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Mapping the functional and structural connectivity of the
scene network

David M. Watson | Timothy J. Andrews

Department of Psychology and York
Neuroimaging Centre, University of York, Abstract
York, UK The recognition and perception of places has been linked to a network of scene-
Correspondence selective regions in the human brain. While previous studies have focussed on func-
David M. Watson, Department of Psychology
and York Neuroimaging Centre, University of
York, York YO10 5DD, UK. their connectivity with other cortical and subcortical regions in the brain. Here, we
Email: david.watson@york.ac.uk

tional connectivity between scene-selective regions themselves, less is known about

determine the functional and structural connectivity profile of the scene network.
We used fMRI to examine functional connectivity between scene regions and across
the whole brain during rest and movie-watching. Connectivity within the scene net-
work revealed a bias between posterior and anterior scene regions implicated in per-
ceptual and mnemonic aspects of scene perception respectively. Differences
between posterior and anterior scene regions were also evident in the connectivity
with cortical and subcortical regions across the brain. For example, the Occipital
Place Area (OPA) and posterior Parahippocampal Place Area (PPA) showed greater
connectivity with visual and dorsal attention networks, while anterior PPA and Retro-
splenial Complex showed preferential connectivity with default mode and frontopar-
ietal control networks and the hippocampus. We further measured the structural
connectivity of the scene network using diffusion tractography. This indicated both
similarities and differences with the functional connectivity, highlighting biases
between posterior and anterior regions, but also between ventral and dorsal scene
regions. Finally, we quantified the structural connectivity between the scene network
and major white matter tracts throughout the brain. These findings provide a map of
the functional and structural connectivity of scene-selective regions to each other

and the rest of the brain.

KEYWORDS
diffusion MRI, fMRI, functional connectivity, naturalistic imaging, scene perception, structural
connectivity

1 | INTRODUCTION thought that the processing of such features critically depends on a

core network of scene-selective regions in the human brain (Epstein &
Human observers are able to extract a wide variety of features from Baker, 2019; Julian et al., 2018). This network comprises the Parahip-
scenes, including contextual, spatial and navigational information. It is pocampal Place Area (PPA; Epstein & Kanwisher, 1998) on the ventral

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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temporal surface, the Retrosplenial Complex (RSC; Maguire, 2001)—
sometimes also referred to as the Medial Place Area (MPA; Silson
et al., 2016)—on the medial parietal surface, and the Occipital Place
Area (OPA; Dilks et al., 2013) on the lateral occipital surface. These
core regions are complemented by a more extended network of
regions implicated in higher-level aspects of scene processing. Such
regions include, but are not limited to, dorsal parietal areas implicated
in visuospatial coding (Kravitz et al., 2011), medial temporal regions
involved in memory and navigation (O'Keefe & Nadel, 1978) and
medial parietal cortices implicated in representations of familiar envi-
ronments (Silson et al., 2019).

The function of a given region depends not only on the tuning of
neurons within the region itself, but also on how it connects with
wider networks across the brain. Although the functional properties
of scene-selective regions have been researched extensively, less is
known about how these regions connect with each other and the rest
of the brain. Previous studies employing resting-state functional con-
nectivity have suggested a division between a posterior network
including the OPA and posterior portions of the PPA, and an anterior
network including the RSC and anterior portions of the PPA
(Baldassano et al., 2013; Nasr et al., 2013; Silson et al., 2016; Tullo
et al.,, 2023). The majority of studies have focussed on estimating
functional connectivity between scene-responsive regions of interest.
In contrast, the connectivity of the core scene regions to much of the
rest of the brain remains unclear. Our current understanding is that
the posterior network connects more strongly with early visual
regions and is proposed to primarily support processing of visual fea-
tures within the immediately viewable scene. Meanwhile, the anterior
network connects more strongly with extended scene regions such as
the hippocampus, precuneus, posterior cingulate and caudal inferior
parietal lobule and is proposed to support higher-level aspects of
scene processing such as navigation, recognition and memory recall
(Baldassano et al., 2016). However, as almost all previous studies have
measured functional connectivity at rest (although see Steel
et al., 2021), it is less clear whether similar patterns are evident during
naturalistic viewing (e.g., movie-watching), which may capture more
natural cognitive states in the brain (Finn, 2021). Thus, a comprehen-
sive account of the functional connectivity of the core scene regions
to each other and to the rest of the brain under different experimental
paradigms remains lacking.

An alternative approach to measuring connectivity between
regions is to measure the structural white matter connections. While
functional connectivity measures the similarity of the time-course of
response between regions in a network, structural connectivity pro-
vides a more direct measurement of anatomical connectivity. Never-
theless, relatively little is known about the structural connectivity of
the scene network. Studies of monkey anatomy have identified tracts
connecting RSC to the medial temporal lobes, posterior cingulate, pre-
frontal cortices and caudal inferior parietal lobule (Kobayashi &
Amaral, 2003, 2007; Kravitz et al., 2011). In humans, diffusion imaging
studies have identified white matter tracts connecting the RSC to the
hippocampus and prefrontal cortices (Greicius et al., 2009), and tracts

connecting PPA and early visual cortices (Kim et al., 2006). We are

not aware of any studies to date examining the structural connectivity
of the OPA. Thus, a full account of the structural connectivity profile
of the scene regions in humans is also lacking.

In this study, we aim to provide a comprehensive description of
the functional and structural connectivity of the core scene regions to
each other and the rest of the human brain. We leverage a combina-
tion of ‘in-house’ and publicly available fMRI datasets to estimate
functional connectivity across a range of movie-watching and resting-
state paradigms. We then use a large diffusion imaging dataset from
the Human Connectome Project to further measure structural con-

nectivity between regions.

2 | METHODS

21 | Datasets

We used three MRI datasets—one dataset (Game of Thrones) was col-
lected ‘in-house’, and we obtained data from two further publicly
available MRI datasets (StudyForrest and the Human Connectome

Project).

211 | Game of Thrones

Our first dataset was collected ‘in-house’—this dataset has been
described previously (Noad et al., n.d., in review). We recruited 45 par-
ticipants (15 male, 30 female, age range = 18-32, median age = 19)
who were all neurologically healthy and had normal or corrected-
to-normal vision. An additional 28 developmental prosopagnosics
were also recruited, who are not analysed in the current study. Writ-
ten consent was obtained from all participants and the study was
approved by the ethics committee of the York Neuroimaging Centre
(York, UK).

MRI data were collected at the York Neuroimaging Centre on a
3 T Siemens Magnetom Prisma scanner using a 64-channel head coil.
Functional data were acquired from 60 axial slices using a multiband
EPI sequence (TR =25, TE = 30 ms, FOV = 240 x 240 mm, matrix
size = 80 x 80, 3 mm°® isotropic voxels, flip angle = 80°, anterior-
posterior phase encoding direction, multiband acceleration
factor = 2). Additional field-map images were acquired in the same
plane as the functional images (TR = 554 ms, short TE = 4.9 ms, long
TE = 7.38 ms, flip angle = 60°, other parameters as per functional
images). Finally, high-resolution T1-weighted anatomical images were
acquired from 176 sagittal slices (TR=23s, TE=226ms,
FOV = 256 x 256 mm, matrix size = 256 x 256, 1 mm°® isotropic
voxels, flip angle = 8°).

Participants completed two functional scan runs. Participants first
completed a movie-viewing paradigm, in which they passively viewed
short audiovisual clips (ranging from 50 to 117 s duration; total
duration = 12 min 58 s) taken from the Game of Thrones television
series. Videos were presented at the full resolution of the screen
(1920 x 1080 pixels, subtending approximately 38.7° x 22.3° of
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visual angle). Secondly, participants completed a functional localiser
scan. Images of faces, scenes and phase scrambled faces were pre-
sented in a block design. In each 9 s block, 4 images from a given con-
dition were presented in sequence (600 ms duration, 200 ms ISI)
followed by a 6 s blank period. A mid-grey screen was displayed dur-
ing the ISIs and blank periods. There were 9 blocks per condition
(27 blocks total, 4 min 4 s scan duration). To maintain attention, par-
ticipants performed an orthogonal task detecting occasional changes
in the colour of the fixation cross, responding via a button press. Face
images were sourced from the Radboud face database (Langner
et al., 2010) and displayed on a grayscale 1/f amplitude mask back-
ground. Scene images were sourced from the SUN database (Xiao
et al., 2010). All images subtended 8.4° of visual angle. In all scans,
stimuli were back-projected onto an in-bore screen at a viewing dis-
tance of approximately 57 cm. Stimuli were presented in PsychoPy
v3.1.5 (Peirce et al., 2019).

2.1.2 | StudyForrest

We next obtained movie-watching, retinotopy and functional localiser
MRI data for 15 participants from the publicly available StudyForrest
dataset (Hanke et al., 2014, 2016; Sengupta et al., 2016). Briefly, in
the movie-watching paradigm, participants passively viewed and lis-
tened to approximately 2 h of the Forrest Gump movie. In retinotopy
runs, the stimulus comprised a flickering chequerboard displayed
within rotating wedge or expanding/contracting ring apertures. For
the functional localiser, participants viewed images of human bodies,
human faces, houses, inanimate objects, scenes and phase scrambled
versions of those images. High-resolution T1- and T2-weighted ana-
tomical images were also acquired. All data were acquired on a 3T
Philips Achieva MRI scanner.

2.1.3 | Human Connectome Project

Finally, we obtained resting-state, movie-watching, task and diffusion
MRI data from the Human Connectome Project (HCP; Van Essen,
Ugurbil, et al., 2012). We used a subset of 174 participants from the
51200 release who had fully completed all resting-state and movie-
watching scans. Five participants had missing diffusion data and were
omitted from structural connectivity analyses (leaving n = 169), and
three participants had missing task data and were omitted from func-
tional localiser analyses (leaving n = 171). A list of the participants is
provided in Table S1.

Resting-state and movie-watching data were acquired on a 7 T
Siemens Magnetom MRI scanner. The resting-state data comprised
four scan runs, each approximately 16 min in duration, in which par-
ticipants viewed a fixation on a dark background with their eyes open.
For the movie-watching paradigm, participants passively viewed
approximately 1 h of short audiovisual clips (split across four scan
runs) taken from various Hollywood and independent movies (Cutting
etal, 2012).

Task fMRI and diffusion data were acquired on a 3 T Siemens
Skyra MRI scanner with a customised gradient coil. We obtained data
from the working memory task to localise scene-selective brain
regions. Participants viewed images of human bodies, human faces,
scenes and tools while performing a O-back or 2-back recognition
task. The diffusion data includes approximately 90 diffusion directions
and 3 shells (b = 1000, 2000 and 3000 s/mm?). Full details of all HCP
datasets can be found in the WU-Minn HCP S1200 Data Release ref-

erence manual.

2.2 | Pre-processing

2.2.1 | Game of Thrones and StudyForrest

Data from the Game of Thrones and StudyForrest datasets followed
the same pre-processing pipeline. All pre-processing was performed
with FSL (Jenkinson et al., 2012).

Pre-processing of functional data was performed with FEAT. For
localiser data, pre-processing included the following steps: motion
correction using MCFLIRT (Jenkinson et al., 2002), slice-timing correc-
tion, non-brain removal using BET (Smith, 2002), spatial smoothing
using a Gaussian kernel (FWHM = 6 mm, twice the voxel size), grand-
mean intensity normalisation by a single multiplicative factor and
high-pass temporal filtering. Pre-processing of the StudyForrest reti-
notopy data followed the same steps but omitted the spatial smooth-
ing. High-pass temporal filter bandwidths were set at 0 = 25, 24 and
50 s for the Game of Thrones localiser, StudyForrest localiser and
StudyForrest retinotopy datasets respectively. For the StudyForrest
datasets, the motion correction additionally registered each scan to a
participant-specific EPI template.

Movie-watching data followed the same pre-processing pipeline
as the localiser plus two additional denoising steps. First, an ICA-
based denoising strategy was applied prior to the temporal filtering
but following all other pre-processing steps listed above. MELODIC
(Beckmann & Smith, 2004) estimated spatiotemporal independent
components from the data. The ICA-AROMA toolbox (Pruim
et al., 2015) was then used to automatically label noise components
associated with head motion and regress them out of the data. This
was done using an aggressive denoising strategy, such that all vari-
ance associated with the noise components was removed. High-pass
temporal filtering (0 = 50 s) was applied following the ICA denoising.
A component-based (CompCor) denoising strategy (Behzadi
et al, 2007) was then applied to remove CSF-related signals. FSL's
FAST tool (Zhang et al., 2001) was used to derive tissue segmenta-
tions from the high-resolution anatomical images (T1-weighted for
Game of Thrones, and T1- and T2-weighted for StudyForrest). The
CSF partial volume estimates were transformed to the functional vol-
umes and thresholded at 90% to generate a mask. We obtained the
mean and first four principal component timeseries from this CSF
mask and regressed them out of the data.

Non-brain removal of the high resolution T1 anatomical images

was performed using BET. Functional images were co-registered to
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the anatomical images via boundary-based registration (Greve &
Fischl, 2009). For the Games of Thrones dataset, the field-maps were
used to apply BO unwarping to the functional images during the
boundary-based registration step. The anatomical images were then
further registered to the MNI152 brain via a nonlinear registration by
FNIRT (Andersson et al., 2010). Additionally, cortical surfaces and sub-
cortical segmentations were generated from the anatomical images

using Freesurfer (Dale et al., 1999).

222 | Human Connectome Project

All datasets were obtained following application of the HCP minimal
pre-processing pipeline (Glasser et al., 2013; Smith et al., 2013) includ-
ing ICA-based denoising. Briefly, this includes gradient distortion cor-
rection, motion correction, high-pass temporal filtering (o = 1000 s)
and automated removal of noise components via FSL's FIX tool
(Salimi-Khorshidi et al., 2014). Subcortical data were nonlinearly regis-
tered to the MNI brain, and cortical data were registered to the
fsLR32k standard surface (Van Essen, Glasser, et al., 2012) via a multi-
modal surface-based alignment (MSMAII; Robinson et al., 2014, 2018)
that incorporates information about cortical folding, resting-state net-
work and visuo-topic maps, and areal features derived from myelin
maps. The minimal pipeline incorporates some spatial smoothing—we
applied additional smoothing (surface-based for cortical data and
volume-based for subcortical data) to achieve an effective FWHM of
3.2 mm for resting-state and movie-watching data, and 4 mm for task
data (twice the voxel resolution). For task data, an additional more

stringent high pass temporal filter (o = 100 s) was applied.

2.3 | Regions of interest

2.3.1 | Early visual regions
We defined regions of interest (ROIs) for V1v, V1d, V2v and V2d. For
the Game of Thrones and HCP datasets, ROIs were defined from the
Benson retinotopic atlas (Benson et al., 2014). For the Game of
Thrones dataset, ROIs were anatomically registered to each partici-
pant's cortical surface and restricted to the inner 19° of eccentricity
(corresponding to half the visual angle of the movie stimulus). For the
HCP datasets, we obtained pre-calculated population receptive field
(pRF) estimates for each participant (Benson et al., 2018). The Benson
retinotopic atlas was then registered to each participant's surface via
a Bayesian approach (implemented in the neuropythy toolbox) that
incorporates information from the anatomy and pRF estimates to
improve registration of the retinotopic maps (Benson &
Winawer, 2018). The ROIs were then restricted to the inner 11° of
eccentricity (corresponding to half the visual angle of the movie
stimulus).

For the StudyForrest dataset, we defined ROIs manually from
retinotopic maps in each participant. First, the unsmoothed retinotopy

data were transformed onto the cortical surface. We then performed

a travelling wave analysis using the 3dRetinoPhase command in AFNI
(Cox, 1996; Saad et al., 2001). The resulting polar angle phase maps
were used to define ROIs by manually tracing along the phase rever-
sals. For the Game of Thrones and StudyForrest datasets, all ROIls
were transformed from the cortical surfaces to the functional

volumes.

2.3.2 | Core scene regions
We functionally defined group-level ROIs for the core scene-selective
regions—the OPA, RSC, and posterior and anterior divisions of the
Parahippocampal Place Area (pPPA, aPPA). Data for the Game of
Thrones and StudyForrest localiser scans were analysed with FEAT.
Boxcar regressors were defined for each condition (Game of Thrones:
faces, scenes and scrambled; StudyForrest: bodies, faces, houses,
objects, scenes and scrambled) and convolved with a single-gamma
hemodynamic response function. These regressors, plus their tempo-
ral derivatives and six head motion confound regressors, were entered
into a first-level GLM analysis (Woolrich et al., 2001). Scene-selective
contrasts were defined as ‘scenes > (faces 4+ scrambled)’ for the
Game of Thrones dataset and ‘(scenes + houses) > faces’ for
the StudyForrest dataset. For the StudyForrest dataset, parameter
estimates were combined over scan runs by a higher-level fixed
effects analysis using FLAME (Woolrich et al., 2004). Individual esti-
mates were then entered into a group-level mixed-effects analysis
using FLAME. We used a clustering algorithm to define ROIs from the
scene-selective statistical maps. Seeds were defined at the peak vox-
els within each of the target regions, and the algorithm defined clus-
ters of 250 spatially contiguous voxels (2000 mm®) around each of
these seeds by iteratively adjusting the threshold till the target size
was achieved (actual sizes varied slightly as an optimal solution was
not always possible). In line with previous studies of the scene net-
work (Baldassano et al., 2016), we divided the PPA region into poste-
rior and anterior subdivisions. We split the full PPA region at the
y-axis coordinate that most evenly balanced the volumes of the subdi-
visions (~1000 mm® each). The group level ROIs were then trans-
formed from the MNI volume to each participant's functional volume.
We analysed the HCP task data using scripts from the HCP pipe-
lines (https://github.com/Washington-University/HCPpipelines; Glasser
et al., 2013), which internally use FEAT. In the working memory
task, participants viewed images from different visual object cate-
gories while performing a O-back or 2-back recognition task—by
ignoring the task component, this data can be used to localise
category selective regions. Eight boxcar regressors were defined
for each condition (bodies, faces, scenes and tools in each task),
and convolved with a double-gamma hemodynamic response
function. These were entered into a first-level GLM analysis
alongside their temporal derivatives. Twelve confound regressors,
comprising head motion parameters and their temporal deriva-
tives, were also included. Scene-selective contrasts were defined
as ‘scenes > faces’, collapsing across the tasks. Parameter esti-

mates were combined over scan runs within each participant by
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a higher-level fixed-effects analysis, and then further over partici-
pants by a higher-level mixed-effects analysis using FLAME. We
then used a surface-based clustering algorithm to define clusters
of spatially contiguous vertices (~500 mm?) around the peak ver-
tices of each scene region. The PPA region was then split at the
y-axis coordinate that most evenly balanced the surface area of
the posterior and anterior sub-divisions (~250 mm? each).

Figure S1 shows the scene-selective contrasts and locations of
scene ROIs in each dataset. A summary of the locations and size
of each ROl is provided in Table S2, and a summary of the posterior
and anterior PPA subdivisions is given in Table S3.

2.3.3 | Extended scene regions

We defined two additional extended scene regions suggested to show
preferential connectivity with anterior core scene regions (Baldassano
et al., 2016). In line with previous studies (Baldassano et al., 2013,
2016; Silson et al., 2016), we defined an ROI for the caudal Inferior
Parietal Lobule (cIPL) from the PGp region of the JuBrain/SPM Anat-
omy Toolbox (Caspers et al., 2006; Eickhoff et al., 2005). The cIPL and
OPA regions occasionally overlapped slightly—in these cases the over-
lap was removed from both masks. The cIPL masks were then trans-
formed from the MNI volume to each participant's functional volume
(Game of Thrones and StudyForrest) or fsLR32k surface (HCP). We
also defined participant-specific ROIs for the hippocampus using Free-
surfer's automatic subcortical segmentation of the anatomical images
(Fischl et al., 2002). These were then transformed to each participant's
functional volume (Game of Thrones and StudyForrest) or MNI
volume (HCP).

2.4 | Functional connectivity
For each dataset the pre-processed and denoised functional time-
series were converted to units of percent signal change. In the Study-
Forrest and HCP datasets, where there are multiple scan runs, the
timeseries were concatenated over runs. Timeseries were then aver-
aged over grayordinates within each ROI.

We first measured functional connectivity between the early
visual (V1 — V2v/d), core scene (OPA, pPPA, aPPA, RSC) and
extended scene regions (cIPL, hippocampus). Timeseries were corre-
lated between all pairings of ROIs across both hemispheres. Correla-
tions were converted to units of Fisher's z then averaged over
participants. To provide additional visualisations, we applied multidi-
mensional scaling and hierarchical clustering. The group average cor-
relation matrix was converted back to units of Pearson's r then
converted to correlation distances. This was then submitted to metric
multidimensional scaling (implemented in scikit-learn; Pedregosa
et al., 2011) and hierarchical clustering using an unweighted average
distance method (implemented in scipy; Virtanen et al., 2020).

We further examined connectivity between the core scene
regions (OPA, pPPA, aPPA, RSC) and the rest of the brain. We first

employed a seed-based approach—average timeseries for each core
scene ROI were correlated with all grayordinates throughout the rest
of the brain. The resulting whole-brain correlation maps were con-
verted to Fisher's z, and then submitted to group analyses using a per-
mutation testing procedure implemented with the PALM toolbox
(Winkler et al., 2014). Sign-flip permutations were used to perform:
(1) one-sample tests of correlations for each seed region against zero
and (2) paired-samples tests of correlations between seed regions. We
generated Threshold Free Cluster Enhanced (TFCE; Smith &
Nichols, 2009) images, then used a maximum permutation statistic
approach to derive p-values controlling for the FWER over grayordi-
nates and positive/negative contrasts (Alberton et al., 2020). For the
HCP data, the permutation tests additionally controlled the FWER
over left and right surfaces (Winkler, Webster, et al., 2016), and a fur-
ther Bonferroni correction was applied for two comparisons over the
surface and subcortical structures. We ran 1000 permutations for
each comparison, and p-values were derived from a gamma function
approximation of the permutation distribution (Winkler, Ridgway,
et al, 2016).

To provide a summary of the connectivity with the rest of the
brain, we additionally measured connectivity with 17 resting-state
networks across the cortex (Yeo et al, 2011). To prevent double-
dipping, any overlap between a given scene and network region was
removed from the network region prior to further analysis. Timeseries
were averaged over grayordinates within each of the 17 networks in
each hemisphere then correlated with the average timeseries for the
core scene regions. We also employed the same approach to examine
connectivity with nine subcortical structures (amygdala, caudate
nucleus, cerebellar cortex, hippocampus, nucleus accumbens, palli-
dum, putamen, thalamus and ventral diencephalon). These structures
were defined from each participant's anatomical image using Free-
surer's automatic subcortical segmentation (Fischl et al., 2002). Note
that the hippocampus region is identical to the one included in the
extended scene ROls. Timeseries were averaged over voxels within

each subcortical structure and correlated with the core scene regions.

2.5 | Structural connectivity

All diffusion data were obtained after processing by the HCP diffusion
analysis pipeline (Glasser et al., 2013) including distortion correction
with EDDY and modelling of crossing fibres with BEDPOSTX. We
then conducted probabilistic tractography analyses using PROB-
TRACKX2. All surface ROIs were transformed from the fsLR32k sur-
face to each participant's diffusion volume and restricted to the grey
matter ribbon. In all analyses we included the pial surface as a termi-
nation mask, such that streamlines would be terminated and retained
upon contact—this helps prevent anatomically implausible streamlines,
for instance crossing between sulci or the medial surfaces of the
hemispheres. A volume mask of all subcortical grey matter was also
included as a ‘wtstop’ termination mask, such that streamlines could
enter the mask but would be terminated and retained upon attempt-

ing to leave. Finally, a mask of the ventricles was included as an
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exclusion mask—any streamlines contacting this would be terminated
and excluded. All tractography analyses employed modified Euler
streamlining, loop-checking, and the following parameters: maximum
steps = 2000, step length = 0.5 mm, curvature threshold = +80°,
minimum streamline length = 5 mm and subsidiary fibre volume frac-
tion threshold = 0.01.

We first measured structural connectivity between the early
visual (V1 —V2v/d), core scene (OPA, pPPA, aPPA, RSC), and
extended scene regions (cIPL, hippocampus). This entailed running
PROBTRACKX2 in its ‘network’ mode. Each region in turn was cho-
sen as a seed, and 5000 streamlines were seeded from each voxel
within it. All other regions were included as waypoint masks, so that
only streamlines which hit at least one of the other regions were
retained. Repeating this for each seed region generates a square con-
nectivity matrix counting the number of streamlines from each seed
region hitting each of the other target regions. Each row of this matrix
was then normalised by the ‘waytotal’ (the total number of valid
streamlines) for the corresponding seed region, yielding a matrix of
connection probabilities representing the proportion of valid stream-
lines from each seed region hitting each of the other target regions.
These probability matrices were then averaged over participants. We
additionally submitted the group average matrix to multidimensional
scaling and hierarchical clustering by subtracting the probabilities from
one to convert to a distance metric and averaging over the diagonal
to render the matrix symmetrical.

We next performed seed-based tractography analyses to estimate
structural connectivity over the whole brain. A given core scene
region was selected as the seed, and 5000 streamlines were seeded
from each voxel within it. No waypoint masks were included. This
produced a whole brain map of streamline counts which was then
normalised by the waytotal to generate a map of connection probabil-
ities. Each of these probability maps were then transformed to the
MNI space and entered into group permutation analyses using
the PALM toolbox. This proceeded as described for the functional
seed connectivity analyses. Sign-flip permutations were used to con-
duct one-sample tests of the connection probabilities against zero and
paired-sample tests of the connection probabilities between regions.
TFCE statistic images were generated, and corresponding FWER-
corrected p-values derived using a maximum permutation statistic
approach and a gamma approximation of the permutation distribution.

To provide a summary of grey-to-grey matter structural connec-
tivity over the whole brain, we next performed tractography ana-
lyses between the core scene regions and the 17 resting-state
networks (Yeo et al, 2011) and subcortical structures (Fischl
et al., 2002). The resting-state networks were projected from the
fsLR32k surface to each participant's diffusion volume and restricted
to the cortical ribbon. A given scene region was entered as the seed
region, seeding 5000 streamlines from each voxel, and all resting-
state networks in both hemispheres were entered as both target
and waypoint masks. This ensured that only streamlines hitting at
least one of the network regions were retained. Any overlap
between the seed and network regions was removed from the net-

work regions beforehand. We measured the number of streamlines

hitting each target region and normalised by the waytotal to pro-
duce a vector of connection probabilities from the seed to each net-
work region. The same procedure was used to measure connection
probabilities from each scene region to the subcortical structures.
The resulting seed-to-target connection probability matrices were
averaged over participants.

Finally, to provide a summary of grey-to-white matter structural
connectivity, we measured connectivity between the core scene
regions and major white matter tracts using the XTRACT toolbox
(Warrington et al., 2020). In an initial stage, probabilistic tractogra-
phy analyses were applied to each participant's diffusion data to
generate individualised reconstructions of 42 white matter tracts
(19 lateralised tracts in each hemisphere plus 4 interhemispheric
tracts). In a second stage, connectivity blueprints are generated esti-
mating tract termination maps across the cortical surface. A whole-
brain tractography analysis was run using the white/grey-matter
boundary surface as a seed mask, seeding 1000 streamlines per ver-
tex, and the whole brain white-matter as a target mask. This gener-
ated a matrix of streamline counts from each surface vertex to each
white matter voxel. A corresponding connectivity matrix was gener-
ated between the tracts identified in the first stage and all white-
matter voxels. Taking the product of these two matrices yields a
vertex-by-tracts matrix, representing whole-brain connectivity blue-
prints for each tract. High loadings between a given vertex and tract
indicate a high probability of that tract terminating at that location
on the white/grey-matter boundary. For each tract, we averaged
the blueprint loadings over vertices within each of the core scene
ROIs, then further averaged over participants. This produced an
ROIs-by-tracts matrix indicating the structural connectivity between

each scene region and tract.

3 | RESULTS

3.1 | Functional connectivity

We first examined the functional connectivity profile of the scene
network using three movie-watching (Game of Thrones, StudyForrest
and HCP) datasets plus a resting-state dataset from the HCP. To
begin, we measured connectivity between early visual (V1 — V2v/d),
core scene (OPA, pPPA, aPPA, RSC), and extended scene (cIPL, hippo-
campus) regions of interest included in Baldassano et al.'s (2016)
model. Timeseries were averaged over grayordinates within each
region and then correlated between all pairwise combinations of
regions. Group average connectivity matrices are illustrated in
Figure 1a. Connectivity often appeared stronger within than between
each group of regions (early visual, core scene and extended scene).
Within the scene network, the results supported a bias between a
posterior scene network including the OPA which connected more
strongly with early visual regions, and an anterior scene network
including the RSC and connecting more with the extended regions,
with each network converging in the PPA. The overall pattern of con-

nectivity appeared similar both within and between hemispheres,
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FIGURE 1 Functional connectivity between early visual and core and extended scene regions for Game of Thrones, StudyForrest, and HCP

movie-watching and resting-state datasets. (a) Group average correlation matrices for each dataset. (b) Multidimensional scaling and
(c) hierarchical clustering representations of group average correlation matrices.

indicating clear interhemispheric connectivity. The pattern of connec-
tivity also appeared similar across datasets.

To provide an alternative visualisation, we applied multidimen-
sional scaling to the group average connectivity matrices (Figure 1b).
This generates a two-dimensional space where regions which are
more strongly connected appear closer together, and regions which
are less strongly connected appear further apart. Homotopic regions
between hemispheres appeared close together, reflecting strong
interhemispheric connectivity. Early visual regions emerged as a clus-
ter near the top of the space, extended scene regions appeared in the
bottom-right, with core scene regions in between. OPA and pPPA
typically appeared closer to the early visual regions, while aPPA and
RSC emerged closer to the extended scene regions, supporting a bias
between posterior and anterior scene networks which converge in
the PPA. All core scene regions were also well connected with one
another, although a clearer division between posterior and anterior
PPA emerged in the HCP resting-state dataset than the other movie-
watching datasets.

A further visualisation was derived using hierarchical clustering
immediate pairings occurred between

(Figure 1c). The most

homotopic regions in each hemisphere, again highlighting the

interhemispheric connectivity. The early visual, core scene and
extended scene groups each organised into three broad branches,
although the representation of the core scene regions was somewhat
variable over datasets. In the Game of Thrones and StudyForrest data-
sets, the anterior and posterior PPA paired together most immedi-
ately, with the OPA and RSC joining the core scene branch later. In
the HCP movie-watching dataset, the posterior PPA and OPA paired
together first then later joined with the anterior PPA, while the RSC
emerged within the extended scene region branch. The distinction
between posterior and anterior networks appeared clearer in the HCP
resting-state dataset—the posterior PPA and OPA again paired
together, while now both the anterior PPA and RSC joined the
extended scene region branch.

In general, these results support a bias between a posterior
scene network that is more connected with early visual regions, and
an anterior network that is more connected with extended scene
regions, with each network converging in the PPA. Nevertheless,
the scene regions also all appeared well connected to each other,
suggesting against a hard division between posterior and anterior
networks. The distinction between networks appeared greater in

the HCP resting-state dataset than in the other movie-watching
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FIGURE 2

Seed-based functional connectivity between left hemisphere core scene regions and cortical grey matter. Statistical overlays

illustrate FWER-corrected TFCE p-values for one-sample tests of functional connectivity correlations against zero over participants. Annotations
indicate locations of core scene (OPA, PPA, RSC; black outlines) and cIPL (green outlines) regions.

datasets. Previous studies have primarily employed resting-state
functional connectivity and hence may have estimated a larger dis-
tinction between the networks than would have been obtained dur-
ing naturalistic viewing.

Our previous analyses were restricted to a preselected set of
early visual and scene ROIls. We next adopted a number
of approaches to examine connectivity between the core scene
regions and the rest of the brain. We first conducted seed-based func-
tional connectivity analyses between the core scene regions and the
rest of the cerebral cortex. Average timeseries for each core scene
region were correlated with all cortical grayordinates. Cortical connec-
tivity maps for the left hemisphere seeds are displayed in Figure 2,
and for right hemisphere seeds in Figure S2. This revealed extensive
interhemispheric connectivity, and indeed the pattern of connectivity

appeared highly similar in each hemisphere and between homotopic

seeds. Within the HCP dataset, more extensive connectivity was
observed during resting-state than movie-watching, consistent with
previous literature (Betti et al., 2013; Lynch et al., 2018; Wang
et al., 2017). Each of the core scene regions displayed clear connectiv-
ity with each other, but also with many regions outside of the scene
network.

To compare the patterns of connectivity between different scene
regions, we contrasted the connectivity maps. Contrasts between left
hemisphere seed regions are shown in Figure 3, and for right hemi-
sphere seeds in Figure S3. Unthresholded contrasts are displayed in
Figures S4 and S5. For each pair of seeds, the more anterior region is
represented in the positive end of the contrast, such that positive and
negative values would be expected to highlight biases towards more
anterior and posterior regions respectively. The contrasts indicated

greater connectivity between the anterior network and many brain
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FIGURE 3 Contrasts of seed-based functional connectivity measured between left hemisphere core scene regions and cortical grey matter.
Statistical overlays illustrate FWER-corrected TFCE p-values for paired-sample tests of functional connectivity correlations between seed regions
over subjects. Annotations indicate locations of core scene (OPA, PPA, RSC; black outlines) and cIPL (green outlines) regions.

regions implicated in higher-level mnemonic processes, including lat-
eral inferior parietal areas (encompassing the cIPL), medial parietal,
medial temporal, medial frontal and dorsolateral frontal cortices.
Meanwhile, the posterior network appeared more strongly connected
with regions implicated in visual perception, including early visual,
ventral temporal and posterior parietal regions. Finally, the pattern of
connectivity appeared broadly consistent between datasets—this is
most clearly seen in the unthresholded contrasts (Figures S4 and S5).
To provide a summary of the cortical connectivity over different
brain regions, we also measured connectivity between the core scene
regions and 17 cortical resting-state networks (Yeo et al., 2011). The
average timeseries for each core scene region was correlated with
the timeseries averaged over all grayordinates within each of the
17 networks in both hemispheres (after removing any overlap with
the scene region from the network region). Figure 4a-d shows the
correlation matrix for each dataset, and contrasts between regions are
displayed in Figure Séa-d. As before, highly similar patterns of con-
nectivity were observed within and between hemispheres, demon-
strating clear interhemispheric connectivity. The connectivity patterns
also appeared consistent between the datasets. Networks showing
stronger connectivity with posterior (OPA, pPPA) than anterior scene
regions (aPPA, RSC) included Visual A (which includes posterior ven-
tral and lateral occipital visual cortices) and Dorsal Attention A (which
includes lateral occipital and posterior parietal cortices). Meanwhile,
the Control C, Default A and Default C networks (which include

medial temporal, lateral and medial parietal and ventromedial and dor-
solateral prefrontal cortices) consistently showed stronger connectiv-
ity with anterior than posterior scene regions.

Finally, we examined functional connectivity with subcortical
structures. The results of seed-based connectivity analyses within the
subcortical structures are displayed in Figures S7 and S8, and thre-
sholded and unthresholded contrasts between regions are shown in
Figures S9-12. These highlighted bilateral clusters of connectivity
most consistently in the hippocampus, thalamus and cerebellum.
Anterior scene regions showed preferential connectivity with the hip-
pocampus and, less consistently, the thalamus. Multiple clusters were
observed in the cerebellum, variously displaying preferential connec-
tivity with both posterior and anterior scene regions. To provide a
summary of the subcortical connectivity, we measured connectivity
between the core scene regions and each of the subcortical regions in
Freesurfer's Aseg atlas (Fischl et al., 2002). The correlation matrices
for each dataset are shown in Figure 5a-d, and contrasts between
regions are shown in Figure S13a-d. As before, extensive interhemi-
spheric connectivity was observed, and the pattern of connectivity
appeared similar within and between hemispheres. Connectivity pat-
terns also appeared consistent between datasets. Results for the hip-
pocampus are duplicated from the main ROl analyses (Figure 1a)—this
showed preferential connectivity with more anterior regions (aPPA
and RSC). The core scene regions also displayed relatively high con-

nectivity with the thalamus and cerebellum, although this was less
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FIGURE 4 Connectivity between core scene regions and 17 resting-state networks (Yeo et al., 2011). Group average matrices illustrate
functional connectivity for (a) Game of Thrones, (b) StudyForrest, (c) HCP movie-watching, (d) HCP resting-state datasets and (e) structural
connectivity for the HCP dataset. Locations of networks are illustrated on the right.

consistent over datasets and did not show a reliable bias towards the
posterior or anterior networks.

Taken together, these results demonstrate that the bias between
the posterior and anterior scene networks extends to their connectiv-
ity with many other cortical and subcortical regions throughout the
brain. The anterior network showed preferential connectivity with
the default mode and cognitive control networks and the hippocam-
pus. Meanwhile the posterior network showed preferential connectiv-
ity with early visual regions, but also with posterior parietal regions

indicating a possible role for this network in the dorsal visual stream.

3.2 | Structural connectivity

We next employed probabilistic tractography analyses of diffusion
data from the HCP to examine the structural connectivity of the scene
network. The results supported some distinctions between anterior
and posterior scene regions, while also indicating some ventral versus
dorsal differences. We first estimated connectivity between the early
visual and core and extended scene regions. Streamlines were seeded
from each region in turn, and connection probabilities are given by

the proportion of valid streamlines hitting each of the other target
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FIGURE 5 Connectivity
between core scene regions and
subcortical structures. Group
average matrices illustrate
functional connectivity for

(a) Game of Thrones,

(b) StudyForrest, (c) HCP movie-
watching, (d) HCP resting-state
datasets and (e) structural
connectivity for the HCP dataset.
Locations of structures are
illustrated on the right.
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regions. Figure 6a shows the group average connectivity matrix. While
the pattern of connectivity appeared similar in each hemisphere, the
majority of connections appeared to fall within rather than between
hemispheres—in contrast to the functional connectivity. In addition,
the pattern of structural connectivity appeared more heavily influ-
enced by the anatomy than was the case for the functional connectiv-
ity. In some cases, this still supported the distinction between the
posterior and anterior scene regions—for instance a greater propor-
tion of connections were observed between the hippocampus and
anterior (aPPA, RSC) than posterior (OPA, pPPA) scene regions. Other
cases did not follow this trend however—for instance there was a high
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connection probability between OPA and clIPL due to their anatomical
proximity, despite these regions showing minimal functional connec-
tivity. To provide an alternative visualisation, we submitted the con-
(Figure 6b)
hierarchical clustering (Figure 6c). Each of these indicated a clear

nectivity matrix to multidimensional scaling and
divide between the hemispheres, with the left and right hemispheres
emerging on opposite sides of the multidimensional scaling space and
in separate branches of the hierarchical clustering. A broad distinction
was also observed between early visual regions versus core and
extended scene regions. However, there was less distinction between

the core and extended scene regions themselves—the OPA most
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fasciculus; VOF, vertical occipital fasciculus.

immediately paired with the cIPL, the RSC paired with hippocampus,
and the anterior and posterior PPA paired together. Thus, the struc-
tural connectivity between the preselected regions of interest showed
less evidence of a distinction between the posterior and anterior
scene networks than was seen in the functional connectivity.

We next examined the structural connectivity between scene
regions and the rest of the brain. We first performed whole-brain trac-
tography analyses—streamlines were seeded from each of the core
scene regions, and connection probabilities were estimated for all
voxels throughout the brain. These connection probability maps were
then combined over subjects by contrasting the probabilities against
zero or between seed regions. Group-level statistical maps for the left
hemisphere seeds are shown in Figure 7, and for right hemisphere

seeds in Figure S14. Three dimensional renderings of these maps are

shown in Video S1. All of the scene regions showed high densities of
tracts extending anteriorly along the temporal lobe, posteriorly into
the occipital lobes, and superiorly through parietal cortices. Many
interhemispheric tracts were also observed passing through the sple-
nium. Contrasts between left hemisphere seeds are shown in
Figure 8, and for right hemisphere seeds in Figure S15. Animations of
these contrasts are shown in Videos S2 and S3, and unthresholded
contrasts are shown in Figures S16 and S17. Unlike the functional
connectivity, the contrasts more clearly emphasised a distinction
between dorsal and ventral regions, rather than posterior and anterior.
The more ventral anterior and posterior PPA generally showed a
greater density of tracts passing along the temporal lobe. Meanwhile,
the more dorsal RSC and OPA showed greater densities of tracts in

parietal and frontal regions, as well as interhemispheric connections.
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FIGURE 8 Contrasts of seed-based tractography between left hemisphere core scene regions. Statistical overlays illustrate FWER-corrected
TFCE p-values for paired-sample tests of connection probabilities between seed regions over subjects. Annotations indicate locations of core
(OPA, PPA, RSC; black outlines) and extended (cIPL, hippocampus; green outlines) scene regions.

We next sought to provide summaries of the whole-brain struc-
tural connectivity profiles. We first quantified grey-matter to grey
matter connections by performing tractography analyses seeding from
the core scene regions to the 17 cortical resting-state networks (Yeo
et al, 2011) or to the subcortical structures (Fischl et al., 2002).
Streamlines were seeded from each core scene region in turn, and
connection probabilities were given by the proportion of valid stream-
lines hitting each of the target network/subcortical regions. In the
case of the resting-state networks, any overlap with the seed region
was first removed from the network regions. Figure 4e shows the
results of tractography analyses seeding from each of the scene
regions to the resting-state networks, and contrasts between regions
are displayed in Figure Sée. Although there were relatively few inter-
hemispheric connections, the structural connectivity within each
hemisphere did show some resemblance to the functional connectiv-
ity patterns. Posterior scene regions (OPA, pPPA) showed relatively
more connections with the Visual A and Dorsal Attention A networks,
while anterior scene regions (aPPA, RSC) had more connections with
the Visual B, Control C, Default A and Default C networks. Mean-
while, Figure 5e shows the tractography results between the core
scene regions and subcortical structures, and contrasts between
regions are shown in Figure S13e. As noted in the main ROI analyses,
anterior scene regions (aPPA, RSC) showed more connections with
the hippocampus. In addition, the posterior PPA and OPA showed rel-
atively high connection probabilities with the putamen.

Finally, to summarise the connections through the white matter,
we examined the structural connectivity between each of the core
scene regions and major white matter tracts throughout the brain. We
used the XTRACT toolbox (Warrington et al., 2020) to generate indivi-
dualised reconstructions of 42 major white matter tracts. We then ran
a whole-brain tractography analysis, seeding from each surface vertex
along the white/grey-matter boundary. Next, we produced whole-
brain connectivity blueprints by measuring the similarity in the white
matter connectivity patterns between each tract and each vertex—the
resulting statistical maps are proportional to the probability of a given
tract terminating at each location along the white/grey-matter bound-
ary. Group-average heat maps for each tract are illustrated in
Figure S18. We averaged these blueprints over vertices within each
of the core scene regions to estimate the degree of connectivity
between each ROl and each tract (Figure 6e). This revealed patterns
of connectivity following both posterior/anterior and ventral/dorsal
divisions. The vertical occipital fasciculus (VOF) showed a high proba-
bility of terminating within posterior scene regions (OPA, pPPA), while
the dorsal and temporal subsections of the cingulum bundle (CBD,
CBT) were more likely to terminate within anterior scene regions
(aPPA, RSC). The inferior fronto-occipital fasciculus (IFOF) and optic
radiation (OR) both showed high connection probabilities with all
scene regions, with the IFOF additionally showing a bias towards the
ventrally located PPA. The inferior longitudinal fasciculus (ILF) also

showed preferential connectivity with the PPA, while the middle
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FIGURE 9

Similarity between connectivity estimates. (a) Connectivity matrices between early visual and core and extended scene regions

(cf. Figures 1a and 6a) were correlated between the functional connectivity estimates in each dataset and the structural connectivity estimates
from the HCP dataset. Additional analyses restricted the comparisons to just intrahemispheric or interhemispheric connections between core
scene regions. Further similarity analyses compared connectivity matrices (b) between core scene regions and 17 resting-state networks

(cf. Figure 4) and (c) between core scene regions and subcortical structures (cf. Figure 5), either including all connections or just intrahemispheric
or interhemispheric connections. Annotations indicate correlation and p values following a Holm-Bonferroni correction for multiple comparisons.

longitudinal fasciculus (MdLF) appeared biased towards the dorsally
located RSC and OPA. Finally, all regions (but especially the RSC) indi-
cated connectivity with the forceps major (FMA), supporting interhe-
mispheric connectivity via the splenium. Taken together, the
structural connectivity profile of the scene network indicates some
distinctions between posterior and anterior regions, but also between
ventral and dorsal regions which were not so evident in the functional

connectivity profiles.

3.3 | Comparison between connectivity measures

Finally, we correlated the functional (Game of Thrones, StudyForrest,
HCP movie-watching, HCP resting-state) and structural connectivity
measures between datasets. Figure 9a shows the comparison
between connectivity estimates for early visual and core and
extended scene regions (cf. Figures 1a and 6a). A high degree of con-

sistency was observed between all functional connectivity estimates,
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including between movie-watching and resting-state HCP datasets,
however functional and structural connectivity estimates showed rel-
atively poor correspondence. The similarity could be confounded by
the tendency for connectivity to be stronger within than between
networks—to test this we further measured the similarity for intrahe-
mispheric or interhemispheric connections between the core scene
regions only. In both cases, the functional connectivity estimates
remained highly correlated. Interestingly, a high degree of similarity
was also evident between the functional and structural connectivity
for the intrahemispheric (though not interhemispheric) connections.
Comparisons of connectivity estimates between core scene
regions and resting-state networks are shown in Figure 9b
(cf. Figure 4) and comparisons of estimates between core scene
regions and subcortical structures are shown in Figure 9c
(cf. Figure 5). We performed these analyses including all, just intrahe-
mispheric, or just interhemispheric connections. In all cases, a high
degree of similarity was observed between functional connectivity
estimates, and moderate correlations were also found between func-
tional and structural connectivity estimates—including for both intra-
hemispheric and interhemispheric connections. Thus, functional
connectivity estimates were robust across datasets and between
movie-watching and rest. Although the structural connectivity did not
predict the functional connectivity well for the full connectome of
main ROls or interhemispheric connections within the scene network,
a greater degree of correspondence was observed for intrahemi-
spheric scene connections and for connections with the resting-state

networks and subcortical structures.

4 | DISCUSSION

In this study we mapped the functional and structural connectivity
profile of the scene processing network during natural viewing and at
rest. The analysis of functional connectivity revealed a bias in connec-
tivity between the posterior (OPA and pPPA) and anterior (aPPA and
RSC) core scene regions. The anterior scene network connected more
strongly with default mode and frontoparietal control networks and
the hippocampus, while the posterior scene network connected more
strongly with early visual cortices and the dorsal attention network. A
similar pattern was evident in the analysis of structural connectivity,
again highlighting distinctions between posterior and anterior regions,
but also distinctions between ventral and dorsal regions.

We began by measuring functional connectivity, during movie-
watching and at rest, between the core and extended scene regions
(Baldassano et al., 2016; Epstein & Baker, 2019) and early visual
regions. In line with previous resting-state studies (Baldassano
et al., 2013; Boccia et al,, 2017; Nasr et al., 2013; Silson et al., 2016;
Tullo et al., 2023), all datasets indicated a bias between posterior and
anterior scene networks. Posterior scene regions including the OPA
and posterior PPA showed preferential connectivity with early visual
regions, consistent with a role in processing egocentric visual features
of scenes (Baldassano et al., 2016). Connectivity between the OPA
and PPA is consistent with evidence that applying TMS to the

OPA disrupts functional responses in the posterior PPA (Groen
et al., 2021; Rafique et al., 2015). Meanwhile, anterior scene regions
including the RSC and anterior PPA connected preferentially with
extended scene regions including the hippocampus and clIPL, consis-
tent with a role in higher-level aspects of scene processing such as
memory and navigation. These results are also consistent with recent
studies of effective functional connectivity indicating a ventromedial
stream including posterior stages connecting early visual and parahip-
pocampal cortices, followed by anterior stages further connecting
parahippocampal and medial temporal lobe regions (Rolls, Deco,
Huang, & Feng, 2023; Rolls, Deco, Zhang, & Feng, 2023). Neverthe-
less, we also observed strong connectivity between the core scene
regions themselves. Thus, our results argue for a bias rather than a
hard division between posterior and anterior networks. Interestingly,
there was a clearer distinction between anterior and posterior net-
works in the resting-state compared to the movie-watching datasets.
Previous proposals of a hard division between networks (Baldassano
et al., 2016) have relied on studies measuring functional connectivity
at rest. These studies may, therefore, have estimated a greater distinc-
tion between the networks than would have been obtained during
naturalistic viewing.

We next measured functional connectivity between the scene
regions and the rest of the brain using seed-based analyses and by
examining connectivity with cortical resting-state networks (Yeo
et al., 2011) and subcortical structures. Again, we asked whether there
were differences in the patterns of connectivity between regions in
the anterior and posterior components of the scene network. The
posterior scene network connected preferentially with component A
of the visual network, which includes ventral/lateral occipital and tem-
poral cortices. This is consistent with the proposed role of these
regions in processing egocentric visual features of the scene
(Baldassano et al., 2016). However, we also observed preferential con-
nectivity with the dorsal attention network (Fox et al., 2006; Vossel
et al., 2014), which includes lateral occipital and posterior parietal cor-
tices. These regions are implicated in visuospatial attentional control,
suggesting a role within the dorsal visual stream. Consistent with this,
Malcolm et al. (2018) report that applying TMS to the OPA biases eye
movements during scene viewing.

In contrast, the anterior scene network showed preferential con-
nectivity with regions of the default mode network (Greicius
et al., 2003; Raichle et al., 2001), including lateral parietal regions
(including the inferior parietal lobule), medial parietal regions (includ-
ing the precuneus and posterior cingulate cortex) and medial prefron-
tal cortices. Similar patterns of connectivity for RSC and posterior
cingulate seeds have been reported previously (Margulies
et al, 2009). These regions overlap with the parietal-hippocampal
component of the default mode network (Vincent et al., 2006), which
also includes parahippocampal and retrosplenial cortices, and is impli-
cated in memory recall. This is consistent with a proposed network of
place memory areas located anterior to the core scene network which
are implicated in the representation of familiar scenes (Silson
et al,, 2019; Steel et al., 2021, 2023, 2024). Functional connectivity
measured during movie watching indicates that this network is linked
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to, but nevertheless functionally distinct from, the core scene network
(Steel et al., 2021). Anterior scene regions also displayed preferential
connectivity with component C of the frontoparietal control network,
including the superior precuneus and posterior cingulate regions,
which is implicated in cognitive control (Dosenbach et al., 2007;
Vincent et al., 2008). These results support a role for the anterior
scene network in higher-level aspects of scene processing such as
navigation and memory (Baldassano et al., 2016). Within subcortical
structures, anterior scene regions showed preferential connectivity
with the hippocampus and, less consistently, the thalamus, while both
anterior and posterior scene networks showed spatially distinct clus-
ters of preferential connectivity within the cerebellum. The connectiv-
ity between anterior scene regions and the hippocampus has been
related to the retrieval of imagined places (Tullo et al., 2023). Indeed,
imagery and recall of familiar environments encompasses many of the
extended scene regions implicated in connectivity with the anterior
scene network (Boccia et al., 2015), consistent with proposed mne-
monic functions of this network.

Seed connectivity analyses generally highlighted more extensive
functional connectivity throughout the brain during rest than in
movie-watching. This is consistent with previous literature (Betti
et al,, 2013; Lynch et al., 2018; Wang et al., 2017), and likely reflects
movie-watching disrupting the spontaneous intrinsic brain activity
that underpins resting-state functional connectivity. Nevertheless, the
overall pattern of connectivity appeared consistent between movie-
watching and rest. Movie-watching can offer advantages over resting-
state paradigms, such as improved prediction of brain function (Gal
et al, 2022; Knapen, 2021) and human behaviour (Finn &
Bandettini, 2021), and the possibility of examining intersubject corre-
lations (Hasson et al., 2004; Simony et al., 2016). Thus, movie-
watching may provide a promising paradigm for future investigations
of connectivity within the scene network.

Both region of interest and seed-based analyses highlighted clear
patterns of interhemispheric functional connectivity. For instance,
region of interest analyses indicated strong connectivity between
homotopic regions in each hemisphere (e.g., between left and right
OPA). Indeed, homotopic regions paired together most immediately
within the hierarchical clustering and appeared proximal to each other
within the multidimensional scaling solution. The relative pattern of
connectivity between regions also appeared similar within and
between hemispheres, for instance the biases between anterior
and posterior regions were evident in both intrahemispheric and inter-
hemispheric  connections. Furthermore, seed-based analyses
highlighted extensive bilateral patterns of functional connectivity for
each scene region. Thus, while previous models of the scene network
have emphasised the role of intrahemispheric connections between
regions (Baldassano et al., 2016), our results additionally underscore
the importance of interhemispheric connectivity.

We also examined the structural connectivity between early
visual and core and extended scene regions using tractography ana-
lyses. We found good correspondence between functional and struc-
tural estimates of intrahemispheric connections between the core

scene regions. For instance, the RSC and the anterior PPA appeared

highly connected with the hippocampus in both structural and func-
tional connectivity. This is consistent with neuronal tracing studies of
monkeys showing a parieto-medial pathway connecting RSC and pos-
terior cingulate cortices with medial temporal regions (Kravitz
et al., 2011). However, structural connectivity was more heavily influ-
enced by the anatomy than functional connectivity. For instance,
there were a high proportion of streamlines between the OPA and
cIPL due to their anatomical proximity, despite these regions being
minimally functionally connected. We also observed relatively few
interhemispheric connections between regions, although the intrahe-
mispheric pattern of connectivity appeared similar in each hemi-
sphere. Consequently, the structural connectivity between regions
displayed relatively poor correspondence with the functional connec-
tivity for the connectome as a whole. These discrepancies may reflect
limitations of the diffusion tractography technique, or that the func-
tional connectivity may reflect more indirect connections. However,
we did find good correspondence between the functional and struc-
tural connectivity of the scene network when the analysis was
restricted to intrahemispheric connections. Contrary to Kim et al.
(2006), we found little evidence of structural connections between
PPA and early visual cortex—this may reflect differences between the
tractography algorithms employed (probabilistic versus deterministic)
or that the HCP provides a much larger sample size.

Structural connectivity between the core scene regions and the
rest of the brain revealed both similarities and differences with
the functional connectivity. Whole-brain tractography analyses pri-
marily highlighted a ventral/dorsal distinction, with the PPA displaying
higher connection probabilities along the temporal lobe, while the
OPA and RSC were more likely to show parietal, frontal and interhe-
mispheric connections. However, grey-to-grey matter structural
connections between the core scene regions and both cortical
resting-state networks and subcortical structures showed better cor-
respondence with the functional connectivity estimates. Connectivity
with the resting-state networks (Yeo et al., 2011) indicated a higher
proportion of connections from posterior scene regions to the Visual
A and Dorsal Attention A networks, and a higher proportion of con-
nections from anterior scene regions to the Visual B, Control C and
Default-Mode A and C networks. Connectivity with the subcortical
regions revealed a high proportion of connections from the PPA and
RSC to the hippocampus, consistent with the functional connectivity.
A high proportion of connections were also observed from the poste-
rior PPA and OPA to the putamen. Thus, structural connectivity esti-
mates highlighted some biases between posterior versus anterior
regions consistent with the functional connectivity, but also biases
between ventral and dorsal regions.

We also examined the structural connectivity between each core
scene region and major white matter tracts throughout the brain
(Warrington et al., 2020). Some tracts again highlighted biases
between posterior and anterior scene regions. For instance, the RSC
and anterior PPA were connected with the cingulum bundle, particu-
larly the temporal subsection which connects posterior cingulate and
medial temporal regions, and to a lesser extent the dorsal sub-

section which further projects rostrally along the cingulate cortex
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(Heilbronner & Haber, 2014). These tracts are consistent with the
structural parieto-medial pathway proposed in the monkey literature
(Kravitz et al., 2011). Meanwhile, the OPA and posterior PPA con-
nected with the vertical occipital fasciculus, which has been suggested
to support communication between ventral and dorsal visual streams
(Takemura et al., 2016). Other tracts highlighted distinctions between
ventral and dorsal scene regions. The ventrally-located anterior and
posterior PPA connected with the inferior longitudinal fasciculus
(Catani et al., 2003), which runs laterally along the temporal lobe con-
necting occipital and anterior temporal regions. All scene regions,
though especially the anterior and posterior PPA, also connected with
the inferior fronto-occipital fasciculus (Catani et al., 2002), which runs
medially along the temporal lobe connecting occipital and prefrontal
cortices. These two fasciculi are thought to support many visual func-
tions of the ventral stream, including the processing of faces, objects
and places (Herbet et al., 2018; Rokem et al., 2017). Meanwhile, the
dorsally located OPA and RSC connected with the middle longitudinal
fasciculus, which connects dorsal anterior temporal regions with dor-
sal and lateral occipital regions (Makris et al., 2009; Maldonado
et al., 2013). Finally, all scene regions (and especially the RSC) con-
nected to the forceps major, supporting interhemispheric connections
via the splenium. This tract has been implicated in supporting interhe-
mispheric connectivity between homotopic visual regions (Dougherty
et al, 2005; Saenz & Fine, 2010). A key discrepancy between the
functional and structural connectivity is the lack of interhemispheric
connections between regions in the latter. It is therefore likely that
interhemispheric connectivity is supported by white matter tracts
passing through the splenium, but the tractography analysis is not suf-
ficiently sensitive to completely trace the tracts between regions in
each hemisphere.

In conclusion, we describe the functional and structural connec-
tivity profiles of the scene processing network. Functional connectiv-
ity estimates supported a bias between posterior and anterior scene
networks which converge in the PPA. The posterior network was
more strongly connected with early visual and dorsal attention net-
works, suggesting a role in processing egocentric visual features of
scenes and also a function within the dorsal visual stream. The ante-
rior network was more strongly connected with default mode and
cognitive control networks, implying a role in higher-level aspects of
scene perception such as memory, recognition and navigation. Func-
tional connectivity profiles also underscored the importance of inter-
hemispheric connectivity and were robust across resting-state and
movie-watching datasets. Structural connectivity profiles generally
showed good correspondence with the functional connectivity, and
highlighted some biases between posterior and anterior regions, but
also between ventral and dorsal regions. Taken together, these find-
ings provide a map of the connectivity of the scene network, inform-
ing possible roles for scene-selective regions and their network
interactions in brain function and human behaviour.
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