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The hierarchical organization between 25 ventral stream visual cortical regions and 180 cortical regions was measured with magne-
toencephalography using the Human Connectome Project Multimodal Parcellation atlas in 83 Human Connectome Project participants
performing a visual memory task. The aim was to reveal the hierarchical organization using a whole-brain model based on generative
effective connectivity with this fast neuroimaging method. V1–V4 formed a first group of interconnected regions. Especially V4 had
connectivity to a ventrolateral visual stream: V8, the fusiform face cortex, and posterior inferior temporal cortex PIT. These regions in
turn had effectivity connectivity to inferior temporal cortex visual regions TE2p and TE1p. TE2p and TE1p then have connectivity to
anterior temporal lobe regions TE1a, TE1m, TE2a, and TGv, which are multimodal. In a ventromedial visual stream, V1–V4 connect to
ventromedial regions VMV1–3 and VVC. VMV1–3 and VVC connect to the medial parahippocampal gyrus PHA1–3, which, with the VMV
regions, include the parahippocampal scene area. The medial parahippocampal PHA1–3 regions have connectivity to the hippocampal
system regions the perirhinal cortex, entorhinal cortex, and hippocampus. These effective connectivities of two ventral visual cortical
streams measured with magnetoencephalography provide support to the hierarchical organization of brain systems measured with
fMRI, and new evidence on directionality.
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Introduction
Magnetoencephalography (MEG) is a fast neuroimaging modality
with a high temporal resolution of ms that has the potential to
complement fMRI by providing evidence on the flow of infor-
mation through the brain. When combined with measures of
whole-brain model based effective connectivity (EC), MEG has the
potential to reveal the flow of information though different brain
systems, and thus the hierarchical organization. EC measures
correlations between the signals measured with short delays
between brain regions, and then can use a whole-brain Hopf
model of the delayed interactions between cortical regions to
produce what is termed a generative EC matrix, in that it can
generate the functional connectivities and the delayed functional
connectivities (Deco et al. 2017b, 2019; Rolls et al. 2022b) as
described in the Methods. The analysis of EC with fMRI data does
provide a real complement to analysis with MEG data, as the
fMRI data have better spatial resolution, though poorer temporal
resolution than MEG. It is highly relevant that the characteristic
timescale for the operation of a cortical region is approximately
15 ms (Wallis and Rolls 1997; Rolls 2023a), which is the time that
it takes for the recurrent collaterals between nearby pyramidal
cells to be used in local attractor dynamics (Panzeri et al. 2001;
Rolls 2016, 2023a), so an analysis with MEG that can provide data

on the scale of 10 ms or better is appropriate and potentially very
useful.

In the present investigation, the generative EC of human
ventral visual system cortical regions was investigated with
MEG, and there is extensive task-related MEG data available
from the Human Connectome Project (HCP) using visual stimuli
(Larson-Prior et al. 2013). Data from four visual tasks were
analyzed here, in which faces and tools were used as stimuli,
and which included 0-back and 2-back memory tasks for the
visual stimuli (see Methods). The MEG analyses of task-related
data described here are intended to complement the analysis
of human visual pathways performed with resting-state fMRI,
with the especial aim of using the MEG analysis to provide more
direct evidence on the directionality of the EC. In the previous
analysis with resting-state fMRI, several visual cortical streams
were identified (Rolls et al. 2023c). These streams included a Ven-
trolateral Visual “What” Stream for object and face recognition
that projects hierarchically to the inferior temporal visual cortex
which projects to the hippocampal memory system (Rolls 2021,
2023a; Rolls et al. 2023c). A Ventromedial Visual “Where” Stream
for scene representations connects to the parahippocampal
gyrus and hippocampus (Rolls 2023a, 2023c, 2023d; Rolls et al.
2023c). The improving understanding of the connectivity of
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the visual streams with the human hippocampus is helping to
revolutionize our understanding of the visual “what” (faces and
objects) and “where” (viewed spatial scenes) inputs to the human
hippocampus, and is leading to fundamental advances in our
understanding of human and non-human primate hippocampal
function in episodic memory (Rolls 2023a, 2023c, 2023d). Partly
for these reasons, it is important to understand better the ventral
stream visual pathways in humans, and that is a key rationale
to utilize the fast neuroimaging method MEG to analyze these
pathways in humans as described here.

In the present analyses using MEG data, the EC of visual
cortical regions from these ventral streams to the hippocampal
system was investigated, because the task-related data involved
visual stimuli such as faces and tools that are processed in
the ventral visual system, and because the MEG data included
n-back memory tasks of the type that utilize hippocampal system
regions such as the perirhinal cortex (Baxter and Murray 2001a,
2001b; Buckley and Gaffan 2006). The effective connectivities
were measured between ventral stream visual cortical regions
in the Human Connectome Project Multimodal Parcellation Atlas
(HCP-MMP; Glasser et al. 2016). The HCP-MMP atlas provides the
most detailed parcellation of the human cortical areas that we
know, in that its 360 regions are defined using a combination
of structural measures (cortical thickness and cortical myelin
content), functional connectivity, and task-related fMRI (Glasser
et al. 2016). This parcellation is the parcellation of choice for
the cerebral cortex because it is based on multimodal informa-
tion (Glasser et al. 2016) with the definition and boundaries set
out in their Glasser_2016_SuppNeuroanatomy.pdf, and it is being
used as the basis for many new investigations of brain function
and connectivity, which can all be cast in the same framework
(Colclough et al. 2017; Van Essen and Glasser 2018; Sulpizio et al.
2020; Yokoyama et al. 2021; Ma et al. 2022; Rolls et al. 2022a,
2022b, 2023b, 2023c, 2023d, 2023e, 2023f; Rolls 2023a; Rolls et al.
2023i; Rolls et al. 2023j). A summary of the boundaries, tractogra-
phy, functional connectivity and task-related activations of visual
cortical areas using the HCP-MMP atlas is available elsewhere
(Glasser et al. 2016; Baker et al. 2018a, 2018b), but the effective
and functional connectivity measures described here are new, in
that they are based on visual task-related MEG data.

Methods
Magnetoencephalographic data analyzed
The MEG data that were analyzed were collected and prepro-
cessed by the HCP, which provides full details (Larson-Prior et al.
2013). The data were for 83 participants performing a visual
working memory task in which visual stimuli (faces, and tools)
were presented in a 0-back and 2-back task with 2 s for each
stimulus. For each task, a timeseries with 91 points spaced 20 ms
apart was provided by the HCP in which the visual stimulus was
shown in timebin 31. (Data were also available for the resting
state in 89 participants, with typically 14,000 points in a timeseries
spaced after preprocessing 20 ms apart.)

The MEG data were pre-processed by the HCP consortium
(Larson-Prior et al. 2013). All the data were first run through the
quality assessment procedure. Bad channels, which were dissim-
ilar to their neighbors, and bad segments identified by iterative
independent component analysis (ICA), were removed. ICA was
then used to remove physiological artifacts and environmental
noises, including electrocardiogram, eye movements, power sup-
ply bursting, etc.

The MEG signal in sensor space was further localized into
the surface-based source space during the HCP preprocessing.
Weighted minimum-norm estimates were used to reconstruct the
source space for resting-state MEG scans from structural MRI, and
linear constrained minimum variance beamformers were used to
reconstruct the source space for task MEG scans. Details can be
found in Larson-Prior et al. (2013).

We then converted the MEG data provided by the HCP with a
20 ms time scale into the HCP-MMP1 surface space (Glasser et al.
2016) as follows. The vertex-based template for the multi-modal
parcellation (mmp) was first resliced from 32 to 4 k using the
HCP workbench command-line tool (−label-resample) to match
the spatial resolution of the source reconstructed MEG data. The
time series for vertices within each of the 360 cortical regions in
the HCP-MMP1 atlas were then averaged to produce a 20 ms MEG
timeseries in HCP-MMP1 space for each participant. 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 (Glasser et al. 2016), and use of this atlas provides a
framework for comparing findings from different investigations of
the cortex (Sulpizio et al. 2020; Wan et al. 2022; Rolls 2023a, 2023b;
Rolls et al. 2022a, 2022b, 2023a, 2023b, 2023c, 2023d, 2023e, 2023f,
2023g, 2023h, 2023i, 2023j; Zhang et al. 2023). It is noted that the
spatial resolution of MEG may be poorer for visual cortical regions
far from the skull, due to the inverse problem, and also that this is
unlikely to account for the findings described here, in that 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–S5).

The EC between the 360 cortical regions was computed with
the same Hopf connectivity approach used for the fMRI data (Rolls
et al. 2023c). Because the MEG timeseries could be very long, the
EC was calculated with an analytic version of the Hopf algorithm,
instead of the simulation approach used for fMRI data (Rolls et al.
2023c). 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 EC for the regions of interest in this investigation
with other parts of the human brain, we utilized the parcellation
of human cortical regions provided in the HCP-MMP1, which has
360 cortical regions (Glasser et al. 2016). The brain regions in this
atlas (Glasser et al. 2016) are shown in Fig. 1 and Fig. S1, and a list
of the cortical regions in this atlas and the divisions into which
they are placed is provided in Table S1 in the reordered form used
in the extended volumetric HCPex atlas (Huang et al. 2022).

The 25 ventral 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 (Glasser et al. 2016; Rolls
et al. 2023c) purely to simplify the description of the connectivity,
and the groups are separated by red lines in Figs. 3–6:

Group 1: Early Visual cortical areas V1, V2 and V4 of the HCP-
MMP atlas.

Group 2: intermediate cortical visual regions FFC (fusiform face
cortex), PIT (posterior inferior temporal), and V8.

Group 3: medial temporal lobe visual regions with connec-
tivity with the hippocampus. This group includes posterior
ventromedial visual regions VMV1–3 and VVC; the medial
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Fig. 1. Regions in the Human Connectome Project Multimodal Parcellation atlas (HCP-MMP) (Glasser et al. 2016) and its extended version HCPex (Huang
et al. 2022) to show the cortical regions. The regions are shown on images of the human brain with the sulci expanded sufficiently to allow the regions
within the sulci to be shown. Abbreviations are provided in Table S1. For comparison, a version of this diagram without the sulci expanded is provided
in Figs. S1–S5.

parahippocampal cortex PHA1–3; the lateral parahippocampal
cortex TF; the perirhinal cortex PeEc, the entorhinal cortex
EC, the presubiculum PreS, and the hippocampus Hipp. The
parahippocampal scene area (or parahippocampal place area
(Rolls 2023c, 2023d)) is at the junction of VMV1–3 and PHA1–3 in
the medial parahippocampal gyrus (Sulpizio et al. 2020).

Group 4: Inferior temporal visual cortex regions TE2p and TE1p.
Group 5: Multimodal cortical regions in the anterior temporal

lobe TE1a, TE1m, TE2a; and temporal pole regions TGd and TGv.

Measurement of EC
EC 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 effects of one brain region
on another. One such approach is dynamic causal modeling, but

it applies most easily to activation studies, and is typically limited
to measuring the EC between just a few brain areas (Friston 2009;
Valdes-Sosa et al. 2011; Bajaj et al. 2016), though there have been
moves to extend it to resting-state studies and more brain areas
(Frassle et al. 2017; Razi et al. 2017). The method used here (see
Rolls et al. 2022b, 2023d) was developed from a Hopf algorithm to
enable measurement of EC between many brain areas, described
by Deco et al. (2019). A principle is that the functional connectivity
is measured at time t and time t + tau, where tau was set to 20 ms,
which is the timescale available with the HCP MEG data.

To infer the EC, we use a whole-brain model that allows us
to analyze 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
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(Deco et al. 2017b). As mentioned above, we include in the model
360 cortical brain areas (Huang et al. 2022). The local dynamics
of each brain area (node) is given by Stuart–Landau oscillators,
which expresses the normal form of a supercritical Hopf bifurca-
tion, describing the transition from noisy to oscillatory dynamics
(Kuznetsov 2013). During the last years, numerous studies were
able to show how the Hopf whole-brain model successfully sim-
ulates empirical electrophysiology (Freyer et al. 2011, 2012), MEG
(Deco et al. 2017a) and fMRI (Kringelbach et al. 2015, 2023; Deco
et al. 2017b; Kringelbach and Deco 2020).

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

dxi

dt
=

Local Dynamics︷ ︸︸ ︷[
ai − x2

i − y2
i

]
xi − ωiyi +

Coupling︷ ︸︸ ︷
G

∑N

j=1
Cij

(
xj − xi

) +
Gaussian Noise︷ ︸︸ ︷

βηi(t) (1)

dyi

dt
= [

ai − x2
i − y2

i

]
yi + ωixi + G

∑N

j=1
Cij

(
yj − yi

) + βηi(t) (2)

Equations (1) and (2) describe the coupling of Stuart–Landau
oscillators through an EC matrix C. The xi(t) term represents the
simulated BOLD signal data of brain area i. The values of yi(t) are
relevant to the dynamics of the system but are not part of the
information read out from the system. In these equations, ηi(t)
provides additive Gaussian noise with standard deviation β. The
Stuart–Landau oscillators for each brain area i express a Hopf
normal form that has a supercritical bifurcation at ai= 0, so that if
ai > 0 the system has a stable limit cycle with frequency fi=ωi/2π

(where ωi is the angular velocity); and when ai < 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 fi of each Stuart–
Landau oscillator corresponding to a brain area i was in the 0.5–
2 Hz band (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 participants from the timeseries 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 EC Cij. The coupling is the canonical dif-
fusive coupling, which approximates the simplest (linear) part
of a general coupling function. G denotes the global coupling
weight, scaling equally the total input received in each brain area.
Although the oscillators are weakly coupled, the periodic orbit of
the uncoupled oscillators is preserved.

The EC (C) matrix is derived by optimizing the conductivity of
each connection in the matrix in order to fit the empirical func-
tional connectivity (FCempirical) pairs and the lagged normalized
covariance, the FSempirical pairs. By this, we are able to infer a non-
symmetric EC matrix (see Gilson et al. (2016)). We refer to this
as a generative EC model approach because the C matrix is used
to generate the functional connectivity and lagged normalized
covariance matrices, and the C matrix is optimized so that the
simulated matrices match the empirically measured matrices.
Note that FSempirical, ie the normalized lagged covariance of the
functional connectivity between pairs, lagged at τ , breaks the
symmetry and thus is fundamental for our purpose. Specifically,
we compute the distance between the model functional connec-
tivity FCmodelcalculated analytically from the current estimate of
the EC and the empirical data FCempirical, as well as the calcu-
lated model FSmodel and empirical data FSempirical and adjust each

effective connection (entry in the EC matrix) separately with a
gradient-descent approach. The model is run repeatedly with the
updated EC until the fit converges toward a stable value.

We start with the anatomical connectivity obtained with prob-
abilistic tractography from dMRI (or from an initial zero Cij matrix)
and use a pseudo gradient procedure for updating the EC matrix
(see Equation 11 in the Supplementary Material). The EC matri-
ces shown here were those computed without the structural
connection matrix, as use of the structural connectivity matrix
limited the connectivity 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 EC analysis was performed between the 25 visual
cortical regions described above (see Fig. 1 and Fig. S1) and the
360 regions defined in the surface-based HCP-MMP atlas (Glasser
et al. 2016) in their reordered form provided in Table S1, described
in the Supplementary Material (Huang et al. 2022). This EC was
computed across all 83 participants. For each participant, the
mean for the 91 point long timeseries with the visual stimulus
presented in bin 31 was calculated across all four trial types
(faces and tools for the 0-back and 2-back trials). From this, the
functional connectivity FC for the 360 cortical regions and the
covariance COV of the connectivity for the 360 cortical regions
calculated from the timeseries and the timeseries 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 FCemp and COVtauemp to the EC algorithm
(COVtauemp refers to the FSempirical defined above).

Functional connectivity
For comparison with the EC, 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 timeseries for each
pair of brain regions, and is the FCemp referred to above. A thresh-
old of +0.4 is used for the presentation of the findings in Fig. 5, for
this sets the sparseness of what is shown to a level commensurate
with the EC, to facilitate comparison between the functional and
the EC. The functional connectivity can provide evidence that may
relate to interactions between brain regions, while providing no
evidence about causal direction-specific effects. A high functional
connectivity may in this scenario thus reflect strong physiologi-
cal interactions between areas, and provides a different type of
evidence to EC. The EC 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 fiber pathways
linking different brain regions with a method that is completely
different to the ways in which effective and functional connec-
tivity are measured. Diffusion tractography shows only direct
connections, so comparison with EC can help to suggest which
effective connectivities may be mediated directly or indirectly.
Diffusion tractography does not provide evidence about the direc-
tion of connections. Diffusion tractography was performed in a
set of 171 HCP participants imaged at 7T with methods described
in detail elsewhere (Huang et al. 2021). Some of the results are
provided elsewhere (Huang et al. 2021; Rolls et al. 2023c), but
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are shown in Fig. 6 for exactly the ventral visual cortical regions
investigated here, to facilitate comparison.

The major parameters were: 1.05 mm isotropic voxels; a two-
shell acquisition scheme with b-values = 1,000, 2,000 s/mm2,
repetition time/echo time = 7,000/71 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 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 (Dhollander et al. 2016).
A Multi-Shell Multi-Tissue Constrained Spherical Deconvolution
model with lmax = 8 and prior co-registered 5tt image was
used on the preprocessed multi-shell DWI data to obtain
the fiber orientation distribution (FOD) function (Smith 2002;
Jeurissen et al. 2014). Based on the voxel-wise fiber orientation
distribution, anatomically-constrained tractography using the
probabilistic tracking algorithm: iFOD2 (second-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 meaningful estimates of structural connection
density (Smith et al. 2015).

Directional asymmetry of the EC
The investigation described here was performed with task-related
EC. We hypothesize that use of an appropriate task may reveal
the directionality of the EC in a hierarchy more fully than resting-
state EC. By directional asymmetry, we mean the difference in
the EC between a pair of cortical regions. In a cortical hierarchy,
bottom-up or feed-forward effective connectivities are expected
to be greater than top-down or feed-back effective connectivities
so that input from the world rather than internal memories can
dominate cortical processing (Renart et al. 1999a, 2001; Deco and
Rolls 2005a, 2005b; Rolls 2023a). In the present analysis, all the
cortical regions could be on one side of the brain, so this is not
related to the asymmetry of the two hemispheres. For example,
for the visual pathways, the directionality in the hierarchy may be
revealed well by measuring the EC in the short period (e.g. 300 ms)
after the visual stimulus is presented, as this is the period when
the effects of the stimulus will be propagating forward up the
hierarchy of visual cortical regions from V1. For comparison, with
resting-state activity, signals may be propagating up and down the
visual cortical hierarchy, and moreover the resting-state networks
that are active may be changing, with non-visual networks some-
times active. The resting-state EC was computed from the four
resting-state sessions available for the same subjects from the
HCP. The timeseries for each session was approximately 14,000
long and also sampled at 50 Hz. The FCemp and the COVtauemp were
calculated for each session, and then the average was taken over
all four sessions and over all subjects to compute the resting-state
EC with tau = 20 ms, as for the task-related EC, and using the same
Hopf algorithm with the same parameters.

Fig. 2. The timecourse of the MEG signal in different HCP-MMP ventral
visual stream cortical regions. The onset of the face or tool visual stimuli
was at time 0. The amplitude of the MEG signal for the face, tool, 0-back,
and 2-back conditions was averaged across 83 participants. V1, V2, and
V4 are early visual cortical regions. V8 is just before the FFC. The ventral
visual complex VVC probably receives from V8, is medial to the FFC
(Fig. 1), is part of a route for visual information from visual cortical regions
to reach the hippocampus, and is part of, or leads to, the parahippocampal
scene (or place) area (Rolls et al. 2023c). TE1p is an example of an inferior
temporal cortex visual region. TE1a is an example of an anterior inferior
temporal cortex region involved in semantic representations (Rolls et al.
2022a, 2023c). The results are for the left hemisphere. The duration of the
response may be short because fixation on the stimuli may be for only a
short time period.

The measure of the directional asymmetry of the EC was the
sum of the absolute differences in EC between every pair of nodes
scaled by the mean of the effective connectivities across all nodes.

Results
Timecourse of ventral visual stream activity
during the presentation of visual stimuli
Figure 2 shows the mean timecourse across 83 participants and
across the four data sets, face, tools, 0-back, and 2-back of the
amplitude MEG signal. The timeseries provided by the HCP is
91 bins long with 20 ms/bin, and the visual stimuli appeared
at timebin 31. The latencies shown in Fig. 2 are with respect to
timebin 31 when the visual stimuli were presented.

Figure 2 shows that V1, V2, and V4 have peaks of their response
at about 120 ms, and with the 20 ms time resolution, the peaks for
these three visual cortical regions are similar to each other. The
relatively poor spatial resolution of MEG may also contribute to
these peaks being similar.

The FFC has a peak at about 160 ms, and V8 may be interme-
diate between V1–V4 and the FFC.

The ventromedial visual complex VVC, which is medial to FFC
(Fig. 1), has a peak at about the same time as FFC, 160 ms.

TE1p, which is in the visual inferior temporal cortex (Fig. 1), has
a response with activity evident at 260 ms, and TE1a, which is
more anterior in the lateral temporal lobe (Fig. 1), has a peak at
about 280 ms.

These results indicate that the MEG responses for different
parts of the ventral visual system do have activity with differ-
ent timecourses, with greater delays with progression through
the system, and thus that information is available in the MEG
timeseries for EC to be calculated from these timeseries data. The
results shown in Fig. 2 provide evidence about the direction of
the signal transmission in the first 300 ms after visual stimulus
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presentation by showing the latency and timecourse of different
visual cortical regions during this time period.

Figure 2 also shows that the amplitude of the visually locked
MEG time signal is greater for earlier visual cortical regions (V1,
V2, V4) than for later regions (FFC, TE1p, and TE1a). This could be
because almost any face or tool image will have plenty of content
to activate many neurons in V1–V4, but that as representations
of objects and faces are built in later cortical areas, the represen-
tations will become more sparse because of the large number of
different objects and faces that must be represented (Rolls 2016,
2023a).

Overview: EC, functional connectivity, and
diffusion tractography
The effective connectivities to the 25 ventral visual cortical regions
from other cortical regions in the left hemisphere are shown
in Fig. 3. Because the effective connectivities from the 25 visual
cortical regions to other cortical regions in the left hemisphere are
rather similar with the short time delay of 20 ms used for tau are
not very different in magnitude, we show in Fig. 4 the difference
of EC in the two directions. In Fig. 4, an EC that is stronger from
a column to a row is shown in red, and a connectivity that is
weaker from a column to a row is shown in blue (which means
that blue in Fig. 4 signifies a stronger EC from a row to a column).
The results in both Figs. 3 and 4 need to be considered together
to interpret the EC. For comparison, the functional connectivity
(measured of course with MEG) is shown in Fig. 5. For comparison,
Fig. 6 shows the strength of the connections between the cortical
regions measured with diffusion tractography.

V1, V2, and V4 (Group 1)
V1 and V2 have very strong EC with each other, strong with V4,
and weaker with FFC, PIT, V8, VMV1–3, and VVC (Fig. 3). The EC is
stronger in the direction from V1–V4 to FFC, PIT, V8, VMV1–3, and
VVC and some later cortical visual regions than vice versa (Fig. 4).
V4 has stronger EC to V8, PIT, and FFC than V1 and V2 (Fig. 3),
which is the forward direction up the hierarchy (Fig. 4). The EC
with MEG is measuring here what is expected in a hierarchical
system.

The functional connectivity also shows that V1 and V2 have
very strong connectivity with each other, and moderate with V4,
and that V4 has stronger connectivity than V1 and V2 with FFC,
PIT, and V8, but of course does not provide evidence on the direc-
tionality, as functional connectivity is measured by correlation
(Fig. 5).

Usefully, the connections measured by the number of stream-
lines with diffusion tractography (Fig. 6) support these findings
with MEG, though, again, the tractography can not address direc-
tionality.

V8, the FFC, and the PIT (Group 2)
V8, the FFC, and the PIT cortex have some EC with V1 and V2, and
stronger with V4 (Fig. 3). The directionality is from V1, V2, and V4–
V8, FFC, and PIT (Fig. 4), as expected in a hierarchical system and
consistent with the timecourses in Fig. 2.

FFC, and to a lesser extent V8 and PIT have EC with inferior
temporal cortex regions TE1p and TE2p, and with ventromedial
visual regions VMV1–3 and VVC (Fig. 3). The directionality of
the EC is from FFC, V8, and PIT toward the inferior temporal
cortex regions TE1p and TE2p and the ventromedial visual regions
(Fig. 4).

The MEG-based functional connectivity is consistent, with
especially FFC having functional connectivity with the inferior

temporal cortex regions TE1p and TE2p and the ventromedial
visual regions (Fig. 5).

The diffusion tractography is also consistent, with FFC having
connections with the inferior temporal cortex regions TE1p and
TE2p and some of the ventromedial visual regions (Fig. 6).

The FFC, PIT, and V8 also receive some EC from dorsal visual
division regions and MT+ visual division regions, and some pari-
etal regions including PGi, PGs and PGp that are visual (Rolls et al.
2023c, 2023e) (Figs. 3 and 4).

The inferior temporal visual cortex TE2p and
TE1p (Group 4)
The inferior temporal visual cortex TE2p and TE1p have EC with
especially FFC, and also with V8 and PIT (Fig. 3), and the direc-
tionality is from FFC, V8 and PIT to inferior temporal visual cortex
TE2p and TE1p (Fig. 4). The functional connectivity (Fig. 5) and
the diffusion tractography (Fig. 6) also show the connectivity and
connections between FFC and inferior temporal visual cortex
TE2p and TE1p.

The inferior temporal cortex TE2p and TE1p then have EC
(Fig. 3) directed to anterior temporal cortex regions TE1a, TE1m,
TE2a, and temporal pole TGv (Fig. 4).

TE2p and TE1p have EC with a number of other cortical
divisions including somatosensory (frontal opercular), auditory
and STS regions, hippocampus-related medial temporal regions
(Fig. 3), and in most cases, this EC is directed away from inferior
temporal visual cortex regions TE2p and TE1p to these other
regions (Fig. 4).

Anterior temporal lobe regions TE1a, TE1m,
TE2a, TGd, and TGv (Group 5)
Inferior temporal cortex visual regions TE2p and TE1p have EC
with anterior temporal lobe regions TE1a, TE1m, TE2a, and TGv
(Fig. 3), and the directionality is from the inferior temporal cortex
visual regions to the anterior temporal lobe regions (Fig. 4).

The anterior temporal lobe regions (and this includes TE1a,
TE1m, and TE2a) have EC with a number of other cortical divi-
sions including somatosensory (frontal opercular; Rolls et al.
2023f), auditory and superior temporal sulcus (STS) regions (Rolls
et al. 2023c, 2023i), hippocampus-related medial temporal regions,
orbitofrontal cortex regions (pOFC, 13l, 47m, and 47s; Rolls et al.
2023d), and Broca’s area regions 44, 45, and 47l and the connected
inferior frontal gyrus regions IFJa, IFJp, IFSa, IFSp (Rolls et al.
2022a) (Fig. 3), and in many of these cases this EC is directed to
these anterior temporal lobe cortical areas (Fig. 4). This multi-
modal connectivity and other evidence implicates these anterior
temporal lobe regions in semantic processing (Rolls et al. 2022a;
Rolls 2023a).

The functional connectivity (Fig. 5) is generally consistent. The
diffusion tractography (Fig. 6) provides evidence for direct con-
nections between some of these anterior temporal lobe regions
and the inferior temporal visual cortex TE2p and TE1p, auditory
and STS regions, and medial temporal lobe regions, but do not
reveal the other connectivities either because the connections are
indirect, or because some of this connectivity is long-distance.

Visual inputs to medial temporal lobe regions
VMV1, VMV2, VMV3, VVC, hippocampus,
entorhinal cortex, perirhinal cortex, and
parahippocampal gyrus TF and PHA1–3 (Group 3)
In a ventromedial visual cortical stream, regions VMV1–3 and VVC
have EC with (Fig. 3) and primarily from (Fig. 4) ventral visual
cortical regions the FFC, PIT, V8, TE2p, and TE1p, and also from
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Fig. 3. EC TO ventral visual cortical regions (the rows) FROM 180 cortical areas (the columns) in the left hemisphere. The EC is read from column to row.
Effective connectivities of <0.03 are shown as blank. The EC map is scaled to show 0.15 as the maximum. The EC for the first set of cortical regions
is shown in the top panel; and for the second set of regions in the lower panel. Abbreviations: see Table S1. The groups of visual cortex regions are
separated by red lines. Group 1 (top) early visual cortical areas V1, V2 and V4 of the HCP-MMP atlas; Group 2 intermediate cortical visual regions FFC,
PIT, and V8. Group 3: medial temporal lobe visual regions with connectivity with the hippocampus. Group 4: Inferior temporal visual cortex regions
TE2p and TE1p. Group 5: Multimodal anterior temporal lobe regions including the frontal pole TGd and TGv. The colored labeled bars show the cortical
divisions in the HCP-MMP atlas (Glasser et al. 2016). The order of the cortical regions is that in Huang et al. (2022).

dorsal stream visual regions. The dorsal stream visual regions
with high effective connectivities to VMV1–3 and VVC include FST,
LO1–3, MST, MT, and V4t (Figs. 3 and 4). These VMV1–3 and VVC
regions have EC with some parietal visual areas (PGI, PGp, PGs),
and with some posterior cingulate division regions (including the
prostriate cortex ProS and DVT which are where in humans the
retrosplenial scene area is located; Sulpizio et al. 2020; Rolls et al.
2023j). VMV1–3 and VVC also have some EC from auditory associ-
ation cortex regions and STS regions (Figs. 3 and 4); and have con-
nectivity with parahippocampal (e.g. PHA1–3) and hippocampal
regions (e.g. presubiculum PreS and Hipp) (Fig. 3) that tend to be
directed toward these parahippocampal and hippocampal regions
(Fig. 4). The parahippocampal scene area (sometimes termed the
parahippocampal place area) is located where the VMV and PHA
regions adjoin (Sulpizio et al. 2020; Rolls 2023c, 2023d; Rolls et al.
2023j).

In the same ventromedial visual cortical stream, a set of cor-
tical regions in the medial part of the parahippocampal gyrus,
PHA1–3, have EC with (Fig. 3), primarily from (Fig. 4), VMV1–3
and VVC regions, but also from the FFC. Many of the other

effective connectivities of the medial parahippocampal gyrus
PHA1–3 regions (Fig. 3) are directed away from it (Fig. 4) to the
hippocampal system (perirhinal cortex PeEC, entorhinal cortex EC,
and hippocampus; with other connectivities with auditory associ-
ation and STS regions (Rolls et al. 2023i), and some opercular and
frontal opercular somatosensory regions (Rolls et al. 2023f). This
ventromedial visual pathway introduces “where” information into
the human hippocampal memory system (Rolls 2023a, 2023c,
2023d; Rolls et al. 2023c).

Region TF in the lateral part of the parahippocampal gyrus
has EC with (Fig. 3) primarily from (Fig. 4) lateral temporal cor-
tical regions (TE1a, TE1m, TE1p, TE2a, TE2p, TGd, and TGv, with
some from FFC). TF has strong EC with the hippocampal system
(perirhinal cortex PeEC, entorhinal cortex EC, and hippocampus).
TF also has some EC (Fig. 4), primarily from (Fig. 5), auditory
association and STS regions (Rolls et al. 2023i) and some opercular
and frontal opercular somatosensory regions (Rolls et al. 2023f).
This is part of the ventrolateral visual pathway that introduces
“what” information into the human hippocampal memory system
(Rolls 2023a, 2023c, 2023d; Rolls et al. 2023c).
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Fig. 4. Difference of the EC for ventral visual cortical regions with other cortical regions. For a given link, if the EC difference shown is positive, the
connectivity is stronger in the direction from column to row. For a given link, if the EC difference shown is negative, the connectivity is weaker in the
direction from column to row. The threshold value for any EC difference to be shown is 0.0005 for the connectivities shown in Fig. 3. The abbreviations
for the brain regions are shown in Table S1, and the brain regions are shown in Fig. 1 and Fig. S1. The EC difference for the first set of cortical regions is
shown in the top panel; and for the second set of regions in the lower panel. Conventions as in Fig. 3.

Directional asymmetry of the EC
The task-related EC network for the 25 ventral visual stream
regions analyzed here had more directional asymmetry than
the resting state-related EC, with the mean for the task-related
asymmetry 0.0042, and for the resting state 0.0003 (paired t = 30.1,
df = 624, P < 10−122) (Fig. S2). (The measure of the directional asym-
metry of the EC was the sum of the absolute differences in EC
between every pair of nodes scaled by the mean of the effec-
tive connectivities across all nodes.) This was as predicted (see
Methods). An implication is that use of the task-related EC (as
used here) may, at least with MEG data, reveal the directional
asymmetry in the effective connectivities better than the resting-
state EC.

Discussion
The analysis of the EC with MEG of the ventral visual streams
described here provides important evidence on the hierarchical
organization of the system, because MEG with its fast data acqui-
sition (in the order of ms) can be used to follow visual processing
through the system in response to visual stimuli delivered during

task performance. V1, V2, V3, and V4 formed a first Group of
interconnected regions. A second Group consisted of V8, the FFC,
and the PIT cortex, which had stronger connectivity from V4 than
V1 and V2. In a ventrolateral stream, inferior temporal cortex
regions TE2p and TE1p received from the FFC, V8 and PIT and
also ventromedial VMV regions. Group 5 in the anterior temporal
lobe consisting of TE1a, TE1m, TE2a, and also TGv receive EC
from TE2p and TE1p, but are multimodal in that they receive
also from STS visual–auditory regions, from somatosensory,
auditory, orbitofrontal cortex, Broca’s regions 44 and 45 and
related inferior frontal gyrus regions. In a ventromedial visual
stream (Group 3), VMV1–3 and VVC receive from V1 to V4 but
also from FFC, V8, TE2p, and TE1p and from dorsal stream
(especially MT+) visual regions. In the same ventromedial stream,
the medial parahippocampal gyrus PHA1–3 receive from the VMV
regions (which together include the parahippocampal scene area)
but also from FFC, and have connectivity to the hippocampal
system regions the perirhinal cortex, entorhinal cortex, and
hippocampus.

The analysis of generative EC in this hierarchically organized
system (Figs. 3 and 4) is supported by the timecourses of the
responses of different visual cortical regions shown in Fig. 2.
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Fig. 5. Functional connectivity between ventral visual cortical regions and 180 other cortical regions in the left hemisphere. Functional connectivities
less than 0.4 are shown as blank. The upper figure shows the functional connectivity of the visual cortical regions with the first half of the cortical
regions; the lower figure shows the functional connectivity with the second half of the cortical regions. Abbreviations: see Table S1. Conventions as in
Fig. 3. An unthresholded version of this figure is provided for completeness in Fig. S4.

Some key features of the EC of the ventral visual pathways
measured with MEG (Figs. 3 and 4, with schematic summaries in
Figs. 7 and 8) are highlighted next, and compared with the results
obtained with fMRI (see Figs. 1 and 3 of Rolls et al. 2023c). Points
taken into consideration in this comparison are that with fMRI,
the spatial resolution is better than with MEG; and that the differ-
ences between the ECs in the two directions are smaller with MEG,
perhaps related to the small value of tau = 20 ms used to establish
the directionality with MEG; and that the MEG is acquired during
a visual task, whereas the fMRI is resting state. Discussion of some
of the functions of the cortical regions analyzed here are provided
elsewhere (Rolls 2023a; Rolls et al. 2023c).

First, V1–V4 have relatively high EC with each other with both
MEG and fMRI. Second, FFC, PIT, and V8 receive forward EC from
especially V4 and to some extent from earlier regions V2, V3, and
V1 with both MEG and fMRI.

Third, FFC has EC directed to TE1p with fMRI, and this is shown
more clearly with MEG from FFC, PIT and V8 to TE1p and TE2p.
FFC, PIT, and V8 also have EC directed to medial parahippocampal
VMV1–3 and VVC with both MEG and fMRI.

Fourth, MEG shows more clearly the hierarchical nature of the
EC from TE1p and TE2p to the more anterior temporal lobe regions
TE1a, TE1m, and TE2a, and also to lateral parahippocampal TF,

than fMRI. MEG also shows more clearly that TE1p and TE2p have
connectivity directed toward STS regions (STSda, STSdp, STSva,
STSvp), and that these STS regions have, in turn, EC directed to
anterior temporal lobe regions TE1a, TE1m, TE2a, and TGd (Fig. 4).

Thus overall the findings from EC with MEG are consistent
with those with fMRI, with factors that are likely to contribute
to the differences the poorer spatial resolution of MEG, and the
visual task being performed during the MEG data acquisition. In a
preliminary analysis with resting-state MEG from the same HCP
participants, we have found that although the EC differences in
the two directions are smaller than during the visual task (Fig. S2),
a similar overall hierarchy is evident.

These effective connectivities measured with MEG are helpful
in supporting effective connectivities measured in the same sys-
tems with fMRI. The fMRI investigation (Rolls et al. 2023c) with
which the present MEG investigation can be compared, because
the HCP-MMP atlas is used in both and because many of the HCP
participants are the same, have a much slower data acquisition
rate (1 s) with tau set to 2 s as this is the fastest time within
which a change in the fMRI signal due to an input from another
brain region might be expected to be detected. For compari-
son, for the MEG investigation described here, tau was 20 ms.
Another difference was that resting-state data were analyzed in
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Fig. 6. Connections between the ventral visual cortical regions and 180 other cortical regions in the left hemisphere as shown by diffusion tractography
using the same layout as in Figs. 3–5. The number of streamlines shown was thresholded at 50 and values less than this are shown as blank. The color
bar was threshold at 1,000 streamlines (see the text). Abbreviations: see Table S1. Conventions as in Fig. 3.

the fMRI investigation (Rolls et al. 2023c). The hierarchical organi-
zation reported with the fMRI investigation (Figs. 6 and 7 of Rolls
et al. 2023c) fits the hierarchical organization described here with
MEG, although the MEG may not allow such good discrimination
between each individual step in the hierarchies, perhaps because
of its poorer spatial resolution. We base the directionality in the
hierarchy described here on task-related MEG, and note that the
directionality measured with fMRI may appear to be different for
at least two reasons. One is that with fMRI the data analyzed
(Rolls et al. 2022b, 2023b, 2023c, 2023d, 2023e, 2023f, 2023I, 2023j)
were for the resting state, and were not task-related, with task-
related expected to show the directionality better. Indeed, we have
found with the MEG analyses that the directional asymmetry is
greater between the forwards and backwards directions with task-
related data than with resting-state data (Fig. S2); and that using
a long tau in the MEG resting-state analysis, of e.g. 1,000 ms, can
have an influence on the measured directionality. The second is
that the MEG analysis is on a fast timescale, with tau = 20 ms,
whereas with fMRI, the tau is 2,000 ms, which may allow slow top-
down effects to contribute to the measured directionality using
resting-state fMRI. For example, after visual input reaches the
anterior temporal lobe in approximately 280 ms (Fig. 2), there may
be continuing activity supported, for example, by the connectivity

with the prefrontal cortex, and that continuing activity could be
a source of top-down effects on earlier regions in the hierarchy
that may be evident with long time delays of e.g. 2,000 ms used
for tau in the fMRI. The directionality reported in the resting-state
fMRI papers (Rolls et al. 2022b, 2023b, 2023c, 2023d, 2023e, 2023f,
2023i, 2023j) is consistent with that reported here using task-
related MEG, namely that signal propagation should be forwards
from early visual cortical areas such as V1–V4 to higher cortical
visual areas such as FFC, V8, PIT, and then to TE1p and TE2p, and
then to anterior temporal lobe regions such as TE1a and TE1m.
Indeed, the visual signal is expected to propagate through visual
cortical areas in a hierarchy with about 15–20 ms per stage (Wallis
and Rolls 1997; Panzeri et al. 2001; Rolls 2016, 2023a), which is
supported by the MEG data shown in Fig. 2 if extra time is allowed
for the greater distance between cortical regions in the human
brain (Rolls 2023a).

The utility of the EC measured with MEG in validating the
effective connectivities measured with rs-fMRI (Rolls et al. 2022a,
2022b, 2023b, 2023c, 2023d, 2023e, 2023f, 2023i, 2023j) is supported
by the following further points. For the task-related MEG data
analyzed here, hierarchical organization was also evident in the
somatosensory system from somatosensory regions 3a, 3b, 1, and
2 to opercular regions (OP) to frontal opercular regions (FOP) to
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Fig. 7. Hierarchical organization of the ventrolateral visual cortical stream measured with MEG EC: schematic overview based on the results shown
in Figs. 3 and 4. In the first level, V1, V2, and V3 connect with V4. In the second level, especially V4 has connectivity to FFC, V8, and PIT. In the third
level, FFC, V8, and PIT have connectivity to TE1p and TE2p, which are the last mainly unimodal visual inferior temporal cortex regions where faces and
objects are represented. In the fourth level, TE1p and TE2p have connectivity to TE1m, TE2a, TE1a, and the temporal pole TGd and TGd. This fourth
level anterior temporal lobe region is multimodal, in that it also receives auditory cortex input from auditory cortex regions such as the Belt regions;
and from somatosensory regions in the frontal operculum (FOP) and opercular (OP) regions. A green arrow shows how the ventrolateral visual stream
provides “what” input to the hippocampal memory system via parahippocampal gyrus TF to perirhinal PeEc, hippocampus, etc. The widths of the lines
and the size of the arrowheads indicate the magnitude and direction of the EC.

the insula (cf. Rolls et al. 2023f). Hierarchical organization was
also evident in the auditory system from early auditory cortical
regions (A1) and Belt regions to A5, TA2 and the auditory regions
in the STS, and then on to regions that include the temporal pole,
orbitofrontal cortex, Broca’s region 44, and the related inferior
frontal gyrus (cf. Rolls et al. 2023i).

As shown in the results and in Fig. S2, the directional asymme-
try of the EC in the visual pathways was greater for the visual
task than for the resting state. We relate this to the following.
For the visual pathways, the directionality in the hierarchy may
be revealed well by measuring the EC in the short period (e.g.

300 ms) after the visual stimulus is presented, as this is the period
when the effects of the stimulus will be propagating forward
up the hierarchy of visual cortical regions from V1 (Fig. 2). In
comparison, with resting-state activity, signals may be propagat-
ing up and down the visual cortical hierarchy over long periods
without visual stimuli being shown, and moreover the resting-
state networks that are active may be changing, with non-visual
networks sometimes active. An implication is that use of the task-
related EC (as used here) may, at least with MEG data, reveal the
directional asymmetry in the effective connectivities better than
the resting state.
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Fig. 8. Hierarchical organization of the ventromedial visual cortical stream measured with MEG EC: schematic overview. In the first level, after V1, V2
has connectivity to DVT (the dorsal transitional visual area) and ProS (the prostriate cortex) that are where the retrosplenial scene area is located in
humans. In the second level, DVT and ProS have connectivity to ventromedial visual regions (VMV1–3 and VVC). These ventromedial visual regions
also have EC from V3CD where the occipital scene area is located, from the nearby inferior parietal PGp region, and from MT, MST, etc. in the dorsal
visual stream. In the third level, the ventromedial visual regions have EC to the medial parahippocampal regions PHA1–3. The medial parahippocampal
regions PHA1–3 also have EC from the ventrolateral stream region FFC (and also from some STS and auditory regions). The parahippocampal scene area
is located at the intersection of the ventromedial visual regions (VMV1–3 and VVC) and medial parahippocampal regions PHA1–3. In the fourth level,
the medial parahippocampal regions PHA1–3 have connectivity to the hippocampal memory system (green arrow). The widths of the lines and the size
of the arrowheads indicate the magnitude and direction of the EC.

The difference of the effective connectivities in the two direc-
tions between every pair of nodes is an interesting parameter,
and it is not clear how accurately the current Hopf algorithm
and data allow this to be measured. For reasons related to how
different networks in the brain interact, the coupling should
not be too strong, or the two separate brain regions will be
too strongly locked together and will not be able to compute
something different (Renart et al. 1999a; Rolls 2016, 2023a). The
regime in which two coupled attractor networks can operate to
some extent independently, but where one can act as a trigger
to another, or where the networks interact usefully as in top-
down attention, is where the coupling g between the two attractor
networks is in the order of g = 0.1, indicating that the strength
of the interconnectivity should be about 0.1 of the connectiv-
ity within each attractor network (Renart et al. 1999a, 1999b;

Rolls et al. 2012; Rolls and Deco 2015; Rolls 2023a). But the effects
of different ratios for the connectivity in the two directions has
been less explored (Rolls et al. 2012; Rolls and Deco 2015; Rolls
2023a). One additional point is of interest: whatever the forward
and backward effective connectivities may be between two brain
regions in a hierarchy in the cerebral cortex, the representation at
a higher level is not transferred back to early levels. For example,
neurons in V1 do not have large receptive fields of 70◦ with
selective tuning to different objects or faces, yet this is what is
represented in the inferior temporal visual cortex (Rolls 2016,
2023a). The functions of the cortico-cortical backprojections/top
down influences therefore have different functions than transfer-
ring representations back down the hierarchy, and these functions
include top-down attention and memory recall (Rolls 2016, 2023a).
For these functions to operate correctly, and in such a way that
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the top-down modulation does not dominate bottom-up input
from the world, the backprojections need to be weaker than the
feedforward bottom-up connections, as analyzed and described
elsewhere (Renart et al. 1999a, 1999b; Deco and Rolls 2005a, 2005b;
Rolls 2016, 2018; Rolls et al. 2023a, 2023d, 2023c).

It is interesting that the latency of the peak of the MEG response
is quite long in regions such as posterior inferior temporal visual
cortex (TE1p 260 ms) and anterior temporal lobe (semantic) cortex
(TE1a 280 ms, see Fig. 2). Part of this is related to the peak of
the MEG response in V1, V2, and V4, which is 100 ms, with some
response evident at 60 ms. In macaques, the time for the operation
of each cortical stage of visual processing is approximately 15 ms
(Rolls 1992, 2023a), even allowing for the recurrent dynamical
processing within each cortical region (Panzeri et al. 2001; Rolls
2023a). The longer latencies in humans may be related to the
longer transmission distances, and also perhaps for recurrent pro-
cessing between many cortical regions that are required to build
semantic representations in human anterior temporal cortex TE
regions (Rolls et al. 2022a, 2023c; Rolls 2023a). In any case, the
faster transmission times likely in dorsal stream visual cortical
regions did not contribute to the present results, which focused
on ventral stream visual cortical regions.

In a previous MEG investigation, the feedforward Granger
causality was greater in most cases then the feedback Granger
causality in the gamma band (40–75 Hz), with the reverse
in the alpha-beta band (7–19 Hz) (Michalareas et al. 2016).
However, that investigation is not closely comparable to the
present investigation in that forward vs backward directionality
was measured not by the known position anatomically and
by neurophysiological analysis in the hierarchy, but instead by
analysis of feedforward vs feedback anatomical connections
between any pair of cortical regions in macaques, and the cortical
regions included regions in both the dorsal and ventral visual
streams that may have different processing speeds. It is also
noted that that investigation did not investigate the VMV and PHA
regions leading toward the hippocampal memory system, and
that this is a key pathway analyzed in the present investigation.

The new findings made possible by this MEG design include
the following. (i) The signal flow through ventral stream visual
cortical regions in the first 300 ms after visual stimulus pre-
sentation from V1, V2, and V4 to V8, and then the FFC, and
then posterior inferior temporal cortex TE1p, and then anterior
temporal lobe regions such as TE1a has been made clear (Fig. 2)
in a way that is not possible with fMRI. (ii) The MEG analysis of
EC and functional connectivity and connections measured with
DTI of ventral stream visual cortical regions including VMV and
PHA regions is performed for the first time using the HCP-MMP
parcellation of the cerebral cortex, which not only is the best
defined parcellation of the cerebral cortex as it uses anatomical,
functional connectivity, and task-related fMRI activation data to
define 360 cortical regions (Glasser et al. 2016), but also allows
direct comparison with HCP fMRI data analyzed using the same
atlas (Rolls et al. 2022a, 2023c). (iii) The analysis here shows, based
on the latency of activation of visual cortical regions (Fig. 2), and
the consistent directionality of the EC shown in Fig. 5, that with
the fast neuroimaging method of MEG it is possible to measure the
forward signal flow and the corresponding forward-directed EC up
through cortical hierarchies, the lateral and medial ventral visual
cortical streams. This is important, for the EC when measured
with the BOLD fMRI time signal, which is much slower with a time
to respond taken as tau = 2 s, appears to show EC in the reverse
direction, though the sign was set in our previous papers to show
what should be the correct forward connectivity up through the

visual system (Rolls et al. 2023c) that is now confirmed with MEG.
An independent fMRI investigation has confirmed this by show-
ing, using the Gilson et al. EC algorithm (Gilson et al. 2016), that the
EC measured with the BOLD signal is stronger from V3 to V2, and
from V2 to V1, than vice versa (Gravel et al. 2020). Possible reasons
for the reverse effect measured with the BOLD signal such as top-
down effects of reverberating neural activity in higher including
short-term memory cortical regions that dominate the processing
over the long time period of 2 s have been considered above. It is
noted that in our papers involving the measurement of EC (Rolls
et al. 2022a, 2022b, 2023b, 2023c, 2023d, 2023e, 2023f, 2023i, 2023j),
the connectivity has always been shown with the required sign
reversal for the BOLD signal measurement to show the stronger
EC in the bottom-up forward direction that is based on evidence
from neurophysiology and from anatomical connections (Kandel
et al. 2021; Rolls 2023a).

In addition, it is important that the analysis described here
with MEG measures EC in the period 1.2 s after visual stimulus
presentation (the visual stimuli are presented at bin 31 in the
time series of 91 time bins with sampling every 20 ms), so the
results with MEG measure mainly the effects from V1 up through
visual cortical regions given the time courses shown in Fig. 2,
which support the EC directionalities shown in Fig. 4. It is also
important that the effective connectivities measured with MEG
for the ventral stream cortical regions are generally consistent
with those measured with the BOLD fMRI signal (Rolls et al. 2023c)
apart from the directionality, and the lower spatial resolution of
MEG. It is also the case that the difference in the magnitude of
the directionality measured with MEG is small (Fig. 4), which is
probably because tau = 20 ms is a short time period.

In conclusion, the effective connectivities of two ventral visual
cortical streams measured with task-related MEG provide com-
plementary support to the hierarchical organization of brain sys-
tems measured with resting-state fMRI (Rolls et al. 2022a, 2022b,
2023b, 2023c, 2023d, 2023e, 2023f, 2023I, 2023j), and help to reveal
the hierarchical organization of the visual cortical regions in
humans. We show for example two visual pathways to the hip-
pocampal episodic memory system in humans. One is a ven-
tromedial visual pathway from V1 to V4 via VMV and medial
hippocampal regions PHA1–3 where the parahippocampal scene
or place area is located to provide scene (“where”) information to
the hippocampal episodic memory system. The second is a ven-
trolateral visual stream from V1 to V4 via V8, FFC and PIT to PIT
cortex TE1p and TE2p and then to the lateral parahippocampal
region TF to provide “what” information about faces and objects to
the hippocampal episodic memory system. Understanding these
pathways to the hippocampal episodic memory system is leading
to a deep re-evaluation of the types of “where” and “what” inputs
that are fundamental for understanding the functions of the
human and non-human primate hippocampal system in episodic
memory (Rolls et al. 2023a, 2023c, 2023d). It is also revealed with
MEG how the ventrolateral visual pathways reach the human
anterior temporal lobe which is shown to be multimodal and
therefore suited to building semantic representations (Rolls et al.
2022a; Rolls 2023a). The use of the fast neuroimaging modality
MEG in this investigation helps to reveal the directionality of these
effective connectivities when visual stimuli are being presented in
a task.
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