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Abstract

The hippocampal formation is an uniquely infolded anatomical structure in the medial temporal

lobe and it is involved in a broad range of cognitive and emotional processes. It consists of

anatomically and functionally different subfields, including the subiculum (SUB), cornu

ammonis areas (CA), and the dentate gyrus (DG). However, despite ample research on learning

and plasticity of the hippocampal formation, heritability of its structural and functional

organization is not fully known. To answer this question, we extracted microstructurally sensitive

neuroimaging (i.e., T1w/T2w ratios) and resting-state functional connectivity information along

hippocampal subfield surfaces from a sample of healthy twins and unrelated individuals of the

Human Connectome Project Dataset. Our findings robustly demonstrate that functional

connectivity and local microstructure of hippocampal subfields are highly heritable. Second, we

found marked covariation and genetic correlation between the microstructure of the hippocampal

subfields and the isocortex, indicating shared genetic factors influencing the microstructure of

the hippocampus and isocortex. In both structural and functional measures, we observed a

dissociation of cortical projections across subfields. In sum, our study shows that the functional

and structural organization of the hippocampal formation is heritable and has a genetic relation to

divergent macroscale functional networks within the isocortex.
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Introduction

The hippocampal formation is a heavily infolded region in the medial temporal lobe and

involved in a broad range of cognitive processes such as memory 1–3, emotional reactivity 4, and

stress resilience 5–7. The hippocampal formation is considered part of the allocortex, a

phylogenetically old region 8. The allocortex presents a primitive cytoarchitecture with three cell

layers, in contrast to the six-layered isocortex 9,10. Importantly, the hippocampal formation

consists of multiple subfields, or zones, starting at the subiculum (SUB) and moving outward to

the hippocampus proper; the cornu ammonis (CA), and dentate gyrus (DG) 11–14. These subfields

have unique anatomical properties and participate differently in hippocampal circuitry.

Consequently, their contributions to functional processes are likely distinct 15–17. Also, anatomical

hippocampal-cortical projections are extensive and they have different characteristics based on

the position within the hippocampal formation 18,19. Tracer studies in rodents have shown that the

ventral hippocampus is anatomically connected to the olfactory regions, prefrontal cortex, and

amygdala, while the dorsal hippocampus is connected to the retrosplenial cortex, mammillary

bodies, and anterior thalamus 20,21. This ventral-dorsal transition in rodents may relate to an

anterior-posterior axis in humans 22,23. Conversely, hippocampal infolding aligns with a

medial-lateral axis followed by the subfields, suggesting another transitional axis driven by the

intracortical microstructure 14,24. Thus, the hippocampal formation could feature two major axes,

one from anterior to posterior regions, and the other along its infolding from SUB via CA to DG.

In humans, hippocampal-cortical functional connectivity patterns at rest underscore

functional organizational axes within the hippocampal formation, along which functional

connectivity patterns vary. The anterior-posterior separation, so called long axis specialization,

has also been observed in resting-state fMRI (rs-fMRI) functional connectomics 25–27. A second

axis referred to as the transverse or medio-lateral axis emphasises connectome differences in

lateral and medial hippocampal portions 9,18,24,28. The transverse axis may in part reflect

transitions between subfields. In recent years, several groups have used dimension reduction

techniques, commonly known as gradients, to provide a parsimonious account of hippocampal

functional connectivity 29–31. Gradient techniques allow a continuous description of the functional

connectome compared to discrete network representations of the brain 32–34. Using these
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gradients, prior studies have found relationships of hippocampal functional connectivity with

anatomical organization and microstructure 31, as well as performance on memory recollection 30,

and pattern separation tasks 29. It is possible such individual variations in function are due to

genetic factors. Indeed, gene expression has been observed to vary as a function of the

anterior-posterior axis along the hippocampus 35. Moreover, hippocampal subfield volumes have

been shown to be significantly heritable 36 and to have genetic overlap with the total brain

volume 37. Subfield volumes have been associated with specific genomic loci and correlate

genetically with schizophrenia, specifically the subiculum 38. Taken together: 1) subtle variations

in structural and functional organization of hippocampal subfields may be described by

gradients; 2) average gene expression varies along an anterior posterior gradient; 3) hippocampal

volume is heritable, suggesting individual variations in volume are under genetic influences.

However, the extent to which individual variation within subfield functional and structural

organization is driven by genetic factors, is not completely understood.

Here, we studied the heritability of hippocampal functional organization and

microstructure at the subfield level. Resting state (rs)-fMRI and high-resolution structural T1w

images were selected from the twin design Human Connectome Project (HCP) S900 data release
39. To probe functional organization, we first obtained the hippocampal-cortical functional

connectivity (FC) for each subfield and then implemented an unsupervised dimension reduction

technique on FC measures, yielding functional gradients 31,40. Hippocampal microstructural

features were addressed by projecting an in vivo proxy for myelination (T1w/T2w) on the

subfield surfaces 41. Heritability of hippocampal subfield function and structure was computed

using the twin and sibling design of the HCP data 39. Additionally, to assess the microstructural

congruence between hippocampus and isocortex, we computed structural intensity covariance

(SiC) of the T1w/T2w maps and the corresponding genetic correlation. Last, we explored

whether functional and microstructural organization together underlie a common hippocampal

axis. To do so, we obtained their multimodal gradient representations by fusing both modalities
42, and evaluated their association with large-scale cortical functional networks.
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Results

Hippocampal-isocortical functional organization is heritable (Figure 1)

To study the heritability of hippocampal functional and microstructural organization we

selected n = 709 healthy adults from the HCP S900 young adult release with complete structural

and functional imaging data 39. We first correlated the rs-fMRI time series of each subfield with

the time series of isocortical parcels to compute the hippocampal-isocortical functional

connectivity (FC) in our sample (Fig. 1a). We then mapped the FC on the isocortex, separately

for the subiculum (SUB), CA1-3 (CA), and CA4-DG (DG) (Fig. 1b). The strongest functional

coupling between hippocampal subfields and isocortex was found to be in the default-mode,

somatomotor, visual, and limbic networks.

Next, we studied the impact of familial relatedness on hippocampal-isocortical functional

couplings. Therefore, we ran heritability analyses 43 on hippocampal-isocortical FC maps (Fig.

1c). Heritability ( ) of SUB-isocortex FC was the highest in ventromedial, posterior cingulate,ℎ2

and precuneus areas, linked to sensorimotor, limbic, and default mode functional networks

respectively. A similar heritability pattern was observed for CA-isocortex FC, with highest

heritability in sensorimotor and salience networks. For the DG-isocortex FC, compared to SUB-

and CA-isocortex FC, we observed higher heritability in primary sensorimotor areas and the

superior temporal lobe, associated with sensorimotor and dorsal attention functional networks.

The values were found to be significant throughout most of the cortical areas using aℎ2

likelihood ratio test (Supplementary Fig. S3a).

To illustrate the spatial organization of subfield-specific FC, we derived hippocampal

connectivity gradients, consistent with Vos de Wael (2018) (Fig. 1d). Each connectivity gradient

represented a particular axis of FC. Gradient 1 (G1 (FC)) presented an anterior-posterior (A-P)

axis across hippocampal subfields and explained 24% of the variance (Supplementary Fig.

S1b), whereas Gradient 2 (G2 (FC)) described a medial-lateral (M-L) axis and explained 9% of

the variance. Loadings of the M-L axis decreased from SUB to CA, and were minimal along the

DG.
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We also obtained the heritability of the A-P ( (G1)) and M-L ( (G2)) functionalℎ2 ℎ2

gradients (Fig. 1e). For SUB and CA, (G1) was found to be modest (mean: 0.14, range: [0.06,ℎ2

0.30] and mean: 0.13, range: [0, 0.26] respectively). However, it was low for DG (mean: 0.05,

range [0, 0.16]). The second gradient, (G2), was found to be low for all subfields (SUB: mean:ℎ2

0.05, range: [0, 0.18], CA: mean: 0.08, range: [0, 0.31], and DG: mean: 0.00, range: [0, 0.04]).

The heritability was significant (FDRq < 0.05) only for the anterior and posterior portions of the

SUB-G1 (FC) and lateral portions of CA-G2 (FC) (Supplementary Fig. S3c).

Finally, the gradient decomposition was implemented on the heritability scores of the

subfield-isocortical FC (Fig. 1f). The primary gradient of the FC heritability G1 ( ) did notℎ2

reveal a consistent transition pattern along the subfields. However, the secondary gradient of the

FC heritability G2 ( ) depicted an anterior-posterior separation of the profiles for SUB andℎ2 ℎ2

DG. This indicates that there are differentiable heritable patterns of functional connectivity of

anterior and posterior portions of hippocampal subfields to the isocortex.
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Fig. 1. Hippocampal-isocortical functional organization and its heritability. a. Subfield surfaces were
automatically delineated using SurfPatch 44: subiculum (SUB, blue), CA1-3 (CA, red), and CA4-DG
(DG, green). Their rs-fMRI time series were extracted along the individual subfields and correlated with
the time series of the isocortex to obtain subfield-isocortex functional connectivity (FC). b.
Isocortex-wide FC of SUB (left), CA (middle), and DG (right). Isocortex-wide findings were thresholded

at t > 20 to represent the highest connections. c. Heritability ( ) of the hippocampal-isocortical FCℎ2

throughout the isocortex. FC is the most heritable in ventromedial, posterior cingulate, and precuneus
regions for SUB (left), with a similar pattern for CA (middle). For DG, heritability is the highest in
sensorimotor cortex (right). d. Connectivity gradients of hippocampal-isocortical FC. Gradient 1 (G1
(FC)) depicts an anterior-posterior connectivity axis, whereas Gradient 2 (G2 (FC)) displays a

medial-lateral axis. e. Heritability of subfield FC gradients ( (G1) and (G2)). f. Gradients ofℎ2 ℎ2

hippocampal-isocortical FC heritability. Gradient 2 (G2 ( )) axis depicted an anterior-posteriorℎ2

separation of the profiles for SUB and DG.ℎ2

Heritability of hippocampal subfield microstructure (Figure 2)

To study the microstructural properties of the hippocampal subfields we used T1w/T2w

intensity maps. Mean T1w/T2w intensity profiles distributed along the subfields did not reveal

any potential outliers (Fig. 2a). To evaluate the topographical relationship between functional

organization and microstructural profiles, we correlated the secondary FC gradient (G2 (FC))

with the T1w/T2w maps for each subject (n = 709) and subfield in each individual (Fig. 2b).

Individual-level correlations were found to be significantly positive across participants for SUB (

= 0.53, p < 0.005, one-tailed Wilcoxon signed-rank test) and CA ( = 0.20, p < 0.005), however𝑟 𝑟

not for DG ( = -0.02, p = 0.21).𝑟

We also computed the heritability of these individual-level correlations and found them to

be heritable in SUB and CA but not DG (SUB: = 0.15, p = 0.030, CA: = 0.15, p = 0.011,ℎ2 ℎ2

DG: = 0.00, p = 0.5). We further quantified the group-level association between the T1w/T2wℎ2

and G2 (FC) for subfields with Pearson correlations (r) and significance levels with the

variogram approach ( ) 45 that controls for the spatial autocorrelations (Fig. 2c). G2 (FC)𝑝
𝑣𝑎𝑟𝑖𝑜

had the strongest association with the T1w/T2w profiles for SUB (r = 0.93, < 0.001) and𝑝
𝑣𝑎𝑟𝑖𝑜

less with the other subfields (CA: r = 0.23, = 0.02, DG: r = -0.01, = 0.9). After𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

correcting for the rs-fMRI temporal signal-to-noise ratio, the associations between T1w/T2w
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profiles and G2 (FC) maps were preserved. This indicates a heritable correlation at individual

and group levels between functional organisation and microstructure of SUB and CA.

Next, we aimed to evaluate whether the spatial variation of microstructure along the

hippocampal subfields itself was heritable by computing heritability for the T1w/T2w intensity

profile maps (Fig. 2d). T1w/T2w maps were highly heritable across all subfields, reaching up to

= 0.77 for SUB. Multiple comparison corrections using FDR reported significant heritabilityℎ2

scores across almost all subfield vertices (100% of SUB vertices, 99% of CA and DG vertices).

Similar heritability patterns for individual subfields, and both hemispheres, were found by

adjusting for mean T1w/T2w as a covariate in the heritability model. This indicated that the

heritability of subfields was present beyond any mean T1w/T2w intensity variation across

individuals (Supplementary Fig. S4).
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Fig. 2. Subfield T1w/T2w intensity maps, its association with the secondary FC gradient, and its
heritability a. Mean T1w/T2w intensity profile distributions are demonstrated across participants (n =
709) and for each subfield (SUB, CA, DG). Mean and standard deviations of T1w/T2w maps were 2.02

0.41 for SUB, 2.01 0.78 for CA, and 1.66 0.22 for DG. b. Individual correlations (n = 709) between± ± ±
G2 (FC) maps and T1w/T2w intensity maps for each subfield. Individual correlations (r(G2 (FC) and
log(T1w/T2w)) were significantly positive for the SUB (median = 0.53, p < 0.005, one-tailed Wilcoxon𝑟
signed-rank test) and CA ( = 0.20, p < 0.005), however not for DG ( = -0.02, p = 0.2). c. Group-level𝑟 𝑟 
association between the mean T1w/T2w profiles and the G2 (FC) for each subfield. The T1w/T2w
profiles of subfields correlate strongly with the G2 (FC) for SUB (r = 0.93 and < 0.001), however,𝑝

𝑣𝑎𝑟𝑖𝑜

not for the CA (r = 0.23 and = 0.02) or DG (r = -0.01 and = 0.9). d. Heritability of subfield𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

T1w/T2w profiles ( (T1w/T2w)) and its significance levels p(FDR). T1w/T2w maps were stronglyℎ2

heritable across all subfields. p-values were reported after multiple comparison corrections using FDR
(copper color denotes pFDR < 0.05, black pFDR > 0.05).
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Hippocampal-isocortical structural intensity covariance and its genetic correlations (Figure
3)

Having shown that: 1) FC between hippocampal subfields and the isocortex is heritable

and organised along the subfields and 2) microstructural organisation of hippocampal subfields is

heritable, we explored whether the structural association between hippocampus and isocortex

was associated with shared genetic factors. To uncover the microstructural similarity between

hippocampal subfields and isocortex, we first computed the structural intensity covariance (SiC)

of T1w/T2w maps across all participants (n = 709). We then evaluated its low-dimensional

structure by means of dimension reduction 46 (Fig. 3a). The principal gradient of SiC (G1 (SiC))

revealed an A-P organisational axis across all the subfields (Fig. 3b). Further, we observed a

high similarity between G1 (SiC) and G1 (FC) (SUB: Pearson’s r = 0.89, CA: r = 0.88, and DG: r

= 0.89). We found < 0.001 for all subfield G1 (SiC) and G1 (FC) similarities. The second𝑝
𝑣𝑎𝑟𝑖𝑜

gradient of SiC (G2 (SiC)) revealed a medial-lateral organisational axis, which was persistent

across all subfields and corresponded to G2 (FC) in SUB and CA (SUB: r = 0.65, < 0.001,𝑝
𝑣𝑎𝑟𝑖𝑜

CA: r = 0.24, = 0.02, and DG: r = 0.16, = 0.2). Next, we assessed how𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

hippocampal-isocortical SiC varies along the G1 (SiC) axis. First, the T1w/T2w of each

isocortical parcel was correlated with T1w/T2w in each subfield vertex across participants. Then

we evaluated the correspondence of the pattern of correlation between isocortex and for each

subfield with G1 (SiC) (Fig. 3c). By projecting the correlation coefficients (Pearson r-values) on

the isocortex, we could study how hippocampal and isocortical regions spatially relate to each

other in terms of their microstructural similarity. Anterior hippocampal portions (blue in Fig. 3b)

shared more microstructural similarity with the anterior isocortex, while the posterior

hippocampal portions (yellow in Fig. 3b) were more related to the posterior isocortex,

particularly for SUB and CA. For the DG we observed less divergent patterns of

subfield-isocortical similarity between its anterior and posterior portions.

Next, the genetic similarity of the hippocampal-isocortical SiC was obtained by

computing the genetic correlation (GEN) of SiC and the decomposed axes of genetic correlation.

The principal gradient of the genetic correlations between hippocampal and isocortical SiC (G1

(GEN)) displayed an A-P axis for SUB and CA, and an anteromedial-posterolateral axis for DG
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(Fig. 3d). Similarities between G1 (GEN) and G1 (FC) were lower (SUB: r = 0.74, <𝑝
𝑣𝑎𝑟𝑖𝑜

0.001, CA: r = 0.44, < 0.001, DG: r = 0.26, = 0.06) compared to similarities between𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

G1 (SiC) and G1 (FC). The second gradient of GEN (G2 (GEN)) did not reveal a consistent

organisational axis for SUB, however, an A-P axis for CA and DG was observed. Similar to SiC,

we also investigated the correlation between hippocampal-isocortical GEN variations and G1

(GEN) (Fig. 3e). For SUB, anterior subfield portions (dark blue in Fig. 3d) shared more genetic

similarity with the anterior isocortical apex, whereas posterior subfield portions (red in Fig. 3d)

shared genetic similarity with primary sensory areas. For CA, anterior subfield portions were

genetically more similar to the whole isocortex, except for the hippocampal-parahippocampal

regions that shared genetic similarity with the posterior CA portions. For DG, anterior subfield

portions shared more genetic similarity with the anterior isocortical apex including sensorimotor

areas, while posterior portions were genetically correlated with parietotemporal areas. Thus, we

showed differentiable patterns of genetic correlation between hippocampal and isocortical

microstructure across the subfields. The posterior SUB was genetically similar to unimodal

cortical domains, whereas posterior DG shared genetic similarity with posterior transmodal

cortical domains.
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Fig. 3. Organization of hippocampal-isocortical structural intensity covariance (SiC) and its genetic
correlations (GEN). a. The hippocampal-isocortical SiC was assessed by correlating hippocampal and
isocortical T1w/T2w intensity maps across participants for each subfield. Here, the SiC matrix is
depicted only for the SUB-isocortex associations for an exemplary demonstration. Shared genetic
variations in T1w/T2w intensity maps were assessed by conducting a genetic correlation analysis. Both
SiC and GEN matrices were then decomposed into their gradient representations, separately. b. Gradients
of SiC for SUB (left), CA (middle), and DG (right). G1 (SiC) represents an anterior-posterior (A-P) axis
of SiC, whereas G2 (SiC) depicts a medial-lateral (M-L) axis. c. Variations in SiC across its G1 (SiC)
projected on the isocortex (Pearson’s r-values). Lower r-values (blue) indicate SiC similarity between the
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anterior subfield portions and isocortex, whereas higher r-values (yellow) that of the posterior subfield
portions and isocortex. d. Gradients of GEN for SUB (left), CA (middle), and DG (right). G1 (GEN)
represents an A-P axis for SUB and CA, whereas the DG axis is more posterolateral-anteromedially
oriented. G2 (GEN) displays an A-P axis for CA and DG. e. Variations in GEN across its G1 (GEN)
projected on the isocortex (Pearson’s r-values). Lower r-values (dark blue) depict shared genetic
influence between anterior subfield portions and isocortex and higher r-values (red) that of posterior
subfield portions and isocortex.

Fused gradients of hippocampal-isocortical functional connectivity and structural intensity
covariance (Figure 4)

To uncover a common organisational hippocampal axis shared by FC and SiC we next

obtained the fused gradients by decomposing FC and SiC measures simultaneously (Fig. 4a).

The principal fusion gradient emphasised anteromedial hippocampal portions for SUB and𝐺1
𝑓𝑢𝑠

mediolateral portions for CA and DG, and show most resemblance to the patterns observed in G2

(FC) (SUB: r = 0.46, < 0.001, CA: r = 0.14, = 0.11, DG: r = 0.21, = 0.03) and𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

G2 (SiC) (SUB: r = 0.39, = 0.01, CA: r = 0.74, < 0.001, DG: r = 0.36 and =𝑝
𝑣𝑎𝑟𝑖𝑜

𝑝
𝑣𝑎𝑟𝑖𝑜

 𝑝
𝑣𝑎𝑟𝑖𝑜

0.004). The second fused gradient revealed an A-P organisational axis for all subfields,𝐺2
𝑓𝑢𝑠

which shared high similarity with G1 (FC) and G1 (SiC). Similarities between and G1𝐺2
𝑓𝑢𝑠

(FC) were reported as SUB: r = 0.89, CA: r = 0.89, DG: r = 0.86 and < 0.001 for all.𝑝
𝑣𝑎𝑟𝑖𝑜

Similarities between and G1 (SiC) were also reported for all subfields as SUB: r = 0.78,𝐺2
𝑓𝑢𝑠

CA: r = 0.89, DG: r = 0.83 and < 0.001 for all (Supplementary Table S1).𝑝
𝑣𝑎𝑟𝑖𝑜

We observed distinct variations in hippocampal-isocortical FC across the axis (Fig.𝐺2
𝑓𝑢𝑠

4b), but not the axis (Supplementary Fig. S5b). For the SUB, anterior subfield portions𝐺1
𝑓𝑢𝑠

(blue in Fig. 4a) shared higher functional coupling with default mode network (DMN),

sensorimotor, and limbic areas, whereas the posterior portions (yellow in Fig. 4a) showed higher

functional coupling with fronto-parietal and salience domains (Fig. 4c). For CA and DG, the

strength of functional coupling (r-values) decreased from the anterior subfield portions and

increased and were more widely distributed for the posterior portions. Posterior subfield portions

were most strongly connected to the dorsal attention and fronto-parietal areas for DG, whereas

the coupling was lower towards CA and SUB.
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Last, to assess the relationship between the hippocampal A-P axis and whole-brain

intrinsic functional organisation, we obtained isocortical-isocortical FC gradients 34 (Fig. 4d).

The principal isocortical gradient G1 (isocortex) reflects a sensory-transmodal axis, the second

gradient G2 (isocortex) a visual-somatomotor axis, and the third gradient G3 (isocortex) the

multiple demand axis versus sensorimotor and DMN networks. To quantify regional associations

between hippocampal A-P axis and whole-brain gradients, we correlated the isocortical

projections of the A-P axis (r( , FC)) and isocortical gradients (Fig. 4e, see Supplementary𝐺2
𝑓𝑢𝑠

Fig. S5b, S5c for the r( , FC)). We observed that the A-P subfield axes showed consistent𝐺1
𝑓𝑢𝑠

strong correlation with G3, dissociating multiple demand domains from sensorimotor and DMN

functional networks (Supplementary Table S2). Correlation values were r = 0.82 (Pearson) for

SUB, r = 0.79 for CA, and r = 0.73 for DG, and were found to be significant using spin

permutation testing 47) for all subfields < 0.001). At the same time, we observed(𝑝
𝑠𝑝𝑖𝑛

 (𝑝
𝑠𝑝𝑖𝑛

inverse correlations of the A-P fused axes with isocortical G1 for CA (r = -0.30, = 0.002)𝑝
𝑠𝑝𝑖𝑛

and DG (r = -0.48, < 0.001), but not SUB (r = -0.06, = 0.6), driven by the differential𝑝
𝑠𝑝𝑖𝑛

𝑝
𝑠𝑝𝑖𝑛

relation of posterior and anterior subfield axes to visual and DMN networks. For the we𝐺1
𝑓𝑢𝑠

again observed a negative relation to isocortical G1 for CA (r = -0.70, < 0.001) and DG (r =𝑝
𝑠𝑝𝑖𝑛

-0.54, < 0.001) but not SUB (r = 0.02, = 0.8). Here, medial/posterior regions related to𝑝
𝑠𝑝𝑖𝑛

𝑝
𝑠𝑝𝑖𝑛

sensory areas whereas more anterior/lateral subfield portions related to transmodal networks.

Moreover, we observed that posterior/lateral regions showed a differential association with

task-positive (SUB: r = -0.67, < 0.001) and task-negative (DG, r = 0.50, < 0.001)𝑝
𝑠𝑝𝑖𝑛

𝑝
𝑠𝑝𝑖𝑛

networks (based on isocortical G3) along this gradient ( ), possibly reflecting variations𝐺1
𝑓𝑢𝑠

with hippocampal infolding. These associations suggest that functional connectivity between

hippocampal subfields and isocortex show meaningful variations between and within subfields

and underscore the multifaceted association between hippocampal and isocortical organisation.
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Fig. 4. Fused gradients of hippocampal-isocortical functional connectivity and structural intensity
covariance. a. Gradient decomposition of hippocampal-isocortical fused functional connectivity (FC)
and structural intensity covariance (SiC) revealed first and second fused gradients, and ,𝐺1

𝑓𝑢𝑠
𝐺2

𝑓𝑢𝑠

respectively for each subfield. The principal fusion gradient revealed the anterior-medial portions𝐺1
𝑓𝑢𝑠

(yellow) for SUB (left), anterior-medial and posterior-lateral portions for CA (middle), and medial
portions for DG (right). The second fused gradient displays an anterior-posterior axis for all𝐺2

𝑓𝑢𝑠

subfields. b. Variations in hippocampal-isocortical FC across projected onto the isocortex𝐺2
𝑓𝑢𝑠

(r-values). Lower r-values (blue) indicate functional coupling between anterior subfield portions and the
isocortex, whereas higher r-values (yellow) depict that of posterior subfield portions and the isocortex. c.
Findings in Panel B visualised across the seven networks 48. d. Gradient decomposition of whole-brain
isocortical-isocortical FC revealing G1 (isocortex), G2 (isocortex) and G3 (isocortex) and variance
explained by the first 25 isocortical gradients. e. Regional associations between G3 (isocortex) (x-axis)
and the r( , FC) from Panel B (y-axis), and their Pearson correlations (r) as well as the significance𝐺2

𝑓𝑢𝑠

levels assessed by the spin permutation testing ( , = 1000).𝑝
𝑠𝑝𝑖𝑛

𝑛
𝑝𝑒𝑟𝑚
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Discussion

The hippocampus is an anatomically unique structure that is considered to be a hub for

cognitive and emotional processes. Here, we studied the heritability of functional organization

and microstructure of the hippocampal formation and explored its genetic association with the

isocortex. Building on emerging work describing the coalescence of multiple gradients of

microstructure and function in the hippocampal formation in vivo 9,18,31,49, we provide several

novel findings suggesting similar axes of heritability based on high definition neuroimaging data

of the HCP S900. First, we found that functional coupling between hippocampal subfields and

the isocortex was heritable. Second, subfield T1w/T2w intensity maps, serving as a marker for

myelin-related microstructure, were also heritable and related to functional organisation.

Moreover, we showed that structural intensity covariance of T1w/T2w between hippocampal

subfields and isocortex followed an anterior-posterior (A-P) and a medial-lateral (M-L) axis.

These patterns were genetically correlated, indicating that surface structure of the subfields

underlie shared genetic influences with the isocortex. Decomposing fused functional

connectivity (FC) and structural intensity covariance (SiC) measures, we again observed the A-P

and M-L axes. Whereas the long-axis specialization was found to be linked to a functional axis

describing on- versus off-task processing 50, the medial-lateral axis dissociated subfield patterns

from sensory-to-attention versus sensory-to-DMN along hippocampal infolding. Taken together,

we show that varying functional and microstructural properties within hippocampal subfields,

and their relation to the isocortex, are under genetic influence. These patterns varied as a

function of subfield, providing genetic evidence for differentiable system-level organization of

hippocampal subfields.

To study the subregional organization of the hippocampal formation, we automatically

segmented the hippocampal formation via a subfield and surface-based approach (SUB, CA, and

DG) 44, which has been previously validated in both healthy individuals and those with

hippocampal pathology 51. Such surface-based approaches improve anatomical alignment across

individuals 49. Previously, animal studies have delineated the hippocampus into different zones

based on its cytoarchitecture and attributed specific connectivity features to these zones 14.

Similar findings were reported in humans based on neurotransmitter distributions 11 and ex-vivo
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MRI 9. In the current work, we observed varying hippocampal-cortical functional connectivity

(FC) profiles across subfields. The primary gradient G1 (FC) demonstrated A-P transitions (long

axis 19,25–27), whereas the secondary gradient G2 (FC) revealed M-L separations (transverse axis
18,24,28). The A-P axis was equally predominant in all subfields. However, the M-L axis was the

most distinct for the SUB. Further bridging the M-L axis and T1w/T2w maps, the M-L axis was

found to align strongly with the microstructural proxy, particularly for the SUB and to a lesser

extent in CA. In sum, the long axis specialization was preserved in all subfields, whereas the

transverse axis indicated a link between intrinsic FC and microstructure, particularly in SUB.

Functional connectivity and structural organization of the hippocampal subfields was

heritable, indicating individual variation was partly attributable to genetic factors.

Hippocampal-isocortical FC was moderately heritable and its strength increased in the

sensorimotor and dorsal attention domains from the SUB to CA and finally to DG. Studying the

heritability within subfields we found that heritability estimates were highest within the subfield

microstructure proxy (T1w/T2w) and lowest for the A-P (G1 (FC)) and M-L (G2 (FC))

functional hippocampal gradients. Indeed, the heritability of G1 (FC) and G2 (FC) itself was not

significant, indicating that individual variation within functional gradients did not vary as a

function of genetic proximity of individuals. At the same time we found that heritability of

subfield-isocortical functional connectivity was again organised along an A-P axis, indicating

that heritability of functional connectivity is different for anterior and posterior portions of

hippocampal subfields. Quantifying the degree of heritability of the functional or structural

properties of the brain could elevate our knowledge around the internal constraints shaping the

brain. For instance, environmental influences on brain plasticity can be interpreted as a degree of

aberration from the heritability of rs-fMRI connectivity, i.e. the less heritable the FC of a brain

region, the larger the potential environmental influence 52–54. It is thus possible that the low

heritability of functional organization of subfields reflects these variations, attributable to

environmental effects and associated hippocampal plasticity. Indeed, previous work in rodents

and human adults has shown high plasticity of the hippocampus in both species 55, which has

been linked to internal and external changes, such as hormonal levels and stress responses 56.

Conversely, the T1w/T2w microstructure along the hippocampal subfield surfaces were highly

heritable. Previously, volume-based studies segmented the hippocampus into 12 subregions and

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 11, 2021. ; https://doi.org/10.1101/2021.11.10.468049doi: bioRxiv preprint 

https://paperpile.com/c/uJtZW4/cug3
https://paperpile.com/c/uJtZW4/Wm50+zqxP+vCAt+OMsO
https://paperpile.com/c/uJtZW4/h3ez+4j6G+BoSk
https://paperpile.com/c/uJtZW4/hee7+tiKN+hEFy
https://paperpile.com/c/uJtZW4/cLvg
https://paperpile.com/c/uJtZW4/I9dJ
https://doi.org/10.1101/2021.11.10.468049


showed that these volumes exhibit strong heritability 36,57. Here, we extended this work by

studying the heritability of subtle variations of structure and function within subfield surfaces, as

well as their link to the isocortex. Moreover, genome-wide studies identified single-nucleotide

polymorphisms (SNP) associated with hippocampal volumes 58–60 showing, in part, unique SNPs

for each subfield 61. In line with these observations we also observed that each subfield had

unique heritable patterns with the isocortex, as well as within the subfield itself. Such subtle

within-subfield differences may help to understand the functional role of each subfield as well as

its role in pathology, such as schizophrenia 38 and Alzheimer's disease 62, by further delineating

meaningful variability in structure and function of hippocampal circuitry.

To understand whether T1w/T2w differentiation within hippocampal subfields was also

related to variations in isocortex, we obtained structural intensity covariance (SiC) measures

between the subfields and isocortex. SiC emphasises the morphological similarity among brain

regions 63. The primary and secondary gradients revealed A-P and M-L transitions, respectively.

Although the decomposed SiC measure originated from the T1w/T2w maps, its low dimensional

components depicted similar spatial organization to that of the functional maps. Furthermore, the

subfield A-P axis overlapped congruently with the isocortical A-P axis. The anterior subfield

portions were more similar to the anterior isocortical apex, whereas the posterior subfield

portions were more similar to the posterior apex. This alignment with the isocortex was

especially prominent for SUB and CA and diminished for DG. Earlier studies have presented an

isocortex-wide A-P topography derived from cortical thickness morphology 64, microstructural

profile covariance 65, and gray matter volumes 22. Indeed, the isocortical A-P topography

resembled the frontal-polar differentiation of myelin density 66,67. Moreover, the A-P axis situates

brain regions in coherence with their functional hierarchy, i.e. situated along a transmodal to

unimodal axis, which also aligns with their neuronal density 67,68.

We also estimated genetic correlations (GEN) of SiC between hippocampal subfields and

isocortex to evaluate the genetic association between hippocampal and cortical structure.

Previous work has reported the topographical organization of the SiC to be genetically

determined 69,70. Thus, as for FC and SiC, the GEN measure was decomposed into its gradients as

well. The primary genetic gradient (G1 (GEN)) revealed an A-P axis for SUB and CA and an

anteromedial-posterolateral axis for the DG, whereas the secondary gradient (G2 (GEN)) did not
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reveal a consistent pattern across subfields. Projecting the A-P genetic axis of subfields on the

isocortex, we observed marked subfield differences. In general, the A-P genetic axis of SUB and

DG was related to an A-P separation along the cortex as well. The concordance of genetic

similarity between the A-P subfield axis and A-P isocortical axis were previously mirrored using

transcriptomic data 35. Here, we observed even more detailed transitions of genetic similarity

between individual hippocampal subregions and cortex. For instance, the posterior SUB shared

genetic similarity with the unimodal isocortical regions, whereas the posterior DG did so with

the transmodal isocortical regions. Differences in subfield-isocortical genetic associations may

indeed relate to the subfield specific neurodevelopmental trajectories, i.e. co-development of

hippocampal subfields and isocortex. For example, the CA - Ammon’s Horn - is one of the first

brain regions to develop in the prenatal period 36,71 - revealed a more ambiguous genetic

correlation pattern with the isocortex. Conversely, the SUB extends its maturation towards the

postnatal period 72, dissociating anterior transmodal and unimodal regions. Finally, DG

maturation exceeds the postnatal period 73, possibly underscoring posterior parietal associations.

Thus, timing of pre- and post-natal development may be reflected in the genetic similarity

patterning between subfields and isocortical functional domains.

Lastly, to better understand whether hippocampal function and structure underlie a

common topographical pattern, we investigated multi-modal fused gradients and .𝐺1
𝑓𝑢𝑠

𝐺2
𝑓𝑢𝑠

Whereas emphasised the medial or medial/lateral portions of subfields, depicted an𝐺1
𝑓𝑢𝑠

𝐺2
𝑓𝑢𝑠

A-P axis in all subfields similar to the primary gradients of FC and SiC. Indeed, may𝐺1
𝑓𝑢𝑠

reflect a medial/lateral separation across the whole hippocampus, rather than the differentiation

of individual subfields, which might emerge from the transverse axis formation as a result of

cortical infolding. We observed that lateral SUB showed prominent association with multiple

demand functional networks whereas the lateral DG showed association with DMN, a distinction

possibly in line with previous work dissociating an iso-to-allocortical gradient along the mesial

temporal lobe 9. Second, anterior portions of the subfields presented on the axis were𝐺2
𝑓𝑢𝑠

functionally connected to sensorimotor, DMN, and limbic cortices for the SUB. However, these

connections became less prominent towards CA and DG. In contrast, posterior portions of the

subfields were more strongly connected to fronto-parietal, dorsal-attention, and salience
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domains, more prominently towards DG. These regional associations between the A-P axes

across subfields were consistently associated with the third isocortical functional gradient, which

represents the differentiation between on- and off-task processing 74. On-task processing of the

multiple demand system includes attention and control networks, responding to the environment,

and is dissociated from off-task processing, typically linked to the DMN and internal thought
50,74. Anterior subfield portions overlap with the DMN end of this gradient together with

unimodal domains, whereas posterior subfield portions align with the fronto parietal end of G3

(isocortex). Such a pattern is in line with previous task-based functional studies. The anterior

hippocampus has been reported to participate in associative memory processing 75, in which

DMN is also involved and known to be integrating with parietal and temporal lobes for episodic

memory retrieval 76. Conversely the posterior hippocampus is suggested to be a mediator for

spatial memory encoding 77, in which parietal cortices 78 and attention and salience networks are

recruited 79. Thus, the genetic divergence observed in function and structure between

medial-to-lateral and anterior-to-posterior portions of hippocampal subfields may reflect

differentiable functional systems, together dissociating associative and spatial memory.

In sum, we showed that functional and structural organisation hippocampal subfields is

heritable and shows a genetic link to isocortical functional and structural organisation. Together

these data expand previous notions on heritability of hippocampal structure and function at the

individual level and underscore the functional relevance of such genetic axes. Future work may

evaluate the association between maturational axes in cortical structure and divergent functional

profiles along the hippocampal formation. This may provide an important step to better

understand how the anatomy of the hippocampus supports its unique and versatile function.
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Materials and Methods

Participants

Participants from the HCP S900 release 39 with four complete resting-state fMRI sessions

and high-resolution structural images were selected (n = 822). Participants with anatomical

anomalies or tissue segmentation errors listed in the HCP issues were discarded (n = 40). For

every participant, we segmented hippocampal subfields: subiculum (SUB), CA1-3 (CA), and

CA4-DG (DG) along the structural images using a patch-based surface algorithm 44. Based on a

visual inspection of subfield delineations, we discarded participants with poor segmentation

quality (n = 42). As a necessity for the functional connectivity (FC) gradient analysis (see section

Functional Connectivity and Gradients), we further excluded participants (n = 31), whose FC

maps were poorly associated with the group-level reference FC. There remained n = 709

participants (395 women, mean ± SD age = 28.7 ± 3.7 y) accessible for our study. Among the

709 participants included in this study, there were 176 monozygotic twins, 178 siblings without

twin status and 355 participants without familial relatedness. All quality assessment steps and

analysis scripts used in this study are available at

https://github.com/CNG-LAB/cngopen/tree/main/hippocampus.

Neuroimaging Data Acquisition and Preprocessing

Details of the HCP neuroimaging protocol and processing pipelines are available at

Glasser (2013). In brief, we extracted T1-weighted (T1w) and T2-weighted (T2w) images

available in the HCP initiative, which were all acquired on a 3T Siemens Skyra scanner. T1w

images were acquired using a three-dimensional magnetization prepared rapid gradient-echo

(3D-MPRAGE) sequence (0.7 mm isotropic voxels, matrix = 320 320, 256 sagittal slices, TR =×

2400 ms, TE = 2.14 ms, TI = 1000 ms, flip angle = 8°, iPAT = 2). Resting-state fMRI images

were acquired using a multi-band accelerated 2D-BOLD echo-planar imaging (EPI) sequence (2

mm isotropic voxels, matrix = 104 90, 72 sagittal slices, TR = 720 ms, TE = 33 ms, flip angle =×

52°, mb factor = 8, 1200 volumes/scan). The fMRI data was collected at two sessions (1, 2) and
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in two phase encoding directions at each session (left-right [LR] and right-left [RL]), resulting in

four resting-state fMRI datasets in total ([LR1], [RL1], [LR2], [RL2]).

Preprocessing steps for the structural MRI images included gradient nonlinearity

correction, brain extraction, distortion correction and coregistration of T1w and T2w images

using rigid body transformations. Then, an intensity nonuniformity correction was performed

using T1w and T2w contrasts 41 and subcortical structures were segmented using FSL FIRST 81.

Subsequently, preprocessed images were nonlinearly registered to the MNI152 template and

cortical surfaces were reconstructed with FreeSurfer 5.3.0-HCP 82–84. Finally, the individual

cortical surfaces were registered to the Conte69 template 85 using MSMA11 86.

Preprocessing of rs-fMRI images included corrections for the gradient nonlinearity, head

motion and distortion. The images were then aligned to the T1w space using rigid-body and

boundary-based registrations together 87. The transformation matrices from this alignment step

and that of the earlier T2w to T1w alignment were concatenated and applied to the rs-fMRI

images at a single interpolation step to warp rs-fMRI images to the MNI152. Further processing

in MNI152 space included bias field removal, whole brain intensity normalization, high pass

filtering (>2000s FWHM) and noise removal with the ICA-FIX procedure 88.

Hippocampus Subfield Segmentations

We used the SurfPatch algorithm 44 to automatically delineate the hippocampal subfields

of all participants: subiculum (SUB), CA1-3 (CA), and CA4-DG (DG). SurfPatch is a

multi-template surface-path hippocampal segmentation method trained on a public dataset of

manual segmentations in healthy controls 89, and has been validated in patients with

histopathology of the hippocampus 51. This algorithm incorporates a spherical harmonic shape

parameterization and point distribution model of the surfaces 90. Next, to minimise partial

volume effects, we generated medial surfaces running through the center of each subfield using a

Hamilton-Jakobian approach 91. The spherical harmonic parameterization was propagated to the

medial sheet to improve vertex-correspondence across individuals based on shape inherent

information. Resultant CA surfaces consisted of 10242 vertices and both DG and SUB surfaces
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of 5762 vertices. Next, CA, DG, and SUB surfaces were further downsampled to 2048, 1024,

and 1024 vertices, respectively. All surface segmentations underwent a visual inspection and are

available upon request.

Isocortex and Subfield Time Series

We mapped medial sheet meshes and volumetric resting-state fMRI data to native T1w

space. Time series were sampled at each hippocampal and cortical mid-thickness vertex 86.

Hippocampal surface features were smoothed using a Gaussian diffusion kernel with 5 mesh

units as FWHM in all subfields and isocortex. Sampling was carried out in a native T1w space to

minimise the interpolation. Cortical time series were averaged within a previously established

multi-modal parcellation scheme of the Glasser Atlas of 360 areas (180 regions per hemisphere)
86. Surface-based time series were smoothed using a Gaussian diffusion kernel with 5 mesh units

as full-width-at-half-maximum (FWHM).

Functional Connectivity

For every participant separately (n = 740), we computed the linear correlation

coefficients between isocortex-wide time series (360 1200) and hippocampal subfield time×

series for SUB (1024 1200), CA (2048 1200), and DG (1024 1200). This resulted in a× × ×

isocortex wide functional connectivity (FC) map (360 1) for every subject and subfield. We×

obtained group-level reference FC maps for every subfield by averaging individual FC maps

across participants. We further profiled the similarity of individual FC maps to the reference FC

maps by means of simple correlation (Supplementary Fig. S1a). Participants with a lower

degree of similarity (r < 0.45) to the reference map were excluded (n = 31). Finally, the FC map

of the isocortex to each hippocampal subfield for the remaining 709 participants was mapped

using linear and mixed effects models in BrainStat (https://github.com/MICA-MNI/BrainStat).

T1w/T2w Maps and Structural Intensity Covariance
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To study microstructural features of the hippocampus, we used the ratio of T1- over

T2-weighted (T1w/T2w) image intensities. We resampled native T1w/T2w images to the

MNI152 space and mapped them to hippocampal subfield surfaces (SUB, CA, DG) using

Connectome Workbench (v1.4.2, volume-warpfield-resample and volume-to-surface-mapping

tools) 92. To assess the quality of T1w/T2w intensities projected on the hippocampal subfields,

we obtained the mean T1w/T2w intensity distributions of all participants for potential outlier

detection (Fig. 2a, Supplementary Fig. S2c). We computed the structural intensity covariance

(SiC) by correlating hippocampal and cortical T1w/T2w intensity maps resulting in 1384 1384×

matrix for SUB, 2408 2408 matrix for CA, and 1384 1384 matrix for DG.× ×

Heritability and Genetic Correlation

Heritability and genetic correlation analysis were conducted with the Sequential

Oligogenic Linkage Analysis Routines (SOLAR, v8.5.1, http://www.solar-eclipse-genetics.org/).

SOLAR employs a maximum likelihood variance-decomposition approach optimised to perform

genetic analyses in pedigrees of arbitrary size and complexity 43,93. SOLAR models genetic

proximity by covariance between family members 43,93.

In brief, heritability (i.e. narrow-sense heritability ) is defined as the proportion of theℎ2

phenotypic variance ( ) in a trait that is attributable to the additive effects of genes ( ), i.e.σ
𝑝
2 σ

𝑔
2

. SOLAR estimates heritability by comparing the observed phenotypic covarianceℎ2 = σ
𝑔
2/σ

𝑝
2

matrix with the covariance matrix predicted by kinship 43,93. Significance of the heritability

estimate was tested using a likelihood ratio test where the likelihood of a restricted model (with

constrained to zero) is compared with the likelihood of the estimated model. Twice theσ
𝑔
2

difference between the log likelihoods of these models yields a test statistic, which is

asymptotically distributed as a 50:50 mixture of a variable with 1 degree-of-freedom and aχ2

point mass at zero 43,93. We quantified the heritability of (i) hippocampal-isocortical functional

connectivity patterns, (ii) hippocampal subfield gradients, and (iii) T1w/T2w intensity maps. We
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included covariates in all heritability analyses including , , , and𝑎𝑔𝑒 𝑠𝑒𝑥 𝑎𝑔𝑒 × 𝑠𝑒𝑥 𝑎𝑔𝑒2

.𝑎𝑔𝑒2 × 𝑠𝑒𝑥

To estimate if variations in T1w/T2w intensity maps between hippocampus and isocortex

were influenced by the same genetic factors, a genetic correlation analysis was conducted.

Genetic correlations indicate the proportion of variance that determines the extent to which

genetic influences on one trait are shared with genetic influences on another trait (e.g.

pleiotropy). In SOLAR, the phenotypic correlation ( ) was decomposed through bivariateρ
𝑝

polygenic analyses to estimate genetic ( ) and environmental ( ) correlations using theρ
𝑔

ρ
𝑒

following formula: , where and are theρ
𝑝

= ρ
𝑔

ℎ
1
2ℎ

2
2 + ρ

𝑒
(1 − ℎ

1
2)(1 − ℎ

2
2) ℎ

1
2 ℎ

2
2

heritability estimates of the vertex-based values in hippocampus and isocortex 94,95. The

significance of these correlations was determined (similar to heritability analyses) by likelihood

ratio tests comparing a model in which was estimated with a model in which wasρ
𝑔

ρ
𝑔

constrained to zero (no shared genetic effect) and constrained to 1 (complete pleiotropy) 94,95.

Connectivity Gradients

We computed hippocampal subfield FC gradients, similarly to those identified by Vos de

Wael (2018). Here, for every participant (n = 709), we first concatenated the subfield times series

across SUB, CA, and DG. Next, the time series of each vertex was correlated with the isocortex

wide time series, yielding a hippocampal-cortical FC map (4096 360) for every subject. We×

used BrainSpace 31,46 to derive connectivity gradients from the group-level FC matrix with the

diffusion map embedding (normalised angle kernel, 90th percentile thresholding for the sparsity,

and diffusion time estimation of ⍺ = 0.5) 40. This algorithm is in fact a manifold learning method

that reveals underlying spatial variations in a connected graph, ie. in our case in the connectivity

patterns of the hippocampal surfaces when moving from one vertex to another.

Using the diffusion embedding algorithm, we generated low-dimensional representations

of hippocampal-cortical FC, namely the gradients. Along each single gradient (4096 1),×
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hippocampus vertices that share similar connectivity patterns have similar embedding values.

The first and second gradients explained 32.4% of the total variance in the subfield FC map

(Supplementary Fig. S1b, S1c). Having validated the gradient representations of hippocampal

subfields at the group-level, we computed the individual-level gradients for every participant.

Subsequently, individual gradients were aligned to the group-level gradients using Procrustes

alignment to be scaled onto a common embedded connectivity space.

The gradients approach was further implemented on the heritability scores, structural

intensity covariance (SiC), and genetic correlation measures individually, that aimed to

characterise spatial motifs underlined by each of these modalities. We also implemented the

fused gradients approach to identify whether different modalities support a common

topographical motif together 42. FC and SiC matrices were concatenated horizontally and

rescaled to identical ranges to generate the fused data. This way we aimed to combine different

modalities by still preserving the unique information in each. Secondly, performing the diffusion

embedding manifold learning on the fused data, we obtained multimodal gradients driven by FC

and SiC simultaneously.
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Supplementary Materials

Supplementary Fig. S1. Similarity of individual hippocampal-isocortical FC maps to the
group-level FC and variance explained by hippocampal FC gradients. a. FC similarity of n = 740
participants to the group-level FC quantified by means of Pearson’s correlations (r). Threshold r-value (

= 0.45) was assessed by computing the 2.5 standard deviation distance away from the mean r-values.𝑟
𝑡ℎ𝑟

Participants with a lower degree of similarity ( < 0.45, n = 31) were excluded prior to the functional𝑟
𝑡ℎ𝑟

connectome gradients analysis. b. The first gradients explained 23.6% of total hippocampal-isocortical
FC variance for the left hemisphere (left) and 25.5% for the right hemisphere (right). c. Cumulative
variance explained by the first three gradients was 38.5% for the left hemisphere (left) and 38.9% for the
right hemisphere (right).
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Supplementary Fig. S2. Quality assessment on primary and secondary functional gradients (G1
(FC), G2 (FC)) as well as T1w/T2w intensity maps. a. Pearson correlations between individual
subjects’ (n = 709) G1 (FC) maps and group-level G1 (FC) map for each subfield (SUB, CA, DG) in the
left hemisphere. Individual correlations were significantly positive for the SUB (median = 0.64, p <𝑟 
0.001, one-tailed Wilcoxon signed-rank test), CA ( = 0.61, p < 0.001), and DG ( = 0.68, p < 0.001). b.𝑟 𝑟
Pearson correlations between individual subjects’ G2 (FC) maps and group-level G2 (FC) map for each
subfield in the left hemisphere. Individual correlations were significantly positive for the SUB ( = 0.55,𝑟
p < 0.001), CA ( = 0.22, p < 0.001), and DG ( = 0.18, p < 0.001). c. Mean T1w/T2w intensity map𝑟 𝑟
distributions for each subject and each subfield in the right hemisphere. Mean and standard deviations of
T1w/T2w maps were 1.99 0.43 for SUB, 2.01 0.68 for CA, and 1.69 0.23 for DG. d. Pearson± ± ±
correlations between individual subjects’ G2 (FC) maps and T1w/T2w intensity maps for each subfield
in the right hemisphere. Individual correlations were significantly positive for the SUB ( = 0.53, p <𝑟
0.001) and CA ( = 0.20, p < 0.001), however, not for DG ( = -0.01, p = 0.6).𝑟 𝑟
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Supplementary Fig. S3. Significance levels of the isocortical heritability scores, network
distribution of hippocampal-isocortical FC and its heritability, and the heritability of subfield FC

gradients and T1w/T2w intensity maps. a. Heritability ) scores of the hippocampal-isocortical FC(ℎ2

in Fig. 1c were significant along most of the cortical regions for SUB, CA, and DG, as reported with the
multiple comparison corrected p-values (p(FDR)). b. Isocortical-hippocampal FC strength and its

heritability (t-values & scores) distributed into seven networks 1 and averaged ( and c. -scoresℎ2 𝑡̅ ℎ2). ℎ2

of the gradient maps were significant only for the SUB-G1 (FC) (anterior and posterior portions) and for
the CA-G2 (FC) (lateral portions) as reported by the p(FDR) (copper color denotes pFDR < 0.05, black
pFDR > 0.05).
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Supplementary Fig. S4. Heritability of the T1w/T2w intensity maps ( (T1w/T2w)) by controllingℎ2

for the mean T1w/T2w intensities for each subfield (SUB, CA, DG) and hemisphere (left and right).

a. (T1w/T2w) patterns and their FDR-corrected significance levels (p(FDR)) did not change afterℎ2

controlling for the mean T1w/T2w intensities for the left hemisphere (copper color denotes pFDR < 0.05,
black pFDR > 0.05). b. Similar results were observed for the right hemisphere.
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Supplementary Fig. S5. The association between the fused gradient projections and the third
macroscale gradient. a. Significance level of correlations between r( ,FC) and G3 (isocortex) from𝐺2

𝑓𝑢𝑠

Fig. 4e assessed by the spin permutations 2,3, that controls for the spatial auto-correlations. Observed
correlations correspond to the Pearson correlations between r( ,FC) and G3 (isocortex) and spin𝑟

𝑜𝑏𝑠
𝐺2

𝑓𝑢𝑠

correlations correspond to that of the shuffled data by accounting for the surface coordinates (𝑟
𝑠𝑝𝑖𝑛

𝑛
𝑝𝑒𝑟𝑚

= 1000). Significance levels are reported to be < 0.001 for all subfields SUB, CA, and DG. b.𝑝
𝑠𝑝𝑖𝑛

Variations in hippocampal-cortical FC across the principal fusion gradient ( ) projected onto the𝐺1
𝑓𝑢𝑠

isocortex (r-values). c. Regional associations between the whole-brain multiple demand gradient (G3
(isocortex)) and the r-values from Panel B (SUB: r = -0.67 and < 0.001, CA: r = 0.01 and =𝑝

𝑠𝑝𝑖𝑛
𝑝

𝑠𝑝𝑖𝑛

0.97, DG: r = 0.50 and < 0.001).𝑝
𝑠𝑝𝑖𝑛
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LSUB G1 (FC) G1 (SiC) G2 (FC) G2 (SiC)

𝐺1
𝑓𝑢𝑠

r = -0.29, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.02
r = -0.09, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.42

r =0.46, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.001
r =0.39, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.01

𝐺2
𝑓𝑢𝑠

r = 0.89,
< 0.001𝑝

𝑣𝑎𝑟𝑖𝑜

r = 0.78,
< 0.001𝑝

𝑣𝑎𝑟𝑖𝑜

r = 0.12, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.37
r = 0.03, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.83

LCA G1 (FC) G1 (SiC) G2 (FC) G2 (SiC)

𝐺1
𝑓𝑢𝑠

r = 0.29, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.002
r = 0.17, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.07

r = 0.14, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.11
r =0.74, <𝑝

𝑣𝑎𝑟𝑖𝑜
0.001

𝐺2
𝑓𝑢𝑠

r = 0.89,
< 0.001𝑝

𝑣𝑎𝑟𝑖𝑜

r = 0.89,
< 0.001𝑝

𝑣𝑎𝑟𝑖𝑜

r = 0.21, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.04
r = -0.18, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.07

LDG G1 (FC) G1 (SiC) G2 (FC) G2 (SiC)

𝐺1
𝑓𝑢𝑠

r = 0.53, <𝑝
𝑣𝑎𝑟𝑖𝑜

0.001
r = 0.41 and

= 0.003𝑝
𝑣𝑎𝑟𝑖𝑜

r = 0.22, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.03
r = 0.36, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.004

𝐺2
𝑓𝑢𝑠

r = 0.86,
< 0.001𝑝

𝑣𝑎𝑟𝑖𝑜

r = 0.83,
< 0.001𝑝

𝑣𝑎𝑟𝑖𝑜

r = -0.26, =𝑝
𝑣𝑎𝑟𝑖𝑜

0.04
r = 0.25, =𝑝

𝑣𝑎𝑟𝑖𝑜
0.06

Supplementary Table S1. The association between the fused gradient projections and FC and SiC
hippocampal gradients.
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LSUB G1 (isocortex) G2 (isocortex) G3 (isocortex)

r ( , FC)𝐺1
𝑓𝑢𝑠

r = 0.02, = 0.81𝑝
𝑠𝑝𝑖𝑛

r = -0.17, = 0.31𝑝
𝑠𝑝𝑖𝑛

r = -0.67, < 0.001𝑝
𝑠𝑝𝑖𝑛

r ( , FC)𝐺2
𝑓𝑢𝑠

r = -0.06, = 0.60𝑝
𝑠𝑝𝑖𝑛

r = -0.01, = 0.97𝑝
𝑠𝑝𝑖𝑛

r = 0.82, < 0.001𝑝
𝑠𝑝𝑖𝑛

LCA G1 (isocortex) G2 (isocortex) G3 (isocortex)

r ( , FC)𝐺1
𝑓𝑢𝑠

r = -0.70, < 0.001𝑝
𝑠𝑝𝑖𝑛

r = 0.04, = 0.85𝑝
𝑠𝑝𝑖𝑛

r = 0.01, = 0.97𝑝
𝑠𝑝𝑖𝑛

r ( , FC)𝐺2
𝑓𝑢𝑠

r = -0.30, = 0.002𝑝
𝑠𝑝𝑖𝑛

r = -0.05, = 0.73𝑝
𝑠𝑝𝑖𝑛

r = 0.79, < 0.001𝑝
𝑠𝑝𝑖𝑛

LDG G1 (isocortex) G2 (isocortex) G3 (isocortex)

r ( , FC)𝐺1
𝑓𝑢𝑠

r = -0.54, < 0.001𝑝
𝑠𝑝𝑖𝑛

r = -0.08, = 0.57𝑝
𝑠𝑝𝑖𝑛

r = 0.50, < 0.001𝑝
𝑠𝑝𝑖𝑛

r ( , FC)𝐺2
𝑓𝑢𝑠

r = -0.48, < 0.001𝑝
𝑠𝑝𝑖𝑛

r = -0.03, = 0.81𝑝
𝑠𝑝𝑖𝑛

r = 0.73, < 0.001𝑝
𝑠𝑝𝑖𝑛

Supplementary Table S2. The association between the fused gradient projections and the
macroscale isocortical gradients.
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