 2.7 81.1 ± 4.0 9.9 ± 4.4 

Presubiculum/OFC 28.8 ± 1.8 68.0 ± 2.0 82.8 ± 2.8 8.0 ± 3.1 

RSC/dCA1pSub 79.4 ± 6.6 11.8 ± 7.4 18.6 ± 8.1 79.3 ± 9.0 

Presubiculum+RSC/dCA1pSub+OFC 28.7 ± 2.0 68.1 ± 2.2 79.3 ± 3.6 11.9 ± 4.0 

AP 

Presubiculum/dCA1pSub 34.1 ± 0.9 62.1 ± 0.9 60.2 ± 2.4 33.1 ± 2.7 

RSC/OFC 28.5 ± 2.5 68.4 ± 2.7 84.4 ± 3.1 6.2 ± 3.4 

Presubiculum/OFC 19.5 ± 0.6 78.3 ± 0.7 77.9 ± 2.9 13.5 ± 3.2 

RSC/dCA1pSub 42.4 ± 6.0 52.9 ± 6.7 79.7 ± 3.5 11.4 ± 3.9 

Presubiculum+RSC/dCA1pSub+OFC 27.1 ± 1.9 69.9 ± 2.1 81.7 ± 2.8 9.3 ± 3.1 
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Supplementary Figure 3: Group-averaged and phase encoding direction-averaged difference 
map of resting-state functional connectivity seeded from MEC and LEC ROIs from the DTI-based 
segmentation. Results are shown on axial slices throughout the brain. Blue color means higher 
connectivity with MEC than with LEC, while red color means higher connectivity with LEC than with 
MEC. 
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Supplementary Figure 4: Group-averaged and field strength-averaged difference map of 
structural connectivity paths seeded from MEC and LEC ROIs from the fMRI-based 
segmentation. Results are shown on selected sagittal (left), coronal (middle) and axial (right) slices. 
Blue color means a higher probability that the path is connected with MEC than with LEC, while red 
color means a higher probability that the path is connected with LEC than with MEC. 
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