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Primate occipitotemporal cortex (OTC) is composed of amosaic of highly specialized brain regions each involved
in the high-level visual analysis and recognition of particular stimulus categories (e.g., objects, faces, scenes, bod-
ies and tools). Whereas theories attempting to account for this modular organization of category-selective re-
sponses in OTC have largely focused on visually driven, bottom-up inputs to OTC (e.g., dimensions related to
the visual structure of theworld and how it is experienced), other proposals have instead focused on the connec-
tivity of OTC's outputs, emphasizing how the information processed by different OTC regions might be used by
the rest of the brain. The latter proposals underscore the importance of interpreting the activity (and selectivity)
of individual OTC areas within the greater context of the widely distributed network of areas in which they are
embedded and that use OTC information to support behavior. Here, using resting-state fMRI, we investigated
the functional connectivity (FC) patterns of OTC regions associated with object-, face-, scene-, body- and tool-
related processing defined from task-based localizers acquired in the same cohort of participants. We observed
notable differences in thewhole-brain FC patterns, not only across OTC regions, but even between areas thought
to formpart of the same category-selective network. Furthermore,we found that the neuroanatomical location of
OTC regions (e.g., adjacency) had little, if any, bearing on the FC networks observed. FC between certainOTC areas
and other regions traditionally implicated in sensory-, motor-, affective- and/or cognitive-related processing and
the associated theoretical implications is discussed.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Convergent evidence from a wide variety of methodologies, ranging
from non-human primate (NHP) neurophysiology to human functional
MRI (fMRI), transcranial magnetic stimulation (TMS), and neuropsy-
chology, suggests that occipitotemporal cortex (OTC) contains a constel-
lation of highly specialized brain regions involved in the high-level
perceptual analysis of different categories of visual stimuli (see Grill-
Spector and Malach, 2004). For instance, human fMRI work has identi-
fied a number of regions – some of which have also been reported
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in the NHP (see for example, Nasr et al., 2011; Tsao et al., 2003, 2006;
Wachsmuth et al., 1994) – that maximally respond to the viewing of
particular object categories. These areas include the lateral occipital
(LO) area and posterior fusiform sulcus (pFs) for basic objects (Malach
et al., 1995), the occipital face area (OFA) and fusiform face area (FFA)
for faces (Kanwisher et al., 1997), the retrosplenial cortex (RSC) and
parahippocampal area (PPA) for scenes (Epstein and Kanwisher, 1998;
Maguire et al., 1998), the extrastriate body area (EBA) and fusiform
body area (FBA) for bodies (Downing et al., 2001; Peelen and Downing,
2005a) and the posterior middle temporal gyrus (pMTG) for tools
(reviewed in Lewis, 2006). Consistentwith this fMRI evidence, disruption
to the normal activity of these regions, either via brain lesions or stimula-
tion, selectively impairs the perceptual processing of specific object cate-
gories (e.g., Mahon et al., 2007; Moro et al., 2008; Parvizi et al., 2012;
Pitcher et al., 2009, 2012; Urgesi et al., 2004).

Several theories have been proposed to account for this highly mod-
ular arrangement of category-selective neural responses in OTC, with
the majority suggesting that this organization largely reflects the visual
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structure of theworld and/or how it is experienced (e.g., Gauthier et al.,
1999; Haxby et al., 2001; Levy et al., 2001). Given thatmany projections
to OTC arise from early visual areas of the brain (Felleman and Essen,
1991), it is not surprising that most theories should attempt to account
for its organization based on this connectivity. However, there ismount-
ing evidence that visual stimulation, by itself, is not actually required
for the typical patterns of category-selective responses in OTC to be
normally expressed (e.g., Mahon et al., 2009; Pietrini et al., 2004).
Thus, if visual experience is not necessary for themodular arrangement
in OTC to be observed, then what other factors might influence its
organization?

One particularly compelling alternative view, called the ‘distributed
domain-specific hypothesis’, suggests that the category-selective orga-
nization of OTC, in addition to partially reflecting the constraints
imposed by connectivity with early visual cortex, is an emergent prop-
erty of the distinct connectivity patterns that OTC areas share with the
rest of the brain, particularly the structures and pathways that use the
information to guide behavior (Mahon and Caramazza, 2009, 2011).
The key idea of the proposal is that the organization of OTC reflects a
manifestation of the connectivity constraints imposed by a much
more widely distributed network of areas (i.e., beyond that of visual
cortex alone), with each network specialized for processing all types
of information related to particular aspects of that object category
(e.g., perceptual, sensory, motor, cognitive, and affective). The hypothe-
sis, although difficult to test without significant developmental or ge-
netic interventions (e.g., examining how networks may re-organize
during development if key neural structures that have reciprocal
connections with OTC are lesioned or eliminated), nevertheless cap-
tures the importance of considering the activity of single OTC areas
within the context of a more widely distributed network of intercon-
nected areas that use the information to support actions and behavior.
This raises the simple question: What is the connectivity among differ-
ent OTC regions and between each region and other structures in the
brain?

Based on the notion that some insights into OTC functional organiza-
tion might be revealed from the brain's functional connectivity (FC),
here we used resting-state functional MRI (RS-fMRI) to directly com-
pare the whole-brain FC patterns of localizer-defined OTC regions-of-
interest (ROIs). While a few previous studies have examined the FC
patterns pertaining to single, or in some cases, two types of category-
selective areas (e.g., Baldassano et al., 2013; Bracci et al., 2012;
Davies-Thompson and Andrews, 2012; Mahon et al., 2007; Nir et al.,
2006; Stevens et al., 2012; Turk-Browne et al., 2010; Zhu et al., 2011),
what has been largely missing in the literature is a systematic and de-
tailed investigation of the FC relationships that each of these areas has
not only with each other, but also with the rest of the brain. Here, we
provide such an investigation and examine several key questions, each
pertinent to gaining a better understanding of the functional organiza-
tion of OTC:

(1) How does the neuroanatomical proximity of different category-
selective ROIs correspond to their FC patterns? For instance, do
areas situated more closely to one another in cortex show more
similar patterns of FC?

(2) Are there systematic differences in the FC of category-selective
areas across the two hemispheres? For instance, does the typical-
ly stronger right-hemispheric activity in certain OTC areas, such
as face- and scene-processing regions, translate to amore robust,
extensive, and long-rangepattern of FC for those right-hemisphere
ROIs than their left-hemisphere counterparts?

(3) What are the similarities and/or differences in the FC patterns of
areas thought to form part of the same category-selective net-
work? For instance, given their shared role in face processing, do
distinct category-selective areas, such as the OFA, located in
lateral-occipital cortex, and the FFA, located in ventro-temporal
cortex, show similar patterns of whole-brain FC?
(4) Where in cortex are common ‘convergence zones’ for the different
category-selective OTC networks? For instance, do face- and
scene-processing networks, despite clear regional differences at
the level of OTC, eventually converge upon common substrates
elsewhere throughout the brain?
Material and methods

Participants

Twenty-three right-handed volunteers (12 females; mean age =
24.8 years), recruited from the Western University (London, Ontario,
Canada; N = 11) and Queen's University (Kingston, Ontario, Canada;
N = 12), participated in the resting-state and localizer experiments.
Informed consent was obtained in accordance with procedures ap-
proved by each University's Health Sciences Research Ethics Board. Par-
ticipants were naïve with respect to the hypotheses being tested.

Localizer experiments

Each participant took part in two types of functional localizer runs.
The first included stimulus blocks of black-and-white photos consisting
of faces, scenes, objects, and scrambled versions of these stimuli (mod-
ified from Cant and Goodale, 2007, 2011, see FSO localizer details
below). The second included stimulus blocks of color photos consisting
of headless bodies, tools, non-tool objects, and scrambled versions of
these stimuli (Valyear and Culham, 2010, see BOT localizer details
below). In both localizers, participants were required to maintain fixa-
tion on a dot (small black circle) superimposed on the center of each
image. Each image subtended approximately 15° of the visual angle.
Photos were repeated across runs, and the stimulus and epoch orders
were pseudo-randomized and balanced across runs. To encourage par-
ticipants to maintain attention throughout the localizer scans, they per-
formed a 1-back task throughout, whereby responses were made, via a
right-handed button press, whenever two successive photos were
identical.

The purpose of these localizer scan sessions was to independently
identify well-documented category-selective OTC ROIs involved in
object-, face-, scene-, body-, and tool-related processing and then exam-
ine, using resting-state data, the convergent and divergent patterns of
connectivity between these areas and with other regions of the brain
(see Fig. 1 for an overview of themethods and general experimental ap-
proach employed).

Face, scene, and object (FSO) localizer
Stimuli were organized into separate 16-s blocks, with 16 photos per

block, presented at a rate of 400 ms per photo with a 600 ms inter-
stimulus interval. Each run lasted 450 s and was composed of four
stimulus blocks per condition, with each stimulus block separated by a
scrambled block. Two fixation/baseline blocks (20 s) were placed at
the beginning and end of each run. All participants took part in three
or four FSO localizer scans. Each stimulus block included two repeated
photos.

Body, object, and tool (BOT) localizer
Stimuli were organized into separate 16-s blocks, with 18 photos per

block, presented at a rate of 400 ms per photo with a 490 ms inter-
stimulus interval. Each run lasted 450 s and was composed of six stim-
ulus blocks per condition, seven scrambled blocks, and two fixation/
baseline blocks (20 s) placed at the beginning and endof each run. Stim-
ulus blocks were organized into sets of three, separated by scrambled
blocks and balanced for prior-block history within a single run. All par-
ticipants took part in three or four BOT localizer scans. Each stimulus
block included either three or four repeated photos, balanced across
conditions.



A) B)

C) D)

Fig. 1.General methods overview. Category-selective regions for objects, faces, scenes, bodies, and toolswere identifiedwithin occipitotemporal cortex via separate block-design localizer
tasks and then whole-brain resting-state FC analyses were performed on each area using spherical ROIs (radius = 3 mm) centered on the peak voxel of activity in each region. A) Block
design localizer tasks employed. Using the face, scene, and object (FSO) localizer (top), object-selective regionswere identifiedusing the contrast object N scrambled stimuli, face-selective
regions were identified using the contrast face N scene stimuli and scene-selective regions were identified using the contrast scene N face stimuli. Using the body, object and tool (BOT)
localizer (bottom), body-selective regionswere identifiedusing the contrast body N object stimuli and tool-selective regionswere identifiedusing the contrast tool N object stimuli. B) ROI
locations (in black), for left and right retrosplenial complex (RSC) and parahippocampal place area (PPA), overlaid atop a contrastmap for scene N face stimuli generatedusing the localizer
task. C) Time series for the resting state scan were extracted from each localizer-defined ROI (RSC in the example shown here). D) The time series from each ROI was correlated with the
time series from every other voxel in the brain to generate a whole-brain correlationmap, demarcating the FC of that ROI during the resting-state scan. LH= left hemisphere, RH= right
hemisphere.
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Resting-state experiments

A single resting-state scan was acquired for each participant in
which they were instructed to rest with their eyes open while fixating
at a central location. RS-fMRI exploits the correlations of slow blood-
oxygenation-level-dependent (BOLD) oscillations between distinct
brain areas in the absence of any task paradigm to provide reliable con-
nectivity maps in both humans (Beckmann et al., 2005; Damoiseaux
et al., 2006) and NHPs (Hutchison et al., 2011, 2012a,b; Margulies
et al., 2009; Vincent et al., 2007). The low-frequency fluctuations
(LFFs; ~0.01–0.1 Hz) of the BOLD signal are presumed to be a hemody-
namic manifestation of coupling between slow fluctuations in neuronal
activity (Fox and Raichle, 2007; Shmuel and Leopold, 2008; for review,
see Leopold and Maier, 2012). It is important then to consider that the
recorded signals represent an indirect measure of the underlying brain
activity and further, that one cannot fully delineate the effects of modu-
lation or interaction with other regions that may bias the estimated
pairwise correlation between two ROIs.

Ongoing work has demonstrated that the FC patterns are shaped
(though not fully determined) by anatomical connectivity. Brain regions
that are connected via white-matter tracts tend to show strong FC be-
tween those regions; however, FC does not guarantee a direct structural
link between the two (Greicius et al., 2009; Honey et al., 2009; Shen
et al., 2012; van den Heuvel et al., 2009; Vincent et al., 2007 for review,
see Damoiseaux and Greicius, 2009). FC networks are also much more
malleable than the underlying structural connectivity (SC) patterns in
the sense that they can be modified by repeated evoked co-activation
of regions on a relatively short timescale (e.g., over the course of learn-
ing a task, for reviews see Deco and Corbetta, 2011; Deco et al., 2011;
Fox and Raichle, 2007) and thus, extend beyond existing structural con-
nections. It has also been recently demonstrated that FC can vary even
within the period of a standard scan, allowing for substantial deviation
from the SC architecture (for review, see Hutchison et al., 2013).
Taken together, interpreting the physical connections between regions
identified to be functionally interconnected must be done with caution
and consideration of previous diffusion imaging and animal neuroana-
tomical tracing studies. The value of FC measures should not, however,
be seen as ancillary to non-invasive diffusion techniques that could be
applied to explore OTC connectivity (e.g., Saygin et al., 2012). Beyond
limitations of diffusion imaging in regard to delineating the origins,
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crossings, and terminations of pathways, FC captures information about
the ongoing temporal (and spatial) features of the brain's organization
that cannot be gleaned from the SC matrix alone (Behrens and Sporns,
2012).

MRI acquisition and preprocessing

Imaging was performed on 3 T Siemens TIM MAGNETOM Trio MRI
scanners located at the Centre for Functional and Metabolic Mapping
(CFMM; atWesternUniversity) and the Centre for Neuroscience Studies
(CNS; at Queen's University). For each participant, all functional data
was collected using a T2*-weighted single-shot gradient-echo echo-
planar imaging (EPI) acquisition sequence (repetition time [TR] =
2000 ms; slice thickness = 3 mm; in-plane resolution = 3 mm ×
3 mm; echo time [TE] = 30 ms; field of view [FOV] = 240 mm ×
240 mm; matrix size = 80 × 80; flip angle = 90°) with 32-channel
(at CFMM) and 12-channel (at CNS) receive-only head coils. Each
volume was comprised of 34 contiguous (no gap) oblique slices
acquired at a ~30° caudal tilt with respect to the plane of the anterior
commissure and posterior commissure (AC–PC), providing near whole
brain coverage. For resting state scans, 1 run of 360 continuous func-
tional volumes was collected (acquisition time of each scan was
12 min.). A T1-weighted high-resolution anatomical imagewas collect-
ed using an ADNI MPRAGE sequence (TR = 2300 ms; TE = 2.98 ms;
FOV = 192 mm × 240 mm × 256 mm; matrix size = 192 × 240 ×
256; flip angle = 9°; acquisition voxel size = 1 × 1 × 1 mm). The
resting-state scans and a second anatomical image were acquired in a
separate session in four participants due to time constraints imposed
during the initial imaging session.

All preprocessing and analysis for localizer and resting-state scans
was implemented using the FMRIB Software Library toolbox (FSL,
http://www.fmrib.ox.ac.uk, Smith et al., 2004; Woolrich et al., 2009)
and included slice time correction for interleaved acquisitions (using
Fourier-space time-series phase shifting), motion correction (six pa-
rameter affine transformation), brain extraction, spatial smoothing
(Gaussian kernel of full-width at half-maximum [FWHM] 6mmapplied
to each volume separately), high-pass temporal filtering (Gaussian-
weighted least-squares straight line fitting with sigma = 100 s), and
normalization (12 degrees-of-freedom linear affine transformation) to
the standard 152-brain MNI template (voxel size = 2 × 2 × 2 mm).
Resting-state scans were additionally low-pass temporal filtered (half-
width at half-maximum [HWHM] = 2.8 s, Gaussian filter). Global
mean signal regression was not implemented in this study because it
can artificially introduce negative correlations into the connectivity
maps (Murphy et al., 2009) and the global mean signal may in fact
have an underlying neural component (Scholvinck et al., 2010).

Region of interest (ROI) selection

For the localizer experiments we used a general linearmodel (GLM)
with predictors created fromboxcar functions convolvedwith a double-
gammahemodynamic response function. A boxcar functionwas aligned
to the onset of each stimulus blockwith its duration dependent on stim-
ulus block length (i.e., 8 volumes for both the FSO and BOT localizers).
The baseline/fixation epochs were excluded from the model; therefore
all regression coefficients (betas) were defined relative to the baseline
activity during these time points. The subject-level analysis was carried
out using FILM with local autocorrelation correction (Woolrich et al.,
2001). A group-level GLM was carried out using FMRIB's Local Analysis
of Mixed Effects (FLAME, Beckmann et al., 2003; Woolrich et al., 2004).
Corrections for multiple comparisons were implemented at the cluster
level using Gaussian random field theory (z N 2.3; cluster significance:
p b 0.05, corrected).

At the group level, the most significantly active voxel, or peak, was
identified based on a particular contrast, constrained by the anatomical
location expected from previous reports (see below for details). This
approach ensured that regions were selected objectively and could be
reliably segregated from adjacent activations (see also Downing et al.,
2006). We opted to select the ROIs at the group-level rather than at
the single-subject level, for two important reasons. First, individuals
can fail to show consistent and statistically significant activity in an
intended ROI for a particular stimulus class (i.e., some ROIs can be local-
ized consistently in nearly all participants whereas others are less
robust). Accordingly, such participants would not be included in the
FC analysis, resulting in different numbers of participants being used
for different ROIs. Although on its own this is not inherently problemat-
ic, it would, however, significantly complicate the interpretation of dif-
ferences (or similarities) between the patterns of FC across ROIs, as it
would be unclear the extent to which they reflect real FC differences
versus differences in the statistical power (i.e., number of participants)
used to obtain thosemaps. Second, at the single-subject level, some ob-
ject categories can produce multiple foci of activity that are difficult to
disentangle (e.g., multiple face-selective regions along the fusiform
gyrus, see Weiner and Grill-Spector, 2010). By selecting ROIs at the
group-level based on well-established criteria (Downing et al., 2006)
we avoid any such issues of ambiguity and are able to robustly and reli-
ability identify the ROIs.

We defined the lateral occipital (LO) area and posterior fusiform sul-
cus (pFs) based on their selective response to objects (Malach et al.,
1995), the occipital face area (OFA) and fusiform face area (FFA) based
on their selective response to faces (Haxby et al., 2000; Kanwisher
et al., 1997), and the retrosplenial complex (RSC) and parahippocampal
area (PPA) based on their selective response to scenes (Epstein and
Kanwisher, 1998; Maguire et al., 1998) in both hemispheres using the
FSO localizer data. We defined the extrastriate body area (EBA) in
both hemispheres and fusiformbody area (FBA) in the right hemisphere
(it was not active in the left hemisphere at the group level with amixed
effects analysis) based on their selective response to bodies (Downing
et al., 2001; Peelen and Downing, 2005a) and the posterior middle
temporal gyrus (pMTG) in the left hemisphere (it is typically a left-
lateralized area) based on its selective response to tools (Lewis, 2006;
Valyear and Culham, 2010), using the BOT localizer data. For specific de-
tails, see below.

Object-selective activity (LO and pFs) was localized based on the
contrast of objects N scrambled. LO was defined by the peak voxel of
activity near the lateral occipital sulcus (Grill-Spector et al., 1999,
2001; Malach et al., 1995). pFs was defined by the peak voxel of activity
in the posterior aspect of the fusiform gyrus, extending into the
occipitotemporal sulcus (Grill-Spector et al., 1999, 2001).

Face-selective activity (OFA and FFA) was localized based on the
contrast of faces N scenes. OFAwas defined by the peak voxel of activity
in the inferior occipital gyrus (Calder and Young, 2005; Gauthier et al.,
2000; Haxby et al., 2000; Puce et al., 1996), inferior and more medially
located than the activity for LO. FFAwas defined by the peak voxel of ac-
tivity in the fusiform gyrus (Kanwisher et al., 1997).

Scene-selective activity (PPA and RSC) was localized based on the
contrast of scenes N faces. PPAwas defined by the peak voxel of activity
located medially along the collateral sulcus and parahippocampal gyrus
(Epstein and Kanwisher, 1998). RSC was defined by the peak voxel of
activity located medially and ventrally in the posterior cingulate area,
posterior to the corpus callosum, lying near the inferior junction of the
occipital and parietal lobes (near the point where the calcarine sulcus
joins the parieto-occipital sulcus, see Epstein and Higgins, 2007;
Epstein et al., 2007; O'Craven and Kanwisher, 2000).

Body-selective activity (EBA and FBA) was selected based on the
contrast of bodies N objects. EBAwas defined by the peak voxel of activ-
ity in the posterior inferior temporal sulcus/middle temporal gyrus
(Downing et al., 2001; Peelen and Downing, 2005b), superior to LO
and OFA. FBA was defined by the peak voxel of activity in the fusiform
gyrus (Peelen and Downing, 2005a; Schwarzlose et al., 2005), close to
that selected for FFA (note that FBAwas only selected in the right hemi-
sphere as it was not active at the group level in the left hemisphere).

http://www.fmrib.ox.ac.uk
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Tool-selective activity (pMTG)was localized based on the contrast of
tools N objects. pMTG was defined by the peak voxel of activity on the
posterior middle temporal gyrus (Lewis, 2006; Martin et al., 1996;
Valyear and Culham, 2010), positionedmore lateral, ventral, and anteri-
or to EBA. For details about MNI coordinates of all ROIs see Table 1.

Statistical analysis for functional connectivity of localizer-defined ROIs

Following selection of the category-selective peak voxels at the
group level, spherical seeds (radius = 3 mm, volume = ~113 mm3)
were centered at the peak locations and the mean time course for
each seed ROI was extracted for every participant from their respective
resting-state scan. It is critical to note, that the spherical seeds selected
for each ROI did not overlap, barring the exception of R-FFA and R-FBA,
which overlapped by (shared) a single voxel. The extracted time
courses of each ROI was then used as predictors in a regression model
for multiple regression at the individual participant level in which nui-
sance covariates for white matter, cerebrospinal fluid (both derived
using the averaged time course from voxels contained within segment-
ed MNI-template masks), and six motion parameters were included.
This was followed by a second-level mixed-effects group-level analysis
between participants. Images were thresholded using clusters deter-
mined by z N 2.3 and a (corrected for multiple comparisons) cluster
threshold of p = 0.05. The group-level analysis produced thresholded
z-statistic maps showing brain regions significantly correlated with
each localizer-defined ROI across all participants. The group z-scores
were projected from volume data to the PALS-B12 cortical surface
(Van Essen, 2005) using the CARET (http://www.nitrc.org/projects/
caret) enclosed-voxel method (Van Essen et al., 2001). For the sake of
clarity and interpretation, voxels that were negatively correlated with
the ROI time courses are not displayed in the figures or discussed.
These are, however, accounted for in the cross-correlation matrix of
ROIs time series and whole-brain FC patterns and included in the clus-
tering analysis (see below).

A third-level analysis was computed across relevant ROI pairs using
both mixed and fixed effects analysis (z N 2.3; cluster significance:
p b 0.05, corrected). The analysis allows for the calculation of differing
(i.e., ROI A N ROI B) and shared (i.e. ROI A + ROI B) FC between the
ROIs. The fixed effects analysis was implemented to show those regions
whose z-scores did not pass the stringent statistical significance
Table 1
Seed-region locations.

Area MNI atlas space

Object areas
R-LO 48/−74/−8
L-LO −50/−82/−6
R-pFs 32/−40/−22
L-pFs −32/−42/−22

Face areas
R-OFA 44/−80/−14
L-OFA −44/−82/−16
R-FFA 42/−44/−26
L-FFA −46/−54/−22

Scene areas
R-PPA 28/−44/−14
L-PPA −26/−42/−16
R-RSC 16/−56/8
L-RSC −18/−58/8

Body areas
R-EBA 50/−64/−4
L-EBA −52/−74/6
R-FBA 42/−40/−28

Tool areas
L-MTG −54/−68/−2

Note: Abbreviations are indicated in the main text.
required by the mixed effects analysis, but nonetheless may reveal im-
portant similarities and divergences. The results of these analyses are
included in the Supplementary material.

Examining temporal and spatial relationships

Unweighted average-linkage hierarchical cluster analysis was ap-
plied to identify the functional clustering of both the OTC ROIs and
their whole-brain FC patterns based on their temporal and spatial rela-
tionships. The algorithmutilizes a pairwise distancematrix to form a hi-
erarchy of clusters, progressively merging clusters from the individual
data elements based on the mean distance between elements.

Temporal relationships
To first construct the distancemetric for the OTC ROIs, we calculated

the correlations among the 16 ROIs. The extracted time course for each
ROIwas correlatedwith the time course of all other ROIs to obtain a cor-
relation matrix (while partialling out the nuisance co-variables). Each
element of the matrix was then z-transformed, averaged across partici-
pants, and then converted back to correlation values. The Euclidean dis-
tance between each pair of group-averaged correlations was then
computed to assess the similarity among the OTC ROIs. A hierarchical
cluster tree, referred to as a dendrogram, was then derived by applying
the linkage criterion to the Euclidean distance matrix (Michener and
Sokal, 1957) to allow for the relationships between the elements to be
visualized. The method does not require the a priori selection of the
cluster number. However, to determine cluster assignments, a distance
threshold must be chosen—combining linked elements below that
value into clusters. It is also important to note that the clustering will
force elements (i.e., ROIs) to be eventually linked together at some
level. To assess the quality of the clustering, we implemented a permu-
tation test in which 10,000 randomly ordered pairwise distance matri-
ces between ROIs were each evaluated using the cophenetic correlation
coefficient and thenwe compared this randomized distribution of coef-
ficients (n = 10,000) to that obtained from the original matrix. The
cophenetic correlation coefficient value captures the correlation be-
tween the linking of elements (cophenetic distance) in the cluster tree
and the distances between elements of the original distance vector.
The closer the value of the cophenetic correlation coefficient is to 1,
themore accurately the clustering solution reflects the underlying data.

Spatial relationships
The above procedure was then repeated, but instead the spatial cor-

relationmatrix of the group-level whole-brain connectivity patterns for
each ROI was used. Each of the brain-masked FC maps was thresholded
such that values above a z-score of 2.3 were assigned a 1, those below
−2.3 were assigned a −1, and all other voxels were given a zero
value. This was done to better delineate the spatial extent of significant-
ly connected voxels and quantify the spatial overlap between the seed-
defined networks. The spatial correlation between all FCmapswas then
calculated.

To further interpret the spatial and temporal relationships of the
ROIs and their FC maps, each was also represented in graph form
using a Kamada–Kawai algorithm (Kamada and Kawai, 1989). The pro-
cess arranges the network nodes such that highly correlated nodes are
closer together and weakly correlated nodes are further apart. The dis-
tance was calculated based on the absolute values of correlation coeffi-
cients. The graphs' edgeswere then thresholded at r≥ |0.3| and r≥ |0.1|
for the temporal and spatial correlations, respectively. Degree centrality,
the number of edges of a node that connect it to other nodes, was also
calculated and represented by the size of the node.

Finally, using the same procedure as described above, temporal cor-
relation values were also calculated between each OTC ROI and the
averaged time course of voxels containedwithin select brain areas of in-
terest defined using the automated anatomical labeling (AAL) template
(Tzourio-Mazoyer et al., 2002). The AAL regions were selected a priori

http://www.nitrc.org/projects/caret
http://www.nitrc.org/projects/caret
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based on the previously established sensory, motor, emotional and cog-
nitive processing roles of the regions. The connectivity of the ROI with
the AAL regions was then represented as a “connectivity fingerprint”
for each OTC ROI. This allows for the similarities and differences of con-
nectivity patterns between seed regions to be highlighted and immedi-
ately identified. While the selection of AAL regions can determine the
shape of the fingerprint and highlight specific similarities/differences,
the connectivity of the seed region with all brain areas is captured in
the figures from the voxel-wise seed based results that display the
whole-brain FC maps.

Additional control seed regions

To investigate possible partial volume effects of the selected OTC
seed regions (e.g., to test whether the OTC seeds contain residual non-
visual signals that could fully account for the observed connectivity pat-
terns), additional seeds were selected within the gray matter, directly
adjacent and anterior to the task-localized regions. Statistical analysis
of the anterior seeds was performed in the same way as described
above for the task-defined regions. The thresholded functional maps
were then binarized and directly compared to the respective OTC FC
pattern (see Fig. 11).

Results and discussion

Functional connectivity of object-selective ROIs LO and pFs

LO functional connectivity
We observed much more extensive FC for L-LO than R-LO (see

Fig. 2A; for statistical comparisons, see Supplementary Fig. 1). L-LO con-
nectivity extended dorsally into bilateral parieto-occipital sulcus (POS)
and posterior IPS (pIPS) as well as ventrally into bilateral posterior fusi-
form gyrus. In contrast, the connectivity of R-LO extended only unilater-
ally into lateral dorsal visual areas and near the junction of the POS and
IPS. Assuming the sharing of information within functionally intercon-
nected circuits, the general pattern of LO-pIPS FC corresponds well not
only with previous observations of object-selective responses in and
around the posterior IPS (Konen and Kastner, 2008), but also with find-
ings reporting the decoding of object-directed grasping-related signals
from both pIPS (Gallivan et al., 2011) and LO (Gallivan et al., 2013b).

pFs functional connectivity
In contrast to the asymmetrical FC patterns found with L-LO and

R-LO, L-pFs and R-pFs showed largely symmetrical FC maps (see
Fig. 2B; for statistical comparisons, see Supplementary Fig. 1). Both
L-pFs and R-pFs connectivity extendedunilaterally into the surrounding
fusiform and parahippocampal gyri, superior temporal sulcus (and sur-
rounding gyrus; STS and STG, respectively), and with small patches ex-
tending into insular cortex. In addition, R-pFs also showed FC with
ipsilateral posterior middle temporal gyrus (pMTG) and with small
patches of contralateral fusiform gyrus. Notably, both L-pFs and R-pFs
showed distinct connectivity with several subcortical structures includ-
ing the thalamus, neostriatum, and amygdala. Convergent evidence
suggests that 1) the occipitotemporal–medial temporal pathway, ex-
tending into the parahippocampal gyrus, may be important for long-
term object memory, 2) the occipitotemporal–neostriatal pathway, ex-
tending into basal ganglia structures, for visually dependent habit for-
mation and skill learning, and 3) the occipitotemporal–amygdaloid
pathway, extending into the amygdala, for emotional processing (see
Kravitz et al., 2013 for an in-depth review of these different OTC
pathways).

Functional connectivity overlap between LO and pFs
Consistent with the notion suggested above that LO and pFs might

route object-related information along separable pathways in the brain
(i.e., LO to parietal cortex and pFs to ventral OTC and nearby subcortical
structures), in both the left and right hemispheres we found very little
overlap between their whole-brain patterns of FC (see Figs. 2C–D; for
statistical comparisons, see Supplementary Fig. 1). In fact, we only ob-
served small FC overlap in the patches of cortex that lie directly in be-
tween the two ROIs. Note that, in the very least, this small level of
overlap should be expected given the 1) spatial blurring inherent in
the hemodynamic response, and 2) spatial smoothing applied to the
data. Thus, despite both LO and pFs showing the ‘same’ type of object-
selectivity (and localized accordingly based on the common contrast of
objects N scrambled), these FC results suggest that these two ROIs may
communicate object-related information with rather distinct pathways
in the brain.

Differences between correlation- and localizer-defined spatial maps
In light of previous evidence indicating a close correspondence be-

tween the brain maps defined using task-based and RS-connectivity
analysis methods (Laird et al., 2011; Smith et al., 2009; Toro et al.,
2008; though seeMennes et al., 2013), we directly examined the extent
to which this correspondence would hold between the networks local-
ized using standard subtraction contrast approaches and the resultant
RS-connectivity maps generated from well-documented category-
selective nodes within these task-evoked networks. We found that RS-
connectivity analyses revealed unique activity dorsally in and around
the POS, subcortically (in the regions already noted above), and in the
STS/STG and insular cortex (see Fig. 2E).

While noteworthy, these unique sites of FC must be interpreted with
some level of caution. Comparisons of resting-state maps with task-
evoked maps necessarily hinge on the exact contrast performed with
the localizer data. For example, face-selective areas (discussed in the
next section) can be defined via a multitude of contrasts (e.g., faces N

scenes, faces N objects, faces N scrambled stimuli, and faces N baseline/
fixation) and these different contrasts may – depending on the stringen-
cy of the contrast criteria – either reveal less or more of the underlying
network that shows selectivity for faces. That is, one would expect
far less, but more focused face-related activity, for the contrast of
faces N scenes than the contrast of faces N baseline/fixation, with much
of the activation in the latter contrast simply being attributable to the
general effects of visual stimulation, attentional demands, and/or the
task performed rather than face-selective processing as such (recall
that during the localizer scans participants performed a one-back detec-
tion task, but during fixation/baseline epochs they simply maintained
fixation). To fully account for the effect of contrast and aid comparisons
between the RS-connectivity and task-basedmaps (as well as related in-
terpretations), herewe have chosen to overlay activity for all three of the
aforementioned maps (see Fig. 2E). This way, it can be clearly seen the
unique areas revealed with the RS-connectivity analyses (Fig. 2E, in
red) versus those areas activated by the contrasts used to define the
object-selective ROIs (Fig. 2E, in blue; objects N scrambled) and those
areas active simply due to the general effects of task, visual stimulation,
and/or attention (Fig. 2E, in green). Note that because comparisons be-
tween the FC- and localizer-defined maps, though informative, consti-
tute a somewhat minor component of this study, we only return to a
discussion of these comparisons at the very end of the Results and
discussion section.
Functional connectivity of face-selective ROIs OFA and FFA

OFA functional connectivity
We observed a more extensive pattern of FC for L-OFA than R-OFA

(see Fig. 3A; for statistical comparisons, see Supplementary Fig. 2).
Whereas the network connectivity for R-OFAwas constrained bilateral-
ly to lateral occipital and surrounding cortex, the connectivity of L-OFA
was farmore expansive. It not only encompassed larger bilateral swaths
of activity in lateral occipital cortex, but also extended dorsally into
bilateral POS, posterior and medial IPS and superior parietal lobule
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Fig. 2. Functional connectivity of object-selective LO and pFs ROIs. Group averaged whole-brain correlation maps and their overlap are shown for left and right LO and pFs separated
according to putative subdivisions (A–B) and cortical hemisphere (C–D). E) Overlap comparison of the activation maps generated using FC methods from all the ROIs (FC of all Object
ROIs, shown in red, generated by combining connectivity maps across the four ROIs), the subtraction contrast used to identify the object-selective regions (shown in blue), and the sub-
traction contrast of object stimuli versusfixation (shown in green). ROI locations are shown in black and differentiated according to their shapes (denoted by the legend in E). All statistical
maps are threshold at a z-score of 2.3. LH= left hemisphere, RH = right hemisphere. White lines on the flat maps indicate major sulci. CoS = collateral sulcus, ITS = inferior temporal
sulcus, MTS = middle temporal sulcus, STS = superior temporal sulcus, POS = parieto-occipital sulcus, IPS = intraparietal sulcus, CiSmr = marginal ramus of the cingulate sulcus,
PoCes = postcentral sulcus, Ces = central sulcus, PrCes = precentral sulcus, IFS = inferior frontal sulcus, SFS = superior frontal sulcus, CiS = cingulate sulcus, SF = sylvian fissure.
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(SPL), and even into themedial precentral gyrus/superior cingulate cor-
tex and medial superior frontal gyrus (SFG). Notably, this bilateral
medially-extending frontal cortex FC closely corresponds with the
well-documented representation of the face and upper body found
with stimulation studies in the medial supplemental motor cortex of
both humans and monkeys (Penfield and Welch, 1951; Woolsey et al.,
1952).
FFA functional connectivity
We found a far more extensive network of FC for L-FFA than R-FFA

(see Fig. 3B; for statistical comparisons, see Supplementary Fig. 2). The
observed connectivity of R-FFAwas completely unilateral, and extended
into the MTG, STG and inferior parietal lobule as well as frontally along
the inferior frontal gyrus (IFG) and anterior insular region. In contrast,
the connectivity of L-FFA extended into the contralateral hemisphere
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Fig. 3. Functional connectivity of face-selective OFA and FFA ROIs. Maps are computed and shown as in Fig. 2.
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along the fusiform gyrus, anterior STG and paracentral lobule medially
(i.e., supplementary motor area, SMA) and showed quite extensive
unilateral connectivity. Included among these unilateral areas is FC
with MTG, STS and STG (the latter two being regions commonly
activated by the viewing of faces, see Atkinson and Adolphs, 2011;
Kanwisher and Yovel, 2006), IPL, posterior and medial IPS, postcentral
and precentral gyri, supplementary motor region, junction of the SFS
and precentral sulcus [frontal eye fields (FEF)/dorsal premotor (PMd)
cortex in humans], middle and inferior frontal gyri (MFG and IFG), insu-
lar cortex, and lastly, a frontal region located anteriorly along the IFS,
often referred to as the IFS face patch (IFSFP), frequently reported in
both humans (Avidan et al., 2005; Huth et al., 2012) and monkeys
(Tsao et al., 2008a,b).
Functional connectivity overlap between OFA and FFA
The FCmaps of OFA and FFA showed very little overlap, with the ex-

ception of L-pIPS for the face-selective ROIs seeded in the left hemi-
sphere (i.e., L-OFA and L-FFA) and the small patch of cortex bordered
by the two ROIs bilaterally (Figs. 3C–D; for statistical comparisons, see
Supplementary Fig. 2). With regard to the overlap found in pIPS, others
have recently reported sensitivity for face stimuli in pIPS in addition to
that of OFA and FFA (Kietzmann et al., 2012). One possibility, based on
the FC observed here, is that OFA and FFA may in some way contribute
to these previous reports of face-sensitive responses in pIPS. Beyond
this quite small overlap, however, substantive differences in the FC pat-
terns of OFA and FFA indicate that these two regionsmay be performing
unique roles in the representation of face stimuli (for review of task-
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based data, see Taylor and Downing, 2011) and transmitting this infor-
mation to different sites in the brain.

Functional connectivity of scene-selective ROIs RSC and PPA

RSC functional connectivity
We observed a far more extensive pattern of whole-brain FC for

R-RSC than for L-RSC (see Fig. 4A; for statistical comparisons, see Supple-
mentary Fig. 3). The connectivity of L-RSC was largely constrained bilat-
erally to areas of surroundingprecuneus, fusiform, and parahippocampal
gyri, aswell as unilateral STG and posteriorMTG. In contrast, the connec-
tivity of R-RSC, in addition to spanning these same general regions, ex-
tended unilaterally into the SPL, lateral IPS (LIP), STG and surrounding
A)

C)

E)

Fig. 4. Functional connectivity of scene-selective RSC and
auditory cortex, insula, medial post- and precentral gyri, medial SFG,
FEF/PMd and ventral premotor (PMv) cortex, as well as contralaterally
into the precuneus and posterior and anterior cingulate cortices. Ana-
tomical connectivity studies in non-human primates are largely consis-
tent with this observed pattern of FC. RSC and the posterior cingulate
region are reciprocally connected with parietal regions, such as 7a
and LIP, as well as the medial temporal lobe (MTL), making it ideally
positioned to interface between the allocentric coding of space in MTL
and the egocentric coding of space in parietal cortex (Epstein, 2008;
Maguire, 2001; Vogt et al., 1992). These patterns of functional and ana-
tomical connectivity, combined with functional neuroimaging task-
based evidence (as reviewed in Epstein, 2008), support the notion that
RSC might be particularly involved in spatial memory processes for the
B)

D)

PPA ROIs. Maps are computed and shown as in Fig. 2.
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purposes of orienting and navigating oneself within environments
(Epstein, 2008).

PPA functional connectivity
We found diametrical differences between L-PPA and R-PPA in the

amount and extent of FC (see Fig. 4B; for statistical comparisons, see
Supplementary Fig. 3). Whereas R-PPA showed significantly larger
amounts of FC, it was constrained to both OTC and parietal cortex; by
contrast, L-PPA showed less overall amounts of FC, but it extended into
frontal cortical regions (for findings of a similar nature, see Stevens
et al., 2012). Specifically, R-PPA showed bilateral FC extending into the
posterior cingulate, POS, precuneus, SPL, and medial IPS, as well as ipsi-
lateral FC with the right MTG and STG. By contrast, L-PPA showed bilat-
eral FC with anterior cingulate cortex (ACC) and the fusiform and
parahippocampal gyri, as well as ipsilateral FC with precuneus and insu-
lar cortex and contralateral FC with MFG, near the frequently reported
functional location of dorsolateral prefrontal cortex (DLPFC, Curtis and
D'Esposito, 2003).

It is worth further noting that L-PPA, in addition to showing signifi-
cant FC with MTL structures, also showed subcortical ipsilateral FC with
the basal ganglia (pallidum and the tail of the putamen) and anterior
thalamus—a set of interconnected nuclei that, among other things, coor-
dinate movements of the body and gait (Kandel et al., 2000). In non-
human primates, a putative homologue of PPA has recently been identi-
fied (monkey PPA, mPPA, see Nasr et al., 2011; Rajimehr et al., 2011),
and lies immediately anterior to monkey area TEO in inferotemporal
(IT) cortex. Anatomical studies show that anterior TEO and its anterior
neighboring area, TE, project directly to the putamen as well as the tail
of the caudate, and with TE in particular projecting to PFC (as reviewed
B)

A)

Fig. 5. Functional connectivity of body-selective EBA and FBA ROIs. Maps are computed and sho
group-level with mixed-effects statistical criteria.
in Kravitz et al., 2013). This pattern of anatomical connectivity in non-
human primates corresponds well with the patterns of FC observed
here.

Functional connectivity overlap between RSC and PPA
Connectivity maps between the scene-selective ROIs, RSC and PPA,

showed very little overlap (Figs. 4C–D; for statistical comparisons, see
Supplementary Fig. 3). For L-RSC and L-PPA, the connectivity overlap
was constrained bilaterally to the fusiform and parahippocampal gyri
and the precuneus unilaterally. For R-RSC and R-PPA, the overlap was
greater, extending bilaterally into the fusiform and parahippocampal
gyri, POS, pIPS and SPL. These general patterns of FC overlap support
observations of a parieto-medial temporal pathway in primates that
supports spatial navigation, which courses medially through posterior
cingulate cortex and RSC to the medial temporal lobe (MTL), where
PPA is located. Again, however, consistent with our observations of
the FC patterns for object- and face-selective ROIs, we generally ob-
served very little overlap between the RSC and PPA FC maps. This
adds mounting evidence to the notion that RSC and PPA may support
complementary, yet distinct, mechanisms in the core cognitive ability
of spatial navigation (see Epstein, 2008 for review).

Functional connectivity of body-selective ROIs EBA and FBA

EBA functional connectivity
We observed very similar levels, yet in some regions quite distinct,

whole-brain FC patterns for both L-EBA and R-EBA (see Fig. 5A; for sta-
tistical comparisons, see Supplementary Fig. 4). L-EBA showed bilateral
FC with the post- and precentral gyri, anterior SFG, MTG, STG and
wn as in Fig. 2. Note that no ROI was defined for L-FBA as this region was not active at the



226 R.M. Hutchison et al. / NeuroImage 96 (2014) 216–236
surrounding auditory cortex, IPL, and cingulate cortex, aswell as ipsilat-
eral FC in anterior IPS (aIPS), IFG and FEF/PMd. R-EBA showed bilateral
FCwithmid-to-anterior cingulate cortex, FEF/PMd, post- and precentral
gyri, STG, insular cortex as well as ipsilateral FC in pIPS, aIPS, and SPL.
EBA-insular FC seems noteworthy given that the insula has been impli-
cated in a wide-range of cognitive processes ranging from hand and eye
movement control (Fink et al., 1997; Pelphrey et al., 2005) to bodily self-
awareness (Craig, 2009; Karnath et al., 2005) and a sense of body own-
ership (Nieuwenhuys, 2012; Tsakiris et al., 2007). For R-EBA, we also
found FC with subcortical regions, specifically with the right anterior
thalamus and basal ganglia (posterior putamen and pallidum).

In addition to these observations, in frontal cortex we found notable
separation in the FC patterns of L-EBA versus R-EBA. L-EBA showed bi-
lateral FC with the ACC and rostral region of SFG, areas typically associ-
ated with executive functions, decision-making, and cognitive control
(Rushworth et al., 2007), whereas R-EBA showed bilateral FC with the
well-described cingulatemotor areas (Picard and Strick, 2001). To spec-
ulate, these patterns of FC, when taken together, suggest a variety of
pathways through which EBA may share visual information about the
body with areas involved in sensing, selecting, and exerting cognitive
control over the body's various effectors (legs, limbs, eyes, etc.)

FBA functional connectivity
R-FBA showed extensive bilateral FC that was largely constrained

to the occipital, temporal, and parietal cortices (although in the right
hemisphere, there was some small frontal connectivity, see Fig. 5A; for
statistical comparisons, see Supplementary Fig. 4). Specifically, R-FBA
showed bilateral connectivity with much of OTC, precuneus and POS,
posterior-to-middle cingulate cortex, SPL, IPS, IPL, STG and surrounding
auditory cortex, aswell as ipsilateral FCwith ventral premotor and insu-
lar cortex and contralateral FC with anterior temporal cortex.

Functional connectivity overlap between EBA and FBA
We observed several key nodes of FC overlap between L-EBA, R-EBA,

and R-FBA in 1) the STG near primary auditory cortex bilaterally, 2) the
aIPS/hand-area of primary somatosensory cortex bilaterally, and 3) near
the R-EBA (overlap denoted in white, Fig. 5A). While the overlap in
R-EBA simply suggests convergence in the integrated circuits underly-
ing visual–perceptual body processing, the former two observations
are of particular interest as they suggest a convergence of body-
related information upon areas frequently implicated in the sensory
encoding of sound and speech (Hickok and Poeppel, 2007; Okada
et al., 2010; Peelle et al., 2010) and areas implicated in sensorimotor
processing for hand movements and object manipulation (Cavina-
Pratesi et al., 2010; Culham et al., 2003; Frey et al., 2005b; Gallivan
et al., 2011; Tunik et al., 2005), respectively.

In addition to these convergence zones in the FC patterns of the
body-selective ROIs, it is worth noting that several FC differences were
also revealed. For instance, one noteworthy observation is that R-FBA
largely showed FC constrained within the parietal, temporal, and occip-
ital lobes whereas the FC of L-EBA and R-EBA extended further and far
more extensively into frontal cortex. These FC differences suggest that
EBA and FBA may be performing complementary, yet distinct, neural
computations in body-related processing. Task-based fMRI findings
offer some support for this notion, showing stronger body part selectiv-
ity in EBA than FBA and a relative bias in FBA for more complete images
of the body (Taylor et al., 2007). With regard to the EBA versus FBA FC
patterns observed here, one possibility, though speculative, is that this
stronger body part selectivity in EBAemerges due to itsmore prominent
FC with the body part maps represented in the somatosensory and
motor cortices.

Functional connectivity of tool-selective ROI pMTG

Fig. 6 shows the full-brain network connectivity of the tool-selective
ROI, L-pMTG. For the sake of allowing direct comparisons, we have also
overlaid the FC map corresponding to L-EBA, a ROI location located a
mere ~1 cm from the ROI seed location of pMTG (for statistical compar-
isons, see Supplementary Fig. 4). Two observations are immediately ap-
parent: 1) the FC map of pMTG is not quite as extensive and distributed
as that of EBA, and 2) in consideration of their close anatomical proxim-
ity, there is very little overlap in the whole-brain FC maps of the two
regions. Taken together, it is clear that anatomical vicinity alone cannot
fully capture nor explain the distribution of FC that each category-
selective OTC has with the rest of the brain (otherwise one would
expect far more graded than discrete transitions in the patterns of
whole-brain connectivity between adjacent OTC areas).

pMTG functional connectivity
pMTG showed connectivity with many of the brain areas shown to

be engaged in the visual processing of tools, pantomiming of tools, the
use of tools and accessing knowledge associated with their use (Frey,
2007; Frey et al., 2005a; Gallivan et al., 2013a; Lewis, 2006; Mahon
et al., 2007; Martin, 2007; Valyear et al., 2012). In particular, pMTG
showed bilateral connectivity with POS, precuneus, posterior cingulate,
pIPS, SPL, MTG, superior STS, insular cortex, MFG and IFG, as well as ip-
silateral connectivitywithmiddle-to-anterior IPS, IPL, lateral postcentral
gyrus, PMv, PMd/FEF, and medial fusiform gyrus. Notably, these latter
ipsilateral areas are all robustly activated in the context of viewing
tools and the performance of tool-related tasks (Lewis, 2006). This pat-
tern of FC suggests that the brain areas involved in the viewing of tools,
like pMTG, are functionally interconnected with the brain networks in-
volved in pantomiming and imagining tool use, naming tools, and hear-
ing tool-related sounds (for review, see Lewis, 2006).

Convergence and divergence in the whole-brain functional connectivity
patterns across category-selective networks

Functional connectivity in lateral-occipital cortex
As can be clearly seen in Figs. 7A and B (for statistical comparisons,

see Supplementary Fig. 5), two major conclusions can be readily
drawn from the overlap in the FC patterns between the various ROI
examined in lateral occipital cortex (LO, OFA and EBA): 1) that EBA, in
both the left and right hemispheres, shows by far the most extensive
full-brain FC and, 2) despite the three ROIs being situated in such
close proximity to each other in cortical space (see ROIs denoted by
black symbols), they show considerably little overlap in their FC pat-
terns across the whole brain (note that we made this very same obser-
vation above when considering the FC overlap between the tool-
selective pMTG and the body-selective EBA).With regard to this second
point, it is worth noting that the only zone in which the FC maps of the
three different ROIs converged was in the middle temporal gyrus of
both hemispheres (overlap denoted in white). Considering the spatial
blurring inherent in the hemodynamic response and the spatial
smoothing applied to the fMRI data, this area of overlap – in the very
least – is to be expected.

In the left hemisphere ROIs (Fig. 7A),we found a gooddegree of over-
lap between the FC of L-LO and L-OFA in the fusiform and parahippo-
campal gyri ipsilaterally, the parahippocampal gyrus contralaterally,
and the lateral occipital cortex and dorsal occipital cortex bilaterally
(denoted in pink). Between L-LO and L-EBA we only observed FC over-
lap in a small patch of cortex between their ROI seed locations (as well
as a corresponding location in the contralateral hemisphere, denoted
in cyan). However, as a notable departure from FC overlap being
constrained to the occipital and temporal cortices, in both hemispheres
the FC of L-OFA and L-EBA showed small overlap on the superiormedial
wall of the cingulate, in the plane of the central sulcus, saddling the bor-
der between the primary somatosensory and motor cortices (denoted
in yellow). With regard to the homunculus represented in primary
motor cortex, this site of overlap approximately corresponds to the
shoulder/trunk area andwith regard to the homunculus in primary sen-
sory cortex, this site additionally corresponds to the neck/head area
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Fig. 6. Functional connectivity of the tool-selective left pMTGROI. For comparison, the FCmap generated from the left EBAROI is overlaidwith that generated from the left pMTGROI (in A).
B is computed and shown as in Fig. 2E.
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(Kandel et al., 2000). Using this site of overlap as a neuroanatomical
frame of reference, the unique site of L-OFA connectivity located more
anteriorly (in superior cingulate/SFG) may correspond to the neck and
head representations of the body contained in primate SMA (Penfield
and Welch, 1951; Woolsey et al., 1952).

Between the FCmaps of the right hemisphere ROIswe foundquite lit-
tle FC overlap (Fig. 7B; for statistical comparisons, see Supplementary
Fig. 6). For instance, for R-LO and R-OFAwe observed overlap in posterior
ITG (within lateral occipital cortex) and dorsal occipital cortex (denoted
in pink). For R-LO and R-EBA, we found small overlap in dorsal occipital
cortex near pIPS and in lateral occipital cortex (denoted in cyan). Lastly,
for R-OFA and R-EBA, in contrast to the frontal FC overlap noted with
their left hemisphere counterparts (briefly discussed above), we
observed rather small overlap along the ITG and the fusiform gyrus
(denoted in yellow), the latter in the vicinity of the category-selective
ventro-temporal seed regions.

Functional connectivity in ventro-temporal cortex
Figs. 7C, D and E (for statistical comparisons, see Supplementary

Figs. 7 and 8) allow for two further conclusions to be drawn: 1) of the
ventro-temporal cortex areas, both L-FFA and R-FBA show themost ex-
tensive full-brain FC, and 2) as was observed for lateral-occipital cortex,
the three ventro-medial ROIs display very little overlap in their FC pro-
files (as indicated by the very small patches of activity denoted in
white). This latter observation is perhaps best exemplified in the mark-
edly distinct whole-brain FC maps of R-FFA and R-FBA (Fig. 7E), which,
due to their near anatomical proximity (Peelen and Downing, 2005b;
Schwarzlose et al., 2005), actually have ROI seed voxels lying directly
adjacent to one another on cortex. This outcome, combinedwith several
of the findings already discussed above, clearly suggests that the close
neuroanatomical proximity of different ROIs on cortex does not trans-
late into similarities in the patterns of whole-brain FC observed from
these regions.

In the left hemisphere ROIs (Fig. 7C), we found only small overlap
between the FC maps of L-pFs and L-FFA along ipsilateral IFG and fusi-
form gyrus (denoted in yellow). Between L-pFs and L-PPA FC maps
we observed only small overlap in the ipsilateral fusiformgyrus extend-
ing into the parahippocampal gyrus (denoted in pink). Lastly, between
L-FFA and L-PPA, we found no FC overlap (except for the areas inwhite,
as already indicated above). This is consistentwith the notion that these
latter two brain regions engage largely distinct circuitry for stimulus
processing (Kanwisher, 2000, 2010, see also Nir et al., 2006; Zhu et al.,
2011). Note that even in the cases where FC overlap was observed
(Fig. 7C), it did not occur outside OTC.

In the right hemisphere ROIs (Fig. 7D), we found only small FC over-
lap between R-pFs and R-FFA in ipsilateral ITG and near their ROI seed
locations (denoted in yellow). Between R-pFs and R-PPA we observed
only small FC overlap in the ipsilateral fusiform and parahippocampal
gyri and posterior MTG (denoted in pink). Lastly, between R-FFA and
R-PPA, we only observed very small connectivity overlap in the ipsilat-
eral MTG (denoted in cyan). Again, note that none of these areas of
overlap extended outside of OTC.

Lastly, while there are several notable differences in the patterns of
whole-brain FC betweenR-FFA andR-FBA (despite their close proximity),
of particular interest are the sites in which connectivity overlap was ob-
served: ipsilateral MTG, pSTS, SMG and IFG (see Fig. 7E). In the case of
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Fig. 7. Overlap of functional connectivity of all category-selective regions across OTC. Whole-brain correlation maps and their overlap are shown for lateral occipital areas on the left (A)
and right (B) and ventro-temporal areas on the left (C) and right (D). E) Overlap of FC between right FFA and FBA. ROI locations are shown in black and differentiated according to their
shapes (denoted by legends associatedwith each cortical map). All statistical maps are threshold at a z-score of 2.3. Note that the FC of pMTG is not shown in A. LH= left hemisphere, RH
= right hemisphere.
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FC with MTG and pSTS, these areas have been implicated in voice recog-
nition and speech processing (Davis and Johnsrude, 2003), are commonly
activated in face discrimination tasks (Haxby et al., 2000) and have
recently been shown, through combined fMRI and diffusion-weighted
imaging, to have direct structural connectivity with FFA (Blank et al.,
2011). In addition, pSTS, has been implicated in the processing and recog-
nition of biological motion (for review, see Peelen and Downing, 2007).

Differences between RS- and task-based maps
Previous work has demonstrated considerable correspondence be-

tween the brain networks derived from task- and RS-based data (Smith
et al., 2009; Toro et al., 2008), suggesting that the spontaneous intrinsic
activity of the brain at rest can provide a framework for understanding
its responses to the external world (Fox et al., 2006; Raichle, 2010). Con-
sistent with this notion, the patterns of OTC FC observed in the current
study converge upon many of the same regions activated in a wide vari-
ety of semantic knowledge tasks, such as theMTG, parahippocampal and
fusiform gyri, IPL, prefrontal cortex, and the posterior cingulate gyrus
(see Binder et al., 2009 for a recent meta-analysis of 120 fMRI studies).
There is mounting evidence, however, that RS-based analyses alone can-
not provide a complete account of task-evoked networks, and vice versa
(see Mennes et al., 2013). As suggested by Mennes et al. (2013), part of
this discrepancymay result from fundamental differences in the analyses
employed. Whereas task-based analyses tend to average responses over
several repetitions of stimuli (i.e., trial-based averaging) and, in essence,
ignore any changes in the temporal dynamics across trials, RS-based
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analyses fully capture covariations in the spontaneous fluctuations of the
BOLD signal. In addition to this basic methodological difference, substan-
tial differences in what the two approaches actually measure should fur-
ther dictate that they need not always be in perfect alignment. Whereas
the task-independent nature of RS-analyses has the potential to reveal
the full underlying architecture that can be utilized at any givenmoment
to support the processing of information related to all aspects of the ob-
ject category (e.g., perceptual, sensory, motor, cognitive, and affective),
the brain networks activated by a particular task (e.g., in the localizer
tasks employed here, detecting the same image on successive trials)
should be largely composed only of those areas required for performing
the task (i.e., perceptual discrimination of the particular object category).
As such, it follows that RS-analyses have the capacity to provide unique,
yet complementary insights into the latent pathways that flexibly sup-
port the utilization of object knowledge in accordance with task
demands.

Cluster and network analysis

In order to provide a more quantitative analysis of the FC between
different OTC ROIs (i.e., temporal correlation relationships) as well as
similarities and differences between their whole-brain FC patterns
(i.e., spatial correlation relationships), here we provide complete corre-
lation matrices and the results of hierarchical cluster analyses (see the
Material and methods section) for the ROI time courses and resulting
spatial connectivity maps (see Fig. 8).

Within-OTC connectivity
The top panel in Fig. 8A shows a complete correlation matrix of the

time courses of each ROI correlated with that of every other ROI, aver-
aged across all participants. To further show the relations between the
time courses, we performed average-linkage hierarchical cluster analy-
sis of these ROIs (see Fig. 8A, middle panel). Here, we observed cluster
separations (cophenetic correlation coefficient = 0.8969, p b 0.00001,
based on non-parametric permutation statistics, see the Material and
methods section) largely based both on the categorical selectivity and
anatomical proximity of the different ROIs. For instance, a cluster sepa-
ration at a Euclidean distance of 1.2 was found to distinguish 2 major
clusters within OTC: the first, composing bilateral RSC, pFs and PPA,
and the second, composing all remaining ROIs. Notably, this general
separation conforms not only to the general anatomical arrangement
of the ROIs in OTC (i.e., with the former group all being located more
ventro-mediallywhereas the second group is located from ITS extending
laterally), but also with the general types of lateral-to-medial gradients
of functional response properties observed in the region, as measured
with task-based fMRI (for review, see Chao et al., 1999; Mahon et al.,
2007; Martin, 2007; Miceli et al., 2001; Noppeney et al., 2006). At more
fine-grain cluster separations, a Euclidean distance of 0.6 for example,
we found that clusters were even further segregated along the dimen-
sions of categorical selectivity and ROI location. For instance, we found
that L-EBA and L-pMTG, given their close anatomical proximity, were
clustered together but, importantly, only as a pair of areas clustered to-
gether with R-EBA.

The bottom panel of Fig. 8A provides another visualization (graph
representation) of the relationship between OTC ROIs based on their
temporal correlation patterns. Note that the close proximity of bilateral
homologues is evident across all ROIs. Taken together, these correlation
metrics and network analyses largely re-affirm the types of functional
relationships to be expected based on a combination of both neuroana-
tomical proximity and categorical-selectivity.

Whole-brain connectivity
The top panel in Fig. 8B shows a complete spatial correlation matrix

of the whole-brain spatial connectivity maps generated from each OTC
ROI. In this figure, ROIs showing more similar patterns of whole-brain
connectivity have higher correlation values (see the Material and
methods section for specific details as to how these correlation metrics
were derived) [note that interpreting the relationships displayed in
Fig. 8B requires reference to the patterns of network convergence and
divergence across the different OTC ROIs, shown in Fig. 7]. Following
average-linkage hierarchical cluster analysis of the ROI-based spatial
maps (cophenetic correlation coefficient = 0.7923, p b 0.00001, based
on non-parametric permutation statistics) we found that the cluster
separations looked markedly different from those based on the time-
series correlations within OTC alone (compare Fig. 8B middle with
that of Fig. 8A middle). While caution should be applied when
attempting to infer hierarchical relationships of areas based on spatial
FC patterns alone, the pattern of separations indicates that the FC rela-
tionships of specific OTC ROIswith the rest of the brain cannot be simply
explained on the basis of either 1) the categorical-selectivity of the ROIs
(e.g., all face-selective regions showing a common profile of full-brain
connectivity) or 2) their neuroanatomical proximity to one another
within OTC (e.g., more similar full-brain connectivity patterns for ROIs
located adjacent to one another on cortex).

The bottom panel of Fig. 8B provides the equivalent visualization
graph display to that seen in the bottom of Fig. 8A. In this case,
interpreting the spatial arrangement is limited in the sense that
these are based on whole-brain spatial similarities and not temporal
relationships (the graph representation then serves merely to offer a
complementary visualization of the relationships seen above). Taken
together, the spatial correlation metrics converge upon the same
conclusion readily derived from viewing thewhole-brain FC patterns
in Figs. 2–7: The whole-brain FC of OTC significantly varies not only
across ROIs with different category-specificities (e.g., faces versus
scenes), but also even across areas showing the same general
category-specificity (e.g., OFA versus FFA), both as a function of
seed hemisphere and location along the OTC posterior–anterior axis.

For a different visualization of the extent to which the whole-
brain FC patterns of the different OTC ROIs converge and diverge
across cortex, we have created ‘connectivity fingerprints’ for each
of the ROIs (see Fig. 9). Here, the group-averaged, z-normalized cor-
relation values between each ROI and select AAL areas are displayed
(note that AAL areas were selected based on their typical roles in
sensory-, motor-, cognitive- and affective-related processing and
based on the general observation that these areas appear to be im-
portant sites of convergence or divergence in the patterns of OTC
FC across the brain; see Figs. 2–7). While the z-score values present-
ed appear low, it is important to consider that each predefined AAL
region is quite large and thus, the signal to be correlated with the ac-
tivity of each OTC seed ROI is averaged across a large number of
voxels, necessarily decreasing the levels of specificity that can be ob-
served. As such, the plots are only meant to provide a comprehensi-
ble visualization of the FC profiles across key non-OTC regions.
Network convergence

Thoughmuch of thepresent study has emphasized themany cases of
divergence in the whole-brain networks correlated with the resting-
state activity of different OTC regions, it is worth noting that we do in
fact observe, outside of the lateral-occipital and ventro-temporal corti-
ces, a few prominent sites of convergence (these ‘convergence zones’
are shown in Fig. 10, with the different colors indicating the number of
OTC functional maps that overlap at each voxel in the brain). In particu-
lar, in the PPC we found significant overlap in the POS, pIPS, and medial
IPS across the OTC FC maps (Fig. 10). Based on previous DTI work, these
PPC regions are thought to form part of a structural core that links other
structural modules in the brain and thus play a critical role in the func-
tional integration of information across cortex (Hagmann et al., 2008).
Beyond these convergence sites in PPC, however, the findings presented
in Fig. 10 largely serve to reinforce the extent to which the OTC whole-
brain networks are differentiated.
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Fig. 8. Correlationmetrics of within-OTC andwhole-brain functional connectivity maps. A) (top) Average pairwise correlationmatrix of resting-state BOLD time series between OTC ROIs.
The upper triangular part of the graph displays the coefficient values according to the color bar on the right and the lower triangular part (mirror image) of the graph displays the corre-
sponding absolute numerical correlation coefficient values. (Middle) Dendrogram plot of the hierarchical binary cluster tree of OTC ROIs following cluster analysis (based on Euclidean
distance of the correlation coefficients in the left panel). (Bottom) Graph representation of the correlation matrix in the top panel in which each ROI represents a node and where each
edge represents a pairwise temporal correlation value (r ≥ |0.3|). The size of the node represents its degree centrality. B) (top) Average pairwise correlation matrix of whole-brain con-
nectivity maps generated from each OTC ROI (shown the same as in A). (Middle) Dendrogram plot of the hierarchical binary cluster tree of whole-brain correlationmaps generated from
each OTC ROI following cluster analysis (based on Euclidean distance of the correlation coefficients in the left panel). (Bottom) Graph representation of the correlation matrix in the top
panel in which each ROI FC map represents a node where each edge represents a pairwise spatial correlation value (r ≥ |0.1|). The size of the node represents its degree centrality.
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Fig. 9. Functional connectivity fingerprints of OTC ROIs. The polar plots show the object (A), face (B), scene (C), body (D), and tool (E) ROIs connectivity with select AAL-defined brain
regions. The values indicate the absolute z-scores averaged across participants (inner dashed circle = 0.125; outer circle = 0.250).
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Additional control seed region analyses

One possible explanation for much of the anterior extensions of FC
seen with many of the seed ROIs is that it may reflect the problem of
partial voluming of seed regions. That is, our original selection of seed
Fig. 10. Conjunction analysis across the functional connectivity maps of all category-
selective OTC regions. Color maps represent the number of OTC functional maps that
have significant functional connectivity (z-score N 2.3) at each voxel. For interpreting
which FC maps are driving overlap effects, see Fig. 7. LH = left hemisphere, RH = right
hemisphere.
regions based on the task-based functional localizer visual stimuli
may, in addition to selecting visual voxels, also select non-visual voxels
in the region and this may affect (and inadvertently explain) some of
the long-range parietal and frontal FC patterns seen with our original
seed regions. To address this possibility, we examined the whole-brain
FC patterns associated with neighboring seed regions, located adjacent
and just anterior to our original seed regions. It stands to reason that if
the original visual network ROIs are completely segregated functionally
from neighboring non-visual networks then, at least to a certain extent,
this should manifest as a largely non-overlapping set of FC patterns for
the original and control (anterior) ROIs.

Visual inspection of the FCmaps generated from the control anterior
seed ROIs revealed patterns of FC that were, depending on the area in
question, either different or similar to the patterns of FC generated
from the original task-based seed regions (see Fig. 11). Notably, for
some of the ROIs these differences in the outside-OTC distributed FC
patterns (i.e., throughout parietal and frontal cortices) were far more
pronounced (e.g., R-PPA) than for other ROIs (e.g., L-EBA). Also, we
found cases in which the anterior seed ROIs showed much greater
long-range FC than the corresponding original ROI (e.g., left and right
LO). On the one hand, these differences are to be expected based on
the different voxels being sampled while, on the other hand, some of
the similarities in the FC maps are to be expected based on the proxim-
ity and shared functions of the control and original seed locations.While
the outcome of this control analysis approach can be somewhat difficult
to interpret, these additional analyses have been included so that inter-
ested readers can be left tomake their own judgments on the selectivity
of the original localizer-defined FC maps.



Fig. 11. Overlap of functional connectivity of task-localized OTC regions and anterior control regions. Whole-brain correlationmaps from OTC seed regions (red) and seeds placed directly
adjacent and anterior to these regions (blue) are displayed (binarized with a z-score threshold 2.3) on flat maps of both hemispheres for all category-selective regions. Spatial overlap is
denoted by pink.
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General discussion

Just as the architecture of the mind might be inferred from the
brain's functional organization (Kanwisher, 2010) there ismounting ev-
idence that significant insights into the brain's functional organization
can be revealed from its patterns of connectivity (Behrens and Sporns,
2012). Thus, part of understanding the functional organization of
category-selective responses in OTC requires gaining a better under-
standing of how the visual–perceptual information processed by OTC
might be used by the rest of the brain. To investigate this issue, we
used rs-fMRI to compare the FC patterns of several well-documented
localizer-defined OTC regions involved in object-, face-, scene-, body-
and tool-related visual–perceptual processing, both with each other
and with structures elsewhere in the brain. As detailed in the Results
and discussion section above, we found notable differences between
the whole-brain FC patterns of different OTC ROIs, not only between
the different object categories (e.g., faces versus scenes), but also be-
tween areas thought to form part of the same processing network
(e.g., OFA versus FFA). To our knowledge, this work is the first to sys-
tematically compare the different resting-state FC networks across the
majority of category-selective regions in OTC. To the extent that differ-
entOTC regions have distinctive patterns ofwhole-brain functional con-
nectivity, our results support interpretations of these regions not only as
distinct entities in high-level visual–perceptual analysis (Kanwisher,
2010) but also as components of a greater, more widely distributed
and integrated network of areas specialized for processing specific ob-
ject domains (Mahon and Caramazza, 2009, 2011).

Key questions

Much of the present investigation, as noted at the outset in the
Introduction section, is focused on examining several main questions
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concerning the FC of different category-preferring OTC regions. Here,
we briefly discuss the extent to which the current findingsmay offer in-
sights into addressing these questions, each in turn.

Is there correspondence between the neuroanatomical proximity
of different OTC ROIs and their whole-brain FC patterns?

A key theme explored in the current study, though not explicitly
tested, is the idea that the modular arrangement of category-selective
responses in OTC emerges as a result of an organization not only at
the level of visual cortex connectivity with OTC, but also at the level
of its connectivity with the non-OTC brain structures that ultimately
use the information to produce behavior. In this view, the category-
selective organization of OTC reflects the instantiation of, and con-
straints imposed by, a widely distributed network of areas that includes
several other regions (Mahon and Caramazza, 2009). One prediction
that naturally follows from this idea is that there might be a tight
coupling between the locations of category-preferring regions in
OTC and their corresponding whole-brain patterns of FC (Mahon and
Caramazza, 2011). We examined this possibility in our resting-state
data and found support for this prediction, but only to a matter of de-
gree. For instance, as would be predicted by the hypothesis, we found
that the FC patterns of FFA and PPA, located a good distance from each
other in OTC, were fully distinct. Likewise, while we observed fairly dis-
tinct FC patternswhen considering ROIs located directly adjacent to one
another, such as L-EBA and L-pMTG, both regions showed substantial FC
with somatomotor cortex (Fig. 6), as predicted by the hypothesis
(Mahon and Caramazza, 2011). However, when considering the activity
of two areas located in even closer proximity to each other, R-FFA and R-
FBA, we observed significantly different FC patterns: FC for R-FBA was
extensively distributed throughout the entire brain whereas R-FFA
showed FC with only a very small subset of those areas showing FC
with R-FBA. Thus, while it is clear that some predictions from the hy-
pothesis are borne out in the data, additional organizational principles
(and further experimentation) may be required to help account for
the patterns of FC observed.

Are there systematic differences in the FC of OTC ROIs across the two
hemispheres?

Based on ample evidence that category-selective responses in OTC
tend to be stronger in the right than left hemisphere (e.g., Downing
et al., 2001; Epstein and Kanwisher, 1998; Kanwisher et al., 1997;
Malach et al., 1995), we initially predicted that this might translate to
(or perhaps reflect) a more extensive and distributed pattern of FC for
right-hemisphere ROIs. Here, if anything, we found evidence for the op-
posite pattern (although it is worth noting that the scene-selective
areas, RSC and PPA, appear to be exceptions). Why might the left-
hemisphere seeds have more extensive FC? Neuropsychological and
neurophysiological investigations indicate that the left hemisphere
may be particularly specialized for the visual–motor control of action
(Frey et al., 2005a; Grafton et al., 2002; Haaland et al., 2000; Heilman
et al., 1997; Perenin and Vighetto, 1988; Rushworth et al., 2001;
Schluter et al., 2001; Verstynen et al., 2005) aswell as speech processing
and communicative behavior (Davis and Johnsrude, 2003; Hickok and
Poeppel, 2007; Kandel et al., 2000; Kimura, 1982). Given that the visu-
al–motor and speech processing centers in left frontoparietal cortex
are expected to be particularly well developed in the right-hand domi-
nant participants tested here (Bethmann et al., 2007; Dassonville et al.,
1997; Hugdahl et al., 1997; Kim et al., 1993; Kloppel et al., 2007; Wada
and Rasmussen, 1960), one intriguing possibility is that the FC of left
hemisphere OTC ROIs may be organized from the standpoint of
implementing behavior and aiding communication.

How do the FC patterns of ROIs forming components of the same
category-selective network compare?

Wehad initially expected that areas forming key core components of
a category-preferring hub in OTC (as evidenced by their routine co-
activation during visual–perceptual tasks) would show very similar
whole-brain patterns of FC. This prediction directly follows from the no-
tion that each of these core areas (e.g., OFA and FFA), functioning as part
of a highly distributed and integrated network involved in processing a
specific object domain (e.g., faces), might also show FC with the entire
network of areas in which they are thought to be situated. We found
this to be true only when considering the FC of ROIs within OTC. That
is, object-, face-, scene-, and body-related areas generally tended to
show strong temporal correlations with the homologous areas in the
opposite hemisphere as well as with areas showing the same
category-selectivity (see Fig. 8A, see also Nir et al., 2006; Zhu et al.,
2011). However, when considering the whole-brain patterns of FC
across the different OTC ROIs – the most important and unique contri-
bution of the current study – this was clearly not the case. Indeed, per-
haps one of the most consistent and noteworthy findings of the current
study was the considerably small degree of overlap in the whole-brain
FC patterns of ROIs belonging to the same category-selective network
(see Figs. 2–6). The specific insights gained by this observation have al-
ready been addressed in the appropriate sections of the Results and
discussion section (above). Here, we only re-emphasize that these find-
ings fully align with the notion that ROIs belonging to the same
category-selective network likely perform separable, yet complementa-
ry roles as part of a stepwise hierarchy involved in transforming local-
ized visual information into a more abstract and invariant
representation for a particular object category (Grill-Spector and
Malach, 2004; Taylor and Downing, 2011).

Where in cortex do the different category-selective OTC networks
converge?

Despite differences in the locations in which certain object catego-
ries are represented in OTC (e.g., faces versus scenes), we had initially
expected that, once outside of OTC, there might be several different
sites of convergence in the patterns of FC. This expectation was based
on the assumption that common neural substrates (e.g., frontal areas
traditionally implicated in executive control or short-term memory)
might be frequently recruited for processing several different object
categories and that these shared underlying circuits and pathways
might then be revealed via FC with rs-fMRI. A major theme to emerge
in the current study, however, is that once outside of OTC, we observed
strikingly little convergence in the FC patterns of different category-
preferring ROIs (see Fig. 10 for verification). From the vantage point of
whole-brain FC, these results lend further support to the notion that
these different OTC regions form distinct entities in the processing of
different object categories (Kanwisher, 2010).

Limitations to interpretation

In describing the FC patterns in the Results and discussion section
above we have attempted, where appropriate, to situate the current
findings within the context of previously published work. Like all con-
nectivity studies (e.g., neuroanatomical tracing studies and DTI), this
entails speculating on the types of cortical processes that certain pat-
terns of FC may help enable or support (called ‘reverse inference’, see
Poldrack, 2006). We appreciate that the claims made using reverse in-
ference can be both limited and context-dependent (Hutzler, 2013;
Poldrack, 2011) and this may be particularly true with regard to the
current study for two reasons. First, the current results were obtained
during the resting-state, and thus, any inferences about the cognitive
functions that may be supported by the FC networks observed rely
on assumptions of stationarity in the brain between task and rest
(which may or may not be true, see Toro et al., 2008; Smith et al.,
2009; Mennes et al., 2013). Second, whereas the current findings are
based on correlation metrics, the cognitive and/or network processes
that may be supported by the patterns of FC often require reference to
previous reports of neural activation. This necessitates the assumption
that some of the shared variance between two regions stems from the
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typical task-related processing of one region on its own. For these and
other reasons, we acknowledge that suggestions concerning the func-
tional processes supported by the networks derived via resting-state
analyses remain speculative. For further discussion, readers can also
see the Supplementary material.

One point worth acknowledging is that the current paper largely
presents and discusses the FCfindingswith reference to amoremodular
view of stimulus category representations in OTC (Kanwisher, 2010).
However, there are also suggestions, brought forward from other
studies, that OTC represents different object categories through widely
distributed and overlapping patterns of activity across the whole of
OTC rather than through category-selective modules (Haxby et al.,
2001). Though it is unclear where the current findings would be situat-
ed within these two extremes, it is compelling that we observe quite
distinct patterns of FC across the different category-selective ROIs and
even between areas thought to form core components of the same
category-selective network. Insofar as these FC findings bear some in-
sights into the functional organization of the ventral visual pathway,
these findings suggest a more modular representation in OTC. Never-
theless, we suspect that future studies and techniques will be required
to more definitively weigh-in on this important and ongoing debate.

Conclusion

In conclusion, our OTC FC findings complement and extend results
from previous studies of anatomical and task-evoked patterns and,
when taken together, they lend support to the notion that category-
selectivity at the level of OTC is in part a reflection of the connectivity
constraints imposed by a widely distributed network of areas (Mahon
and Caramazza, 2011). More generally, these findings also offer insights
into how category specificity is realized throughout the brain and ulti-
mately used to generate cognition and behavior.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.03.068.
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