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A ventromedial visual cortical ‘Where’
stream to the human hippocampus for
spatial scenes revealed with
magnetoencephalography
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The primate including the human hippocampus implicated in episodic memory and navigation

represents a spatial view, very different from the place representations in rodents. To understand this
system in humans, and the computations performed, the pathway for this spatial view information to
reach the hippocampus was analysed in humans. Whole-brain effective connectivity was measured
with magnetoencephalography between 30 visual cortical regions and 150 other cortical regions using
the HCP-MMP1 atlas in 21 participants while performing a 0-back scene memory task. In a
ventromedial visual stream, V1-V4 connect to the ProStriate region where the retrosplenial scene area
is located. The ProStriate region has connectivity to ventromedial visual regions VMV1-3 and VVC.
These ventromedial regions connect to the medial parahippocampal region PHA1-3, which, with the
VMV regions, include the parahippocampal scene area. The medial parahippocampal regions have
effective connectivity to the entorhinal cortex, perirhinal cortex, and hippocampus. In contrast, when
viewing faces, the effective connectivity was more through a ventrolateral visual cortical stream via the
fusiform face cortex to the inferior temporal visual cortex regions TE2p and TE2a. A ventromedial visual
cortical ‘Where’ stream to the hippocampus for spatial scenes was supported by diffusion topography

in 171 HCP participants at 7 T.

The human hippocampus (Hipp) is involved in episodic memory, our
memory for past events'”, and in navigation’. Much of our understanding
of the Hippocampus has been based on the place cells found in rodents such
as rats and mice, which encode the place where the rodent is located™®.
However, there is now mounting evidence in the primate including the
human Hipp for neuronal spatial view representations for the location being
viewed in spatial scenes®’**. Consistent with this, in human neuroimaging, a
parahippocampal place area (PPA) is activated by viewed scenes, not the
place where the individual is located” . Indeed, because it responds to
viewed scenes, the region might better be known as the parahippocampal
scene area (PSA)**, and is in ventromedial cortical regions VMV1-3 and
medial parahippocampal regions PHA1-3"*" (see Figs. 1 and S1).

The difference between rodents and humans is potentially very
important for understanding human hippocampal systems for memory
and navigation, which are very different if view-based rather than place-
based computations are being used. For example, navigation in humans
may be performed in part by using viewed landmarks rather than self-
motion update of place™. Further, the computations involved in setting
up representations of scenes are likely to involve forming feature com-
binations based on visual inputs that define parts of scenes, and linking
these viewed parts together*”. Because of these issues and major dif-
ferences between rodents and primates including hippocampal
representations’’®”, it is important to understand better the cortical
pathways that are involved in building scene representations in humans,
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Fig. 1 | Cortical regions in the human connectome
project multimodal parcellation atlas (HCP-
MMP)* and its extended version HCPex'*. The
cortical regions are shown on images of the human
brain with the sulci expanded to show the regions
within the sulci. Table S1 shows abbreviations for
the cortical regions. For comparison, Fig. S1 part 5
shows the labels on the human brain without the
sulci expanded. Fig. S1 parts 1-4 shows labelled
coronal slices of the human brain (this figure was
produced by Edmund T. Rolls and Chu-Chung
Huang® from data made available as part of the
HCP-MMP™ and is available open access in ref. 38).

Inferior view

HCP-MMP1 human brain parcellation: medial view

which in turn has implications for what computations are performed,
and how™".

In addition to the Hippocampus and the parahippocampal place
(scene) area, another key brain area involved in human scene perception is
the retrosplenial complex'' (also referred to as the medial place area®),
which is located in regions ProStriate cortex (ProS) and dorsal visual
transitional cortex (DVT) in the Human Connectome Project Multimodal
Parcellation (HCP-MMP) of the cerebral cortex”*** (see Figs. 1 and S1).
There is also an occipital place area* (also known as a transverse occipital
sulcus region*) on the lateral occipital surface, which is located in or close to
V3CD (including parts of IPO, V3B, V4, and LO1 in the HCP-MMP
parcellation”*. In addition, the caudal inferior parietal lobule is implicated
in scene memory"". Functional connectivity analysis while participants
were in the resting state or were looking at scenes or movies of scenes shows
that these cortical regions are strongly connected with each
other®****#=0 Further studies also show differences between posterior
and anterior scene regions in connectivity, with the occipital scene area,
ventromedial visual regions (VMV1-2 and VVC) and the retrosplenial
scene area (ProS and DVT) having strong functional connectivity with early
visual cortices such as V1-V4, while the PSA (especially PHA1-3) has
strong connectivity with the Hipp®*****>'¢-#21%2,

In this research, we present evidence on the cortical connectivity of the
human Hippocampus to address these issues, and go beyond previous
functional magnetic resonance imaging (fMRI)-based research on hippo-
campal system connectivity in humans™ by utilising the fast neuroimaging
method magnetoencephalography (MEG) which together with a machine
learning approach to measuring effective connectivity enables the direc-
tionality of the connectivity’* when scenes are being viewed to be measured;
by utilising the Human Connectome Project Multimodal Parcellation atlas
(HCP-MMP) which defines 360 cortical regions based on anatomy, func-
tional connectivity, and task-related activations and so provides a frame-
work for specifying which cortical regions have connectivity”; by presenting

quantitative evidence for the connectivity between all 360 cortical regions in
a new approach to describing connectivity rather than the functional con-
nectivity measured with fMRI from a few seed regions™’; and by com-
plementing the MEG effective connectivity measurements with MEG
functional connectivity measurements, and with diffusion tractography
which uses high resolution 7-T MRI to following fibre pathways anatomi-
cally in the human brain™.

Previous research on the visual pathways that reach the Hippocampus
has involved measuring effective, that is directed, connectivity with resting-
state fMRI neuroimaging**”’. However, fMRI is inherently slow, with a time
to measure a change in the BOLD signal to help in the calculation of effective
connectivity in the order of 2 s***’. For that reason, effective connectivity in the
visual pathways was then measured with MEG™ with the data sampled at
20 ms in 88 participants in the HCP*. Although visual stimuli were being
shown during the collection of the MEG data™ for that analysis™, the only
visual stimuli used with MEG were faces and tools™. Because at least the
functional connectivity can differ depending on which visual stimuli are being
shown™, the new investigation described here was performed in which new
MEG data were collected from 21 participants while scenes were being shown,
and with 1 ms temporal resolution, for MEG data with scenes is not available
from the HCP. The visual stimuli we used of scenes were in fact those used for
fMRI data collection by the HCP¥, and we have performed an analysis of
these fMRI data which show activations and functional connectivity in medial
temporal lobe regions in the HCP-MMP atlas”. In the present MEG inves-
tigation, the effective connectivity was also measured to faces, to provide a
comparison of the pathways activated to those activated by scenes.

In summary, the aim of the present investigation was to trace the
cortical regions through which spatial scene information reaches the Hip-
pocampus in humans, by using the fast neuroimaging modality MEG with
fast sampling at 1 ms during the presentation of spatial scene visual stimuli.
New MEG data were collected, as the HCP did not use scene stimuli
with MEG.

Communications Biology | (2024)7:1047


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06719-z

Article

In the present investigation, the effective connectivities were mea-
sured between 30 visual cortical regions in the HCP-MMP?. The HCP-
MMP atlas is a detailed parcellation of the human cortical regions, with
its 360 regions defined using structural measures (cortical thickness and
cortical myelin), functional connectivity, and task-related fMRI”. This
parcellation is very useful for the human cerebral cortex as it utilises
multimodal information® with the definitions and boundaries set out in
Glasser_2016_SuppNeuroanatomy.pdf*, and as it is being used for
much new research on cortical function and connectivity, which can all
be placed in the same framework®******>7%-% The boundaries, trac-
tography, functional connectivity and task-related activations of visual
cortical regions with the HCP-MMP atlas are available™*”, but the
effective and functional connectivity measures here are new, as they are
based on presenting visual stimuli of spatial scenes and faces in a new set
of participants with MEG data with sampling at 1 ms.

In the present investigation, effective connectivity was measured uti-
lising correlations between the signals between different brain regions
measured with delays, as in previous investigations*>*”. A whole-brain
Hopf model of the simultaneous and delayed correlations between cortical
regions produces what we term a generative effective connectivity matrix, as
it can generate the functional connectivities and the delayed functional
connectivities””*” as described in the Methods. It is highly relevant to this
MEG investigation that the characteristic timescale for the computations
performed by a cortical region is approximately 15 ms™”*, given that this is
the timescale for the recurrent collateral connections between nearby pyr-
amidal cells to operate for local attractor dynamics™"”, so analysis with
MEG which provides data on the scale of 1-10 ms is very useful.

The results focus on the key new findings of this investigation, which
are about the directionality of the effective connectivity when scenes are
being viewed from V1 via the several stages of the ventromedial visual
stream including the ventromedial visual regions VMV1-3 and the medial
PSAs in PHAI-3 to the Hippocampus, for this has not previously been
investigated with MEG. This is an important issue, for MEG is sufficiently
fast, with the 1 ms acquisition used here, to follow the progression through
visual cortical regions of the signal produced when scenes are shown. The
use of MEG is important, for the directionality of the effective connectivity
when measured with resting-state fMRI for faces, places, tools and body
parts shows as the reverse of what is expected”, and this is probably related
to the slow time course of fMRI which means that much of what is measured
with fMRI resting state effective connectivity is the top-down effects from
the top of the visual hierarchy where short-term memory keeps repre-
sentations active™’®, The previous magnetoencephalography available from
the HCP is available with the visual stimuli only for faces and tools™, and
that is why we performed the investigation described here, to measure the
directionality of the effective connectivity for scenes as that has not been
measured before with MEG. We ran a new group of participants especially
for the present investigation in which scenes were the stimuli and MEG was
used, and that is thus the focus of the results described in the present
investigation, and detailed statistical analyses for directionality were per-
formed for scenes with MEG. For comparison, MEG responses to faces were
included in the present study, but there is less emphasis on this in the results
here, for the effective connectivity to faces has been measured previously
with MEG, with HCP data™. We note that the localisation of signal into
particular cortical regions is likely to be more accurate with fMRI than with
MEG, and so rely on an fMRI study with faces, scenes, tools and body parts
in 956 HCP participants for more accurate measures of the exact cortical
regions in the HCP-MMP parcellation that are selectively activated by faces,
scenes, tools, and body parts®.

Results

MEG Effective connectivity of visual cortical regions when
viewing spatial scenes vs faces

Mean effective connectivity when viewing spatial scenes. The
effective connectivity of 30 visual cortical regions in the HCP-MMP atlas
when viewing spatial scenes with all cortical regions is shown in Fig. 2,

and for comparison when viewing faces in Fig. S2. The visual cortical
regions are grouped for convenience as shown in Fig. 2 and as described
in the Methods. The effective connectivities shown in Fig. 2 are the mean
for both directions, i.e. the mean of the column-to-row effective con-
nectivity and of the row-to-column effective connectivity. The differ-
ences in the connectivity in the two directions are then shown in Fig. 3,
where yellow/red/brown colour indicates greater effective connectivity
from column to row. Figure 2 shows that when visual scenes are being
viewed in the 0-back memory task, in the early visual cortical regions,
there is effective connectivity of V1 with V2, V3, VMV1, VMV2, and
PHAZ2. V2 has effective connectivity with V3, POS1, VMV1, and VMV2.
V3 has effective connectivity with V4, POS1, VMV1, VMV2, PHA3, FFC,
and PIT. V4 has effective connectivity with ProS, VMV1, VMV3, VVC,
PeEc (perirhinal cortex), TF (lateral parahippocampal), and V8.

Figure 2 also shows that when visual scenes are being viewed, for the
Retrosplenial Regions, ProS has effective connectivity with V4, VMV1-3,
and VVC, linking ProS$ to ventromedial visual cortical stream processing.
Interestingly, ProS also has some effective connectivity with MT+ complex
regions with visual motion sensitivity, especially LO1 and V4t. ProS also has
effective connectivity with the medial parahippocampal cortex PHAI and
PHA2, the entorhinal cortex (EC), and the Hipp. In contrast, the DVT
region has effective connectivity with Dorsal Stream Regions IPSI, V3A, and
V6; and with superior parietal 7Pm, 7Pl, and MIP, suggesting that DVT is
involved in visual motion analysis. POS1, which is close to ProS, and which
can be activated by scenes™, has effective connectivity with V2 and V3, with
DVT and v23ab, and with V3A and V6. v23ab, which is in the same general
retrosplenial region, does have interesting effective connectivity not only
with POSI, but also with V1, V2, V3, and ventromedial visual regions
VMV1 and VMV?2 (Fig. 2).

The ventromedial visual regions VMV1-3 and VVC have effective
connectivity with V1, V2, and more with V3 and V4, and with each other
(Fig. 2). The ventromedial visual regions also have effective connectivity
with medial parahippocampal regions PHA1-3, and further with the PeEc,
EC, and Hipp, when viewing spatial scenes (Fig. 2). The ventromedial visual
regions thus are in a route from early visual regions to parahippocampal and
hippocampal regions when viewing spatial scenes. There is also effective
connectivity with FFC, V8, PIT, and TE2p (Fig. 2).

Although fMRI may allow more accurate localization of activations
and connectivities than MEG, these findings with MEG are in fact well
supported by the findings with activations and functional connectivities
selective for scenes when measured with fMRI™.

Mean effective connectivity when viewing faces. The effective con-
nectivity of 30 visual cortical regions in the HCP-MMP atlas when
viewing faces is shown in Fig. S2. Overall, these mean effective con-
nectivities when viewing faces (Fig. S2) are rather similar to those when
viewing spatial scenes (Fig. 2), and it is when the differences in the
directions of effective connectivity between every pair of cortical regions
are considered that the effective connectivities for spatial scenes and faces
are found to be different (see next section, and Figs. 3 and 4). However,
comparison of Figs. 2 and S2 does provide some indication that when
viewing faces there is higher effective connectivity in inferior temporal
cortex TElp and TEla, and the anterior temporal and temporal pole
regions than when viewing scenes.

These MEG results with faces are provided just for comparison with the
results with scenes. For accurate localization of activations and functional
connectivities that are selective for faces vs scenes, this is better provided by
the fMRI analyses in 956 HCP participants™.

The directionality of the effective connectivities when viewing
spatial scenes (Fig. 3) compared to faces (Fig. 4). The directionalities
of the effective connectivities of 30 visual cortical regions in the HCP-
MMP atlas when viewing spatial scenes are shown in Fig. 3, with yellow/
red/brown indicating higher effective connectivity from a column to a
row than vice versa. The directionality differences from early visual
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Fig. 2 | MEG Effective connectivity for visual cortical regions (the rows) with 180
cortical regions (the columns) in both hemispheres when viewing spatial scenes.
The effective connectivities are the mean across both directions for every pair of
cortical regions. Effective connectivities of <0.03 are shown as white to help reveal the
main effective connectivities between the cortical regions. The effective connectivity
map is scaled with 0.14 as the maximum. The effective connectivity in the top panel is
for the first set of 90 cortical regions; and in the lower panel for the second set of 90
cortical regions. The abbreviations for cortical regions are shown in Table S1. Hor-
izontal red lines separate the groups of visual cortex regions. Group 1: (top) early visual
cortical areas V1-V4 in the HCP-MMP atlas; Group 2: cortical regions in the

retrosplenial complex; Group 3: ventromedial visual cortical regions; Group 4: para-
hippocampal cortex regions; Group 5: hippocampal and related regions; Group 6:
intermediate ventrolateral cortical visual regions FFC (fusiform face cortex), PIT
(posterior inferior temporal cortex), and V8. Group 7: inferior temporal visual cortex
regions TE2p and TElp. Group 8: anterior temporal lobe multimodal regions
including the temporal pole TGd and TGv. The coloured labelled bars indicate the
cortical divisions in the HCP-MMP atlas”. The order of the cortical regions on the
horizontal axes is that in Huang, ref. 120.

regions such as V2, V3, and V4 to retrosplenial visual regions such as
ProS and POS], and to ventromedial visual regions VMV1-3 and VVC,
are higher during viewing of scenes (Fig. 3) than faces (Fig. 4). Further,
the directionality differences from the parahippocampal cortex regions
PHA1-3 to hippocampal regions including the Hipp, EC, and PeEc are
higher during viewing of scenes (Fig. 3) than faces (Fig. 4). In addition,
the directionality differences from posterior cingulate regions implicated
in memory such as 31pd, 32pv, d23ab, and v23ab to retrosplenial regions
such as ProS, POS1, and POS2 are higher during viewing of scenes (Fig. 3)
than faces (Fig. 4).

The most important statistical comparisons are for the directionality of
effective connectivity between cortical regions in the ventromedial visual
cortical stream when scenes are being viewed, as that is a key aim of this
paper using MEG, and to support what is shown in Fig. 3. The statistical
comparisons were based on two-tailed paired ¢-tests performed across the
21 participants of whether there was higher effective connectivity in one
direction than another between sets of cortical regions in preplanned
comparisons. It was found that there was stronger effective connectivity
from V3-V4 to the ProS, the key region in the retrosplenial scene area, than
in the backward direction (t = 3.51, p = 0.0022, df = 20). There was stronger

effective connectivity from V3-V4 to the ventromedial visual regions
VMV1, VMV2, VMV3, and VVC than in the backward direction (for
example, V3-V4 to VMV1 ¢ =2.62, p = 0.016, df = 20). There was stronger
effective connectivity from V3 to the parahippocampal visual regions
PHA1, PHA2 and PHA3 than in the backward direction (¢=4.09,
p=0.0006, df=20). There was also stronger effective connectivity when
viewing scenes from the PSA regions PHA1-PHA3 to the Hipp than in the
backward direction (t=2.97, p =0.008, df=20). Thus this MEG investiga-
tion provided new evidence that when viewing scenes, the effective con-
nectivity is from early visual cortical regions such as V2-V4 to a
retrosplenial region the ProS; to ventromedial visual cortical regions VMV1,
VMV2, VMV3, and VVC; and to medial parahippocampal cortex regions
PHAI1, PHA2,and PHA3. Interestingly, it was also possible to show onward
effective connectivity from the medial parahippocampal regions PHA1-3 to
the Hipp when scenes were being viewed in the 0-back memory task. The
directionality was made evident by using a delay of tau=20ms when
measuring the effective connectivity, and this is in the order of time that it
takes for visual information to cross one or two stages in a visual processing
hierarchy’®**”*”°, With tau= 10 ms, the directionality was similar, but the
effect size for the directionality was smaller, as expected.
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Fig. 3 | Difference in the directionality of the effective connectivity for visual
cortical regions (the rows) with 180 cortical regions (the columns) in both
hemispheres when viewing spatial scenes. For a given link, the effective con-
nectivity difference is shown as positive when the connectivity is stronger in the
direction from column to row. For a link, the effective connectivity difference is
shown as negative when the connectivity is weaker in the direction from column to
row. The threshold value for any effective connectivity difference to be included is

0.0005 for the connectivities shown in Fig. 2. This threshold was chosen to help show
which differences were greater than or lesser than zero. Table S1 shows the abbre-
viations for the cortical regions, and the cortical regions are shown in Figs. 1 and S1.
The effective connectivity difference in the top panel is for the first set of 90 cortical
regions; and in the lower panel for the second set of 90 cortical regions. The con-
ventions are as in Fig. 2.

Similarly, when viewing faces (Fig. 4), there was stronger effective
connectivity in the ventrolateral ‘What’ (face and object) pathway in the
direction from early visual cortical regions (e.g. V3) to PIT (posterior
inferior temporal) and V8; and from PIT, V8 and fusiform face cortex (FFC)
to TE2p, which is at the highest level in the inferior temporal visual cortex
where the processing is mainly unimodal, as well as to the more anterior
multimodal semantic regions such as TE2a™. Some key statistical com-
parisons are as follows: The effective connectivity from FFC, PIT and V8 to
TE2p is stronger in that direction than vice versa (¢ = 2.19, p = 0.04, df = 20).
The effective connectivity from FFC, PIT and V8 to TE2a is stronger in that
direction than vice versa (f=6.85 p=107°, df=20).

The new evidence from magnetoencephalography is thus consistent
with the directionality of the flow of information based on differences in
effective connectivity in a ventromedial visual cortical stream from early
visual cortical regions (V2-V4), to retrosplenial regions such as ProS and
POSI, to ventromedial visual cortical regions VMV1-3 and VVC, and via
parahippocampal regions PHA1-3, which in turn have connectivity to the
Hippocampus and related regions such as the entorhinal and PeEc (Fig. 3).

Further, when viewing faces, the flow of information is from early
visual cortical regions (and interestingly from visual motion regions in the
MT+ complex even though the faces were stationary) to the regions close to
the level of FEC such as PIT and V8, and from the FFC, PIT, and V8 to
inferior temporal cortex TE2p and anterior temporal cortex TE2a (Fig. 4).

The functional connectivities when viewing spatial scenes (Fig. S3).
For completeness, the MEG functional connectivities of the visual cor-
tical regions are shown when viewing spatial scenes in Fig. S3. The
threshold has been set so that the proportion of connectivities shown is
the same as for the effective connectivities in Fig. 2, 0.087, to facilitate
comparison between the two. The functional connectivity matrix
(Fig. S3) is rather similar to the mean effective connectivity matrix
(Fig. 2), which also does not capture the directionality of the con-
nectivity. What is quite interesting about the similarity is that this may
imply that a functional connectivity matrix does reflect considerably the
effective connectivity matrix, and that might have implications for the
interpretation of what a functional connectivity matrix can show.
However, it must be remembered that in the Hopf effective connectivity
algorithm, the effective connectivity matrix is being optimized that will
best generate the functional connectivity matrix and the functional
connectivity matrix delayed by tau=20ms, so the similarity is not
surprising. A real difference though that makes the effective connectivity
matrix useful is that it generates the set of connection strengths that can
best generate the functional connectivity matrices without and with a
delay, setting the other connectivities to zero, and thereby the mean
effective connectivity matrix allows a threshold to be set in the functional
connectivity matrix about what may be relevant, and this is useful
for the functional connectivity matrix has continuous values in the
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Fig. 4 | Difference in the directionality of the effective connectivity for visual
cortical regions (the rows) with 180 cortical regions (the columns) in both
hemispheres when viewing faces. For a given link, the effective connectivity dif-
ference is shown as positive when the connectivity is stronger in the direction from
column to row. For a link, the effective connectivity difference is shown as negative
when the connectivity is weaker in the direction from column to row. The threshold

value for any effective connectivity difference to be included is 0.0005 for the con-
nectivities shown in Fig. 2. Table S1 shows the abbreviations for the cortical regions,
and the cortical regions are shown in Figs. 1 and S1. The effective connectivity
difference in the top panel is for the first set of 90 cortical regions; and in the lower
panel for the second set of 90 cortical regions. The conventions are as in Fig. 2.

range —1 to 41, and it is otherwise difficult to know what range of values
may be useful.

The tractography of the visual cortical regions. The diffusion tracto-
graphy matrix for these visual cortical regions is shown in Fig. 5, and may
be useful in providing evidence about which of the effective connectivities
in Figs. 2-4 may be mediated by direct vs trans-synaptic connections. The
tractography provides evidence for direct connections from V1, V2, and
V3 to ProS and most of the other retrosplenial regions in Fig. 5. There is
also evidence for some direct connection between V1 and V4 and the
ventromedial visual cortical regions, but much less with para-
hippocampal regions PHA1-3. ProS is shown as having connections with
VMVI. The ventromedial visual cortical regions VMV1-3 and VVC
have connections with the parahippocampal regions PHA1-3. The
medial parahippocampal regions PHA1-3 have connections with the
Hipp, and to a lesser extent with the PeEc and EC. These connections are
consistent with what has been described by the effective connectivities
shown in Figs. 2 and 3 in providing evidence for a staged hierarchically
organised ventromedial cortical visual stream involving connectivity
from early visual cortical regions V1-V4, to retrosplenial regions
including ProS, to ventromedial visual cortical regions VMV1-3 and
VVC, to parahippocampal regions PHA1-3, to the Hipp. Moreover, this
ventromedial visual cortical pathway is implicated in spatial scene

processing in that its directed effective connectivity is greater when
viewing scenes than faces (Figs. 2 and 3); by the activations of retro-
splenial regions ProS and POS1 when scenes are viewed” in what is
termed the retrosplenial scene area; by the activations of ventromedial
visual cortical regions VMVI1-3 and VVC, and of parahippocampal
regions PHA1-3, when spatial scenes are viewed in what is termed the
parahippocampal place or scene area””’; and by the presence of spatial
view cells in the macaque parahippocampal gyrus (as well as Hipp)**™"%.

The tractography also shows in a ventrolateral visual cortical stream
(Fig. 5) connections between V4 and V3 (and to a smaller extent V2 and
V1) and FFC, V8 and PIT; with FFC having connections with inferior
temporal visual cortex TE1p and TE2p; which in turn have connections
with anterior temporal lobe regions including TEla, TE1m, and TE2a.
These anterior temporal lobe regions also have connections with regions in
the STS (STSGa to STSvp). The ventrolateral pathway via FFC to the
inferior temporal cortex is implicated in face processing, partly by the
evidence of greater directional effective connectivity to faces (Fig. 3) but by
awealth of other evidence™. The visual stream to the STS is also implicated
inter alia in responses to facial expressions and to moving heads that make
or break social interactions”**.

Laterality differences in the functional connectivity of the visual
cortical regions. Laterality differences in the functional connectivity
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Fig. 5 | Connections between the visual cortical regions (the rows) with 180
cortical regions (the columns) in both hemispheres are shown by diffusion
tractography. The layout is the same as in Figs. 2-4. The number of streamlines

shown was thresholded at 50; values less than this are shown as white to reveal the
main connections. The colour bar was thresholded at 1000 streamlines. Table S1
shows the abbreviations. The conventions are as in Fig. 2.

when viewing scenes might provide further evidence on the specializa-
tion of different visual cortical processing streams, and are shown
in Fig. 6. In these participants (who were Chinese), the functional con-
nectivity of the ventromedial cortical regions VMV1-3 and VVC
with ProS, with parahippocampal region PHA1-3, and with the Hip-
pocampus and EC was stronger on the left. This is not inconsistent
with earlier results on laterality when places/scenes are viewed, which
show less lateralisation for scenes than for faces and that the PSA
can have higher functional connectivity in the left hemisphere in 956
HCP participants with fMRI”, and this supports the current MEG
analyses.

In contrast, the functional connectivity of the FFC, V8, and PIT, parts
of the ventrolateral cortical visual stream involved in face and object
processing”******, had higher functional connectivity on the right, as does
the STS system involved in face expression and movement™*'~*’ (Fig. 6). The
consistency with earlier results with fMRI on face laterality’**** supports
the current MEG analyses.

This evidence for a dissociation of pathways based on laterality sup-
ports the hypothesis that there is a ventromedial cortical visual stream for
scene information to reach via ProS, the ventromedial visual cortical regions
VMV1-3 and VVC, the medial parahippocampal cortex PHA1-3, and
Hipp that is distinct from a ventrolateral pathway via FFC, V8, and PIT for
information about faces and objects to reach the inferior temporal visual
cortex in TElp and TElp, and more anterior temporal lobe regions
including TE2a.

Discussion

This research used MEG during the presentation of images of spatial scenes
and showed (see Fig. 7) with the HCP-MMP atlas that MEG effective
connectivity reveals a ventromedial cortical visual stream from V1-V4 to
the ProS where the retrosplenial scene area is located; then to the ven-
tromedial visual cortical regions VMV1-3 and VMYV; then to the para-
hippocampal cortex PHA1-3; and then to the Hippocampus. The
parahippocampal place or scene area is located in the VMV and PHA
regions™”. This ventromedial cortical visual stream was supported by
analysis of diffusion tractography in 171 HCP participants. For comparison,
when faces were being viewed, the effective connectivity was directed from
V1-V4 more to the FFC, and then to the inferior temporal cortex regions
TE2p and TE2a, in a ventrolateral visual cortical stream.

These results provide an important addition to previous research***
for the following reasons. First, the direction of the effective connectivity is
easier to establish with MEG with its fast time resolution of 1-20 ms than
with fMRI, perhaps because of the long time delays in the order of 2s
inherent with the development of the BOLD fMRI signal which may provide
time for the signal to propagate upwards, and then back down again to
earlier regions in a hierarchy™’*. Thus although fMRI can give useful results
for effective connectivity, care is needed in interpretation of the direction of
the effective connectivity measured with fMRI**. Second, previous fMRI
analyses of effective connectivity with the HCP-MMP atlas were with the
resting state’®”’, whereas the present analysis measured effective con-
nectivity while spatial scenes were being viewed and remembered. Third, a
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Fig. 6 | Difference of the MEG functional connectivity for the Right-the Left hemispheres for visual cortical regions (the rows) with 180 cortical regions (the columns)
when viewing spatial scenes. Differences in functional connectivity of less than 0.075 are shown as blank in order to reveal the main differences.

previous MEG investigation that used MEG data provided by the HCP was
for face and tool visual stimuli**, whereas here we acquired new MEG data in
which the visual stimuli were spatial scenes. This is important, for which
pairs of regions show directed effective connectivity is different for spatial
scenes vs faces (see Figs. 3 and 4).

Some interesting points arise from the findings with MEG descri-
bed here.

First, the ProS appears to be a key region in the ventromedial visual
cortical stream for spatial scenes, because it has effective connectivity from
V3 and V4, to the ventromedial cortical visual areas VMV1-3 and VVC,
and with parahippocampal regions PHA1-2 (Fig. 2). In contrast, the dorsal
transitional visual region DVT has less of this connectivity, and instead has
effective connectivity with some dorsal visual division regions IPS1, V3A,
V6, and MT+ division region PH (Fig. 2). This is an indication that DVT is
more concerned with visual motion analysis than with spatial scene analysis.

Second, POSI and v23ab are both in the general retrosplenial area,
when viewing scenes have strong effective connectivity with each other and
v23ab has effective connectivity with ventromedial visual cortical regions
(Fig. 2), and POSL is activated in the HCP fMRI task-related data when
viewing spatial scenes™. This provides an indication that there may be quite
an extended part of the retrosplenial area including ProS, and POSI, and
perhaps v23ab given its connectivity, that is related to spatial scene
processing.

Third, the differences in effective connectivity in the two directions
between any pair of regions may be smaller with MEG than with fMRI. The
magnitude that is measured with either depends on the tau value used for the
time delay between the two FC correlations used to calculate the effective

connectivity: if tau is short, then there is less time for the time-delayed
connectivity to become different. Given that a tau of 20 ms was used for the
MEG analyses used here and in a previous investigation™, and of 2 s for the
fMRI analyses of effective connectivity”, the small difference for the two
directions with MEG is expected.

Fourth, we did not attempt to measure the magnitude of the activations
of different cortical regions with MEG, because the magnitude of the MEG
signals can depend on the orientation of a cortical region with respect to the
sensors. Instead, we rely on activations measured with fMRI to allow the
activations of different cortical regions to be compared more accurately to
stimuli such as faces, scenes, tools, and body parts e.g. ref. 33.

Fifth, the interestingly different functional connectivities shown in
Fig. 6 with higher values for faces in the right hemisphere and scenes in the
left hemisphere were found with Chinese participants, and these particular
laterality differences might not be found in all populations, relating to dif-
ferences in the organisation of language systems in the cortex in different
populations. The laterality differences shown in Fig. 6 though do provide
useful extra evidence that a ventromedial visual cortical pathway activated
by scenes is different from a ventrolateral cortical visual pathway activated
by faces etc.

It is useful to compare the approach taken here and in related recent
studies on connectivity of the human medial temporal lobe using the HCP-
MMP atlag™***$#>>457:64-666556 iith another recent investigation which used
resting state individualized fMRI to measure functional connectivity from
3 seed regions in four participants, and described the results in terms of, for
example, “the human parahippocampal area TH is preferably associated
with the retrosplenial cortex rather than with the posterior cingulate
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Fig. 7 | Hierarchical organisation of the ven-
tromedial visual cortical stream measured with
MEG effective connectivity when viewing spatial
scenes: an overview. At a first level, after V1, V2-V4
have connectivity to the ProS and POSI which are
where in humans the retrosplenial scene area is
located. At a second level, Pro$ has connectivity to the
ventromedial visual cortical regions (VMV1-3 and
VVC). These ventromedial visual cortical regions also
receive effective connectivity from MT and MST etc
in the dorsal visual cortical stream. At a third level, the
ventromedial visual cortical regions have effective
connectivity to the medial parahippocampal cortex
regions PHA1-3. The medial parahippocampal cor-
tex regions PHA1-3 also have effective connectivity
from the ventrolateral visual cortical stream region
FFC. The PSA is located at the intersection of the
ventromedial visual regions (VMV1-3 and VVC) and
medial parahippocampal regions PHA1-3. At a
fourth level, the medial parahippocampal regions
PHA1-3 have effective connectivity to the hippo-
campal memory system (arrow in green). The line
widths of the arrowhead's size indicate the magnitude
and direction of the effective connectivity (this figure
was produced by Edmund T. Rolls using the cortical
region template shown in Fig. 1).
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cortex” (What was described as TH probably corresponds to PHA1-3
here.) In contrast, here we measured functional and effective connectivity
between 30 visual cortical and medial temporal lobe regions with each other
and with 150 other cortical regions in 21 participants who were viewing
spatial scenes or faces for there is clear evidence with fMRI in 956 HCP
participants that this affects the functional and effective connectivity and
reveals different pathways”; expressed the results in terms of connectivity
matrices using the HCP-MMP atlas which provides a foundational basis for
defining the cortical regions involved and by being surface-based helps to
resolve problems with the measurement of activation peaks in volume space
when defined cortical regions may be in different locations with respect to
sulci in different individuals; and complemented these effective and func-
tional connectivity analyses with diffusion tractography performed in the
same HCP-MMP space with high resolution 7-T MRI. We suggest that the
use of connection matrices to provide quantitative values for the con-
nectivity between large numbers of well-defined cortical regions as used here
and elsewhere™***%444934365764957 may provide an important development
in the way that anatomical/connectivity evidence can be presented in future,
with part of its attractiveness that cortical activations etc can be shown in the
same well-defined cortical space, allowing comparison between different
studies and obtained with different methods.

A key conceptual point made by the findings described here is that they
provide support for the hypothesis that in humans (and other primates) a
key spatial pathway for ‘Where” information to reach the hippocampal
memory and navigation system is involved in a ventral stream type of
processing in which images on the retina are analysed in terms of spatial
visual features being looked at in the world™. The coding is for information
about spatial scenes, as shown by fMRI for the retrosplenial and PSAs in
humans that are activated by what the human looks at, not the place where
the individual is located” . Moreover, the spatial view information in the
parahippocampal gyrus and Hippocampus is about the location in the
scene, as shown by neuronal recordings in non-human primates from
spatial view cells®>’""*******° The representation of the location in a scene
being looked at encoded by these spatial view neurons provides a ‘Where’

representation for hippocampal episodic memory in primates including
humans, which typically involves associations between what face or object is
being looked at, and where it is in a spatial scene*'***~*". In great contrast, in
rodents, the place where the individual is located is represented in the Hipp,
and update may be by path integration over places based on body
movements’™*”. This underlines the great importance of analysing the
‘Where’ cortical pathways in primates including humans as in the present
paper, for what is found in rodents may be considerably different’®**.

This ventromedial cortical ‘Where’ visual pathway for scenes is hier-
archically organised as shown by the following. First, the connectivity is
hierarchical with for example early visual cortical regions V1-V4 having
prominent effective connectivity with VMV regions; then VMV regions
having prominent effective connectivity with PHA regions; and then PHA
regions having prominent effective connectivity with the Hippocampus
(Fig. 3). Second, the effective connectivity has directionality that is generally
in this forward direction through these stages from early visual cortical
regions to the Hippocampus (Fig. 3). Third, as noted above, the early visual
cortical regions have relatively small receptive fields that are in retinotopic
coordinates and that respond to stimuli such as bars and curves™”, whereas
by the medial parahippocampal gyrus (PHA1-3 in humans) and the
Hippocampus spatial view neurons have allocentric representations to
locations being viewed in scenes®”***”, and in the Hippocampus can
combine this with object and reward information to encode episodic
memories36,40,89,90,96,97-

The evidence that the ventromedial cortical visual stream for scenes
leading to the medial parahippocampal cortex (PHA1-3) is distinct from
the ventrolateral cortical visual stream for faces and objects leading to the
lateral parahippocampal cortex (TF) and the anterior temporal lobe
semantic systems includes the following. First, the effective connectivities for
VMYV and PHA regions and PHA connectivity to the Hippocampus tend to
be higher for scenes (Fig. 2) than for faces (Fig. S2), whereas the effective
connectivities for faces tend to be higher than for scenes in FFC, V8, and PIT
cortical regions (Figs. 2 and S2). This particular point is greatly strengthened
by the analysis of scene-selective and face-selective activations and

Communications Biology | (2024)7:1047


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06719-z

Article

functional connectivities when measured with fMRI in a much larger group
of 956 participants™. Second, the identification of the scene pathway as a
separate visual pathway is confirmed by cluster and multidimensional
scaling analyses based on resting-state functional connectivity™. Third, we
have developed a dynamical graph approach to the analysis of cortical
streams that enables whole networks rather than pairwise effective con-
nectivities to be analysed, and this provides evidence from our effective
connectivity investigations with 171 HCP participants imaged at 7 T*****’
and from 956 HCP participants performing a working memory task with
scenes, faces, tools or body parts as the stimuli for separate pathways and
indeed whole networks to the Hippocampus for scenes (via VMV and PHA
regions), and for faces via the FFC and TF regions’. Fourth, in the laterality
section of the Results of this paper, the functional connectivity of the ven-
tromedial cortical regions VMV1-3 and VVC with ProS, with para-
hippocampal region PHA1-3, and with the Hippocampus and EC was
stronger on the left (Fig. 6). In contrast, the functional connectivity of the
FFC, V8, and PIT, parts of the ventrolateral cortical visual stream involved in
face and object processing, had higher functional connectivity on the right
(Fig. 6). This evidence for a dissociation of pathways based on laterality
supports the hypothesis that there is a ventromedial cortical visual stream
for scene information to reach via ProS, the ventromedial visual cortical
regions VMV1-3 and VVC, the parahippocampal cortex, and Hippo-
campus, that is distinct from a ventrolateral pathway via FFC, V8, and PIT
for information about faces and objects to reach the inferior temporal visual
cortex in TE1p and TEIp, and more anterior temporal lobe regions. Fifth,
this ‘Where’ ventromedial cortical visual stream is more activated when
performing episodic memory tasks with scenes than with word-pairs”".
This ventromedial pathway for spatial scenes has important implica-
tions for what is computed for ‘Where’ representations in the para-
hippocampal cortex and Hippocampus of primates including humans. The
implication is that the spatial view representations are built by combinations
of spatial features that are nearby in a scene, that is which fall within the
primate fovea®'”. It is proposed that then these feature combination
neurons are locked together in the correct spatial arrangement in a con-
tinuous attractor network built because nearby locations in a scene will have
co-firing neurons that support associative synaptic modification’”'"". This
raises the interesting issue of how the spatial representations change up
through the ventromedial visual cortical stream for spatial scene repre-
sentations. In V1-V4, the visual receptive fields are relatively small, a few
degrees across, and encode simple feature combinations such as lines and
edges and in V4 combinations of these may form curves™*'""'*, and are
retinotopic. In contrast, in the macaque parahippocampal cortex and
Hippocampus, spatial view cells have larger receptive fields that may sub-
tend many degrees of visual angle, respond to a location in a world-based
scene, are relatively invariant with respect to eye position and head direction,
and even of the place at which the individual is located provided of course
that the spatial view field can be viewed, and can thus be described as
allocentric, world-based, and not egocentric*’~*'*°. The implication is that
along the primate (including human) ventromedial visual stream, in regions
such as the retrosplenial regions and ventromedial visual cortical regions,
the representations will gradually become larger, less retinotopic and more
head or even eye-direction-based in world coordinates, and later more
independent of the place where the individual is located provided of course
that the view field in the scene can be seen. Indeed, with wide-field retino-
topic mapping, the ProS, where the retrosplenial scene area is located™”, is
found to have a complete representation of the visual field, different from
adjacent area peripheral V1 and dorsal V2'"*'*, exhibits large receptive
fields that can extend 30-50° in diameter'”’, respond to very fast visual
motion""’, and is associated with peripheral scene monitoring™*'""'**'"". The
mechanisms by which these transformations may be learned include gain
modulation of neuronal responses by for example eye position to convert
from retinotopic to head-based coordinates, facilitated by slow learning”™'"",
and then even beyond to world eye-direction-based coordinates'”. The
proposed mechanisms are analogous to learning of invariant object and face

representations in the ventrolateral visual cortical stream via the FFC to the
inferior temporal visual cortex’***'*"'",

The implications of this ventromedial visual cortical ‘Where’ stream for
spatial scenes for understanding hippocampal function in memory and
navigation in humans and other primates are developed further

elsewhereb,l 3,33,3'1,36,38,96‘

Methods
The visual stimuli and task
The scene and face visual stimuli were those provided by the HCP that
were used in their fMRI data collection®, and the 0-back task used by the
HCP in their MEG data collection for faces and tools™ was implemented
(details are available at https://www.humanconnectome.org/hcp-
protocols-ya-task-fmri  and  https://db.humanconnectome.org/app/
action/ChooseDownloadResources?project=HCP_Resources&resource=
Scripts&filePath=HCP_TFMRI_scripts.zip.) A 0-back task was used to
ensure that the participants looked at and processed the visual stimuli by
remembering the cue stimulus and indicating whether it appeared in the
next ten trials of a run. Within each task block or run, first, a cue image
was presented for 2.5 s to indicate the 0-back cue stimulus, and then ten
trials were run for a given stimulus type, with each stimulus shown for
2.0 s followed by an interstimulus interval of 0.5 s in which the screen was
blank. The ten stimuli in each block thus lasted for 25s. During the
experiment, participants received 8 blocks of scenes and eight blocks of
faces in random order, with no repetition of any image. Examples of the
scene and face stimuli provided by the HCP and used here are available™.
Twenty-four participants from Fudan University aged 19-30 years (13
females) participated in the experiment. Three of them had to be excluded
because of MEG artefacts in the data, leaving 21 datasets for the final ana-
lysis. All participants were reported to be right-handed and have normal or
corrected-to-normal vision. They reported to have no history of neurolo-
gical disorders. The study received ethical approval from the Ethics Com-
mittee of the Institute of Science and Technology for Brain-Inspired
Intelligence at Fudan University (reference number AF/SC-115/20230822).
All participants provided informed written consent. All ethical regulations
relevant to human research participants were followed.

MEG data acquisition and preprocessing

MEG data were acquired on a TRIUX neo (MEGIN Oy, Finland) system at
Zhangjiang Imaging Center (ZIC), containing 306 MEG sensors (102
magnetometers and 204 gradiometers). The sampling rate during data
acquisition was 1000 Hz and an online band pass filter 0.03-330 Hz was
applied. Prior to data recording, five Head Position Indicator coils that were
attached to the forehead of the subjects, as well as three anatomical fiducial
points (two preauricular points and one nasion) were digitized using the
FASTRAK Digitizer system for later co-registration with MRI data.

High-resolution structural T1-weighted MRI images were acquired in
a3-T Siemens Prisma scanner at ZIC with a 3D T1 MPRAGE sequence, field
of view=192x240x 256 mm, 1mm isotropic resolution, repetition
time = 2.5 s, echo time = 2.15 ms, and flip angle = 8°.

The MEG preprocessing was performed with the MNE-Python ver-
sion 1.5.1 software package (https://zenodo.org/records/8322569)"". First,
the environmental noise, recorded every day in the morning before testing,
was suppressed from the raw MEG data with the spatio-temporal signal-
space separation (SSP) method that is implemented in MNE-Python. A
notch filter at 50 Hz and 100 Hz was then applied, followed by a band-pass
filter between 1Hz and 140 Hz. We further used the “find_bad_chan-
nels_maxwell” function from the MNE-Python software, plus visual
inspection to identify bad channels, and further used the “maxwell_filter”
function to implement bad channel reconstruction, movement compen-
sation, and temporal spatiotemporal signal space separation. On average,
five channels were interpolated per participant. To suppress eye movement
and cardio artefacts, we used the SSP method to remove one eye and one
cardio component as provided by the MNE-Python software.
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The mean evoked responses (baseline-corrected) in the time domain
were computed for each of the categories places (scenes) and faces, sepa-
rately, with a window from —200 ms to 2500 ms after stimulus onset. The
mean signals were then baseline-corrected with a window from —200 ms to
0 ms relative to stimulus onset.

The mean evoked responses (baseline corrected) in the time
domain were used for source-space analysis at the surface level. Source
estimation was performed using L2-minimum-norm estimation (depth
weighting coefficients: 0.8, loose orientation constraint: 0.2) on an ico-5
source space (10242 sources per hemisphere). We used individual MRI
images for head modelling. The MRI data were pre-processed in Free-
surfer V.7.1.4 (Fischel, 2012), and the head model (1-layer boundary
element model, BEM, with the default conductivity of 0.3) was created in
MNE-Python. Source estimation was used with the standard ‘whitening’
approach implemented in the MNE-Python software to combine data
from different sensor types.

The MEG data were converted into the HCP-MMP surface space™
using the MNE-Python functions ‘fetch_hcp_mmp_parcellation’ and
‘extract_label_time_course’ to produce for each participant a 1 ms MEG
time-series in HCP-MMP space. As described previously™, although the
spatial resolution of the MEG data may not be sufficient to provide an
independent signal for each of the 360 cortical regions in the HCP-MMP
atlas, the use of the atlas is potentially valuable because the cortical regions in
the atlas are themselves well-defined®, and use of this atlas provides a
framework for comparing findings from different investigations of the
cortex > HAMITEBGBIIII - Also, the spatial resolution of MEG may be
poorer for visual cortical regions far from the skull, due to the inverse
problem, though this is unlikely to account for the findings described here,
for many regions high in the hierarchy such as the TE regions are as close to
the skull as early visual cortical regions (see Figs. S1-5).

The effective connectivity between the 360 cortical regions was com-
puted with the same Hopf generative effective connectivity algorithm used
for the fMRI data®. This is important to note, for the use of the same
algorithm that the directionality with the MEG and fMRI data can be
compared. Because the MEG time series could be very long, the effective
connectivity was calculated with an analytic version of the Hopf algorithm,
rather than the simulation approach used for fMRI data®. The analytic
approach is described in the Supplementary Material, and when tested with
fMRI data, produced very similar results to the simulation approach
(r>0.95 for a comparison of the effective connectivities calculated with the
simulation and analytic methods).

Brain atlas and region selection

To construct the effective connectivity for the cortical regions of interest in
this investigation with other cortical regions in the human brain, the par-
cellation of human cortical regions was used that is provided by the HCP-
MMP which has 360 cortical regions™. The cortical regions in this
parcellation® are shown in Figs. 1 and S1, and a list of the cortical regions
and the divisions into which they are placed are provided in Table S1 in the
reordered form used in the extended volumetric HCPex atlas'”.

The 30 visual cortical regions selected for connectivity analysis here
were as follows, with reference to Fig. 1 useful in showing where these
regions are in the human brain. The regions are grouped based on earlier
evidence*”’ purely to simplify the description of the connectivity, and the
groups are separated by red lines in Figs. 2-6.

Group 1: early visual cortical areas V1, V2, V3, and V4 of the HCP-
MMP atlas.

Group 2: the retrosplenial group includes the ProStriate region and the
DVT region which are retrosplenial regions in the HCP-MMP atlas where
viewing scenes produces activations with fMRI which sometimes include
POS1**,

Group 3: the ventromedial group VMV1-3 and VVC, and Group 4: the
parahippocampal PHAI1-3, are regions in the HCP-MMP atlas where
viewing scenes produces activations with fMRI** in what corresponds to
the PPA™, which might better be termed the PSA because it is where the

individual looks in scenes, not the place where the individual is located, that
produces thise activations".

Group 5: includes the Hipp and related regions including the EC
and PeEc.

Group 6: includes the FFC, PIT and V8.

Group 7: TElp and TE2p are the last mainly unimodal visual cortical
regions, and correspond to the macaque inferior temporal visual cortex***.

Group 8: the anterior temporal lobe group includes TEla, TE1m and
TE2a, and the temporal pole regions TGd and TGy, which are multimodal
semantic regions****®.

Measurement of effective connectivity
The effective connectivity between all pairs of the 360 cortical regions was
computed with the same Hopf generative effective connectivity algorithm
used for the fMRI data®, and the text that follows are similar to that used in
some earlier descriptions, which helps to show that the same effective
connectivity algorithm was used as in the earlier investigations™>***%656%57,
Effective connectivity measures the effect of one brain region on another,
and utilizes differences detected at different times in the signals in each
connected pair of brain regions to infer the effects of one brain region on
another. One such approach is dynamic causal modelling, but it applies
most easily to activation studies, and is typically limited to measuring the
effective connectivity between just a few brain areas”'"', though there have
been moves to extend it to resting state studies and more brain areas'*'”.
The method used here in refs. 57,64 was developed from a Hopf algorithm
to enable the measurement of effective connectivity between many brain
areas, as described by Deco et al.”’. A principle is that the functional con-
nectivity is measured at time ¢ and time ¢ + tau, where fau was set to 20 ms.

To infer effective connectivity, we use a whole-brain model that allows
us to analyse the MEG signal across all brain regions and time. We use the
so-called Hopf computational model, which integrates the dynamics of
Stuart-Landau oscillators, expressing the activity of each brain region, by
the underlying anatomical connectivity’”. As mentioned above, we include
in the model 360 cortical brain areas'”. The local dynamics of each brain
area (node) is given by Stuart-Landau oscillators which express the normal
form of a supercritical Hopf bifurcation, describing the transition from
noisy to oscillatory dynamics'*. During the last years, numerous studies
have been able to show how the Hopf whole-brain model successfully
simulates empirical electrophysiology'”"'*, MEG'?, and fMRI">"*"**,

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

i Local dynamics Coupling Gaussiannoise
) N ~N=
th = [ai - xf _J’ﬂxi —wy; + GZj:lcij (xj - xi) + B

0
Y

0 [a; = x} = ]y +wpx; + szlilcij ()’j - yi> +pni(t) (@

Equations 1 and 2 describe the coupling of Stuart-Landau oscillators
through an effective connectivity matrix C. The x;(¢) term represents the
simulated BOLD signal data of brain area i. The values of y,(t) are relevant to
the dynamics of the system but are not part of the information read out from
the system. These equations, n,(t) provides additive Gaussian noise with
standard deviation . The Stuart-Landau oscillators for each brain area i
express a Hopf normal form that has a supercritical bifurcation at a; = 0, so
that if a; > 0 the system has a stable limit cycle with frequency f; = w;/27
(where w; is the angular velocity); and when a; < 0 the system has a stable
fixed point representing a low activity noisy state. The intrinsic frequencies
are fitted from the data, as given by the averaged peak frequency of the
narrowband BOLD signals of each brain region. The intrinsic frequency f;
of each Stuart-Landau oscillator corresponding to a brain area i was in the
0.5-2Hzband (i=1, ..., 360) for the HCP MEG data used here, which was
sampled at 20 ms and not further filtered. The mean power spectrum across
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participants from the time series of the MEG signal for each of the 360
cortical regions used in the analyses described here is shown in Fig. S3. The
coupling term representing the input received in node i from every other
node j, is weighted by the corresponding effective connectivity C;. The
coupling is the canonical diffusive coupling, which approximates the sim-
plest (linear) part of a general coupling function. G denotes the global
coupling weight, scaling equally the total input received in each brain area.
While the oscillators are weakly coupled, the periodic orbit of the uncoupled
oscillators is preserved.

The effective connectivity (C) matrix is derived by optimizing the
conductivity of each connection in the matrix in order to fit the empirical
functional connectivity (FCS™P!) pairs and the lagged normalised cov-
ariance, the FS*™P"! pairs, By this, we are able to infer a non-symmetric
Effective Connectivity matrix (see ref. 133). We refer to this as a generative
effective connectivity model approach because the C matrix is used to
generate the functional connectivity and lagged normalised covariance
matrices, and the C matrix is optimised so that the simulated matrices match
the empirically measured matrices. Note that FS*™P"_j e, the normalised
lagged covariance of the functional connectivity between pairs, lagged at 7,
breaks the symmetry and thus is fundamental for our purpose. Specifically,
we compute the distance between the model functional connectivity FC™%!
calculated analytically from the current estimate of the effective connectivity
and the empirical data FCempirical o well as the calculated model FS™%! and
empirical data FS*™P" and adjust each effective connection (entry in the
effective connectivity matrix) separately with a gradient-descent approach.
The model is run repeatedly with the updated effective connectivity until the
fit converges towards a stable value.

We start with the anatomical connectivity obtained with probabilistic
tractography from dMRI (or from an initial zero C; matrix) and use a
pseudo gradient procedure for updating the effective connectivity matrix
(see Eq. 11 in the Supplementary Material). The effective connectivity
matrices shown here were those computed without the structural connec-
tion matrix, as use of the structural connectivity matrix limited the con-
nectivity to fewer links than were otherwise found with these MEG data,
probably because the DTI analysis missed some connections. However, the
correlation between the matrices produced with these different methods was
reasonable (0.80).

Effective connectome

Whole-brain effective connectivity (EC) analysis was performed
between the 30 visual cortical regions described above (see Fig. 1 and S1)
and the 360 regions defined in the surface-based HCP-MMP atlas™ in
their reordered form provided in Table S1, described in the Supple-
mentary Material*’. This EC was computed across all 21 participants,
and the reliability was checked by a data split, which showed a corre-
lation of 0.85 between the two halves. For each participant, the mean for
the 2700-point long time series was calculated for each trial type (places/
scenes and faces). From this, the functional connectivity FC for the 360
cortical regions and the covariance COV of the connectivity for the 360
cortical regions were calculated from the time series and the time series
delayed by tau (where tau =20 ms) was calculated for each participant,
and then the FC and COV matrices were averaged across participants.
These provided the inputs FC*™ and COV**“™ to the effective con-
nectivity algorithm (COV*™™ refers to the FS™Pidl defined above.)
Because effective connectivity measured in the way described utilises
functional connectivity and what can be viewed as a lagged functional
connectivity with a lag of tau, effective connectivity is not limited to
measuring direct neuronal connections, but may reflect connectivity
over perhaps 1-3 synapses (based on the evidence for example that V1
does not have effective connectivity with this approach with all visual
cortical regions). We emphasize though that the generative effective
connectivity algorithm is non-linear with respect to the functional
connectivity, in that the generative effective connectivity algorithm sets
to zero those connectivities that are not useful in generating the FC and
COV matrices.

Statistics and reproducibility

The key statistical analyses for the new investigation described here are on the
directionality of the effective connectivities between key sets of cortical regions
when scenes are being viewed, with the data illustrated in Fig. 3. Paired within-
subjects comparisons were performed to test the differences in the effective
connectivities in the two directions calculated for each participant. The
degrees of freedom reflect the number of participants (21). The tests were two-
tailed, and exact values were provided for the t and p values to provide
evidence about the reliability of each test performed. Only a few preplanned
tests were performed. Similar tests were performed for key cortical regions in
the ventrolateral ‘What’ stream for faces and objects™ based on the data shown
in Fig. 4 when faces were the stimuli. Further, the effective connectivity was
computed across all 21 participants, and the reliability was checked by a data
split, which showed a correlation of 0.85 between the two halves.

We note that the use of MEG is important, for the directionality of the
effective connectivity when measured with resting-state fMRI for faces,
places, tools and body parts shows as the reverse of what is expected and of
what is found with MEG®, and this is probably related to the slow time-
course of fMRI which means that much of what is measured with fMRI
resting state effective connectivity is the top—down effects from the top of the
visual hierarchy where short-term memory keeps representations active™.
All of our previous publications on effective connectivity measured with this
algorithm with fMRI in different brain systems do show the effective con-
nectivity in the direction found with MEG, and that would be expected for
the initial flow of signal up through a sensory cortical hierarchy starting for

example with V1 and progressing to the temporal lobe*®*>¥6>-6367-6%%7,

Functional connectivity

For comparison with the effective connectivity, the functional connectivity
was also measured from the MEG signals with the identical set of partici-
pants and data. The functional connectivity was measured by the Pearson
correlation between the MEG signal time series for each pair of brain
regions, and is the FC™ referred to above. A threshold was used for the
presentation of the findings in Fig. S3, to set the sparseness of what is shown
to a level commensurate with the effective connectivity, to facilitate com-
parison between the functional and the effective connectivity. The func-
tional connectivity can provide evidence that may relate to interactions
between brain regions, while providing no evidence about causal direction-
specific effects. High functional connectivity may in this scenario thus reflect
strong physiological interactions between areas, and provide a different type
of evidence to effective connectivity. The effective connectivity is non-
linearly related to the functional connectivity, with effective connectivities
being identified (i.e. greater than zero) only for the links with relatively high
functional connectivity.

Connections shown with diffusion tractography

Diffusion tractography can provide evidence about fibre pathways linking
different brain regions with a method that is completely different to the ways
in which effective and functional connectivity are measured. Diffusion
tractography shows only direct connections, so comparison with effective
connectivity can help to suggest which effective connectivities may be
mediated directly or indirectly. Diffusion tractography does not provide
evidence about the direction of connections. Diffusion tractography was
performed in a set of 171 HCP participants imaged at 7 T with methods
described in detail elsewhere®. Some of the results are provided
elsewhere**™, but are shown in Fig. 5 for exactly the visual cortical regions
investigated here with MEG, to facilitate comparison.

The major parameters were: 1.05 mm isotropic voxels; a two-shell
acquisition scheme with b-values = 1000 s/mm?, 2000 s/mm?>, repetition
time/echo time = 7000/71 ms, 65 unique diffusion gradient directions and 6
b0 images obtained for each phase encoding direction pair (AP and PA
pairs). Pre-processing steps included distortion correction, eddy-current
correction, motion correction, and gradient non-linearity correction. In
brief, whole-brain tractography was reconstructed for each subject in native
space. To improve the tractography termination accuracy in GM, MRtrix3’s
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5ttgen command was used to generate multi-tissue segment images (5tt)
using T1 images, the segmented tissues were then co-registered with the b0
image in diffusion space. For multi-shell data, tissue response functions in
GM, WM, and CSF were estimated by the MRtrix3’ dwi2response function
with the Dhollander algorithm"**. A multi-shell multi-tissue constrained
spherical deconvolution model with Imax =8 and prior co-registered 5tt
image was used on the preprocessed multi-shell DWI data to obtain the fibre
orientation distribution (FOD) function'*'*. Based on the voxel-wise FOD,
anatomically-constrained tractography using the probabilistic tracking
algorithm: iFOD2 (2nd order integration based on FOD) with dynamic
seeding was applied to generate the initial tractogram (1 million streamlines
with maximum tract length = 250 mm and minimal tract length = 5 mm).
To quantify the number of streamlines connecting pairs of regions, the
updated version of the spherical-deconvolution informed filtering of the
tractograms method was applied, which provides more biologically mean-
ingful estimates of structural connection density'”.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The MEG data which are very large are available from the corresponding
author on reasonable request.

Code availability

Code for the Hopf generative effective connectivity algorithm is available at
https://github.com/decolab/gec. Matlab 2023; Freesurfer V.7.1.4; and MNE-
Python Version 1.5.1 were used.
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