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Abstract

Neuroimaging research has identified several category-selective regions in visual cortex that
respond most strongly when viewing an exemplar image from a preferred category, such as faces.
Recent studies, however, have suggested a more complex pattern of activation that has been
heretofore unrecognized, e.g., the presence of additional patches of activation to faces beyond the
well-studied fusiform face area, and the activation of ostensible face selective regions by animate
motion of non-biological forms. Here, we characterize the spatial pattern of brain activity evoked
by viewing faces or biological motion in large fMRI samples (N > 120). We create probabilistic
atlases for both face and biological motion activation, and directly compare their spatial patterns
of activation. Our findings support the suggestion that the fusiform face area is composed of at
least two separable foci of activation. The face-evoked response in the fusiform and nearby ventral
temporal cortex has good reliability across runs; however, we found surprisingly high variability
in lateral brain regions by faces, and for all brain regions by biological motion, which had an
overall much lower effect size. We found that faces and biological motion evoke substantially
overlapping activation distributions in both ventral and lateral occipitotemporal cortex. The peaks
of activation for these different categories within these overlapping regions were close but distinct.

Keywords
face; biological motion; probabilistic atlas; fMRI; localizer; body

1. Introduction

The occipitotemporal cortices contain several ostensibly category-selective areas defined by
their preferential response to different types of stimuli, such as faces (e.g. Sergent et al.,
1992; Haxby et al., 1994; Puce et al., 1995; Kanwisher et al., 1997), body-parts (e.g.
Downing et al., 2001; Peelen and Downing, 2005; Peelen and Downing, 2007; de Gelder et
al., 2010), houses and places (e.g. Aguirre et al., 1998; Epstein and Kanwisher, 1998; Ishai
etal., 1999; Epstein et al., 1999), and biological motion (e.g. Bonda et al., 1996; Puce et al.,
1998; Grossman et al., 2000; Grossman and Blake, 2002). These areas have been widely
considered to represent cortical modules specialized for particular and limited functions such
as structural encoding of faces. The relative simplicity of this perspective has been
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challenged by more recent findings. The discovery of new category selective areas has
revealed a more crowded landscape of overlapping activations. For instance, the body-
selective response overlaps with the face-selective response. Multi-voxel pattern analysis
has shown that category-selective responses can be seen in distributed response patterns that
extend outside of the relevant specialized area (Haxby et al., 2001). Perhaps most
challenging of all is recent evidence that the ‘fusiform face area’ (FFA; Kanwisher et al.,
1997), maybe the most well known and thoroughly studies of these regions, might not be a
single area but rather comprise a series of face-selective patches (Pinsk et al., 2009; Weiner
and Grill-Spector, 2011). This complexity may have remained hidden due to the relative
insensitivity of fMRI, particularly when the signal to noise of the activation response is
relatively low and sample sizes are small. One aim of the current study, then, is to take
advantage of data sets with large sample sizes to best characterize the spatial patterns of
activation evoked by viewing two particular categories of stimuli, faces and biological
motion.

An important aspect of characterizing the spatial activation pattern evoked by stimulus
categories is to establish the reliability of these patterns, measured either by the locations of
the peak activations or by the spatial extent of activation, across sessions. The large data sets
we analyze here were created by pooling ‘localizer tasks’ used in a variety of independent
studies. ‘Localizer tasks’ are commonly used as a preliminary step in brain imaging
experiments to identify functional regions of interest (fROIS) that are then used to limit the
number of dependent variables measured in the main experiment (thus ameliorating the
statistical issues related to multiple comparisons). The effect of the main experimental
manipulation is measured as the average response of the fROI rather than a whole-brain
voxel-wise analysis. The localizer task and the primary experiment can be run in the same
imaging session separated by minutes, or in different sessions separated by days. The
reliability of the pattern of activation is important for obtaining a true picture of the spatial
structure of the category-specific response. It is also, however, an important practical
concern that limits the value of a localizer task.

Several characteristics of functional localizers have been recently investigated. These
include the effect of spatial normalization (Swallow et al., 2003), sensitivity to task
manipulations (Berman et al., 2010; Rossion et al., 2012), and the spatial reliability of
activation maps (Kung et al., 2007; Duncan et al., 2009; Duncan and Devlin, 2011) and peak
responses (Peelen and Downing, 2005; Duncan et al., 2009). Though these reports have
informed our understanding of the reliability of localizer task reliability, they have done so
using relatively limited sample sizes (i.e., N < 50). A practical outcome of the current study,
then, is the creation of functional probabilistic atlases of these category-selective responses.
Probabilistic atlases of brain structure and function are increasingly useful tools for
localization and interpretation fMRI results (Van Essen, 2002).

That we investigate here the spatial patterns and statistical reliability of two apparently
disparate categories, faces and biological motion, is not by accident. Rather, we were
particularly interested in comparing the spatial patterns of activation evoked by these
different stimulus classes. Recent studies from our laboratory have revealed activation in
face selective regions of the fusiform gyrus (as defined by face localizer tasks) by the
apparent animate motion of non-face simple geometric forms (Gao, Scholl, McCarthy, under
review) and by non-human machines that are engaged in purposeful motion (Shultz and
McCarthy, 2011). Neuroimaging studies of biological motion have revealed activation
within the fusiform gyrus that appears similar to that evoked by faces (e.g. Bonda et al.,
1996), and the activation patterns in lateral occipitotemporal cortex for faces and biological
motion are also superficially similar (e.g. Allison et al., 2000) However, a direct comparison
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of the activation patterns evoked by faces and by biological motion in a large sample of
subjects has not been previously reported.

2. Materials and Methods

2.1 Experimental Design

This study used separate fMRI localizer tasks to isolate regions of functional selectivity for
faces or biological motion. The data from each of three localizer tasks (2 face localizers, 1
biological motion localizer) were collected over several years in the context of several
independent studies. In the canonical design, participants viewed blocks composed of a
series of images from one of two possible stimulus categories. Participants in the “face-
scene” localizer task passively viewed blocks composed of color images of faces or indoor
and outdoor scenes. The content of the scenes was highly variable across exemplar images
and could include houses, buildings, or other structures. Participants in the “face-house”
localizer task passively viewed blocks composed of color images of faces or houses. Here,
the control condition was solely composed of centered frontal pictures of house facades.
Participants in the “biomotion” localizer task passively viewed blocks composed of a series
short “point-light” movies depicting either biological or non-biological motion. The number
of runs and timing details varied slightly across versions of the tasks used in independent
studies. All versions of both face localizer tasks included 1-2 runs in which each category
was presented in 4-6 blocks that lasted 16-24 s and were interleaved with a 10-16 s rest
interval. All versions of the biological motion localizer task included 1-3 runs in which each
category was presented in 4-6 blocks that lasted 12-32 s and were interleaved with a 12-16
s rest interval.

2.2 Participants

For the face-scene task, 124 young adults (66 females, 58 males, mean age 23 years)
participated in the context of nine separate studies. For the face-house task, 79 young adults
(35 females, 44 males, mean age 25 years) participated in the context of four separate
studies. For the biomotion task, 121 young adults (63 females, 58 males, mean age 25 years)
participated in the context of eleven separate studies.

The primary voxel-wise analyses and probabilistic atlases are based on data from a single
run. However, a subset of participants saw two or more runs of the face-scene (N=47) or
biomotion (N=68) tasks. These data were used to evaluate the inter-run stability of the task
results.

2.3 fMRI Image Acquisition

All scanning was conducted at the Magnetic Resonance Research Center at Yale University,
and approved by the Yale IRB. MR images were acquired using a 3.0 T Siemens TRIO
scanner. Echo-Planar Images (EPIs) with near whole-brain coverage were acquired from all
participants. The specific acquisition parameters varied somewhat across participants as the
data were collected in separate and independent experiments. All study acquisition
parameters used the same echo time [TE] = 25, flip angle = 90°, and matrix size = 642. The
independent studies acquired 34, 36, or 37 slices with a slice thickness = 3.5 or 4 mm, a field
of view [FOV] = 224 or 240, and a repetition time [TR] = 1.5 or 2 s. Across all studies co-
planar T1-Flash and high-resolution T1-MPRAGE images were collected to facilitate
anatomical registration of the EPI images.

2.4 fMRI Pre-Processing and Analysis

Preprocessing was performed using the FMRIB Software Library (FSL,
www.fmrib.ox.ac.uk/fsl). FSL’s brain extraction tool was used to remove the signal from all
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non-brain voxels. The first two volumes of each functional dataset were discarded to allow
for MR equilibration. Head motion effects in the data were corrected using FSL’s
MCFLIRT linear realignment tool. Data were temporally and spatially smoothed with a
high-pass filter (.01 Hz cutoff) and a Gaussian kernel of full-width-half-maximum of 5 mm,
respectively. Functional images were registered to coplanar images, which were then
registered to high-resolution anatomical images, and normalized to the Montreal
Neurological Institute’s MNI152 template. Our measures of within-participant spatial
reliability should not be affected by this spatial standardization (Swallow et al., 2003).

Analyses were performed using both FSL and the Analysis of Functional Neurolmages
software package (AFNI)(Cox, 1996). Details of each analysis are described below.

2.4.1 Whole-brain statistical maps—\Voxel-wise regression analysis of each time-
series (i.e. run) was performed using FSL’s FEAT program. Each of the stimulus time-series
was convolved with a single-gamma hemodynamic response function to create regressors-
of-interest for analysis within a general linear model (GLM). The selectivity of a voxel was
evaluated using linear contrasts of the model coefficients. In the face-scene, face-house, and
biomotion tasks, these contrasts were faces > scenes, faces > houses, and biological > non-
biological, respectively. The #statistics at each voxel associated with each contrast were
subsequently converted to z-scores.

Group analysis was performed with AFNI’s 3dttest++ program. The model coefficients
across all participants were contrasted using a paired-samples t-test. To correct for multiple
comparisons the statistical maps were thresholded using a false discovery rate of q(FDR) <.
001.

Despite the conservative statistical threshold, the t-tests resulted in large clusters of
activation. To better resolve the peaks of selectivity within these clusters, we used AFNI’s
3dExtrema program to find local maxima within the clusters. Peaks were defined as local
maxima with z = 6 and a minimum of 8 mm (a distance of approximately two voxels at our
acquisition resolution) from an adjacent peak.

2.4.2 Whole-brain probabilistic atlases—Atlases were created that estimated the
probability that a given voxel is category-selective to one of the tested conditions. The
results of the GLM’s linear contrast (described above) were first binarized such that voxels
at which the localizer contrast had a z-score = 1.65 were assigned a value of “1”, and all
other voxels were assigned a value of “0”. The voxel-wise mean of these binary maps was
then calculated across all participants. The resulting maps represent, at each voxel, the
percentage of participants who showed a category-selective response. A separate atlas was
created from each localizer task.

As with the clusters created by the GLM contrast, an automated local maxima search was
used to find probabilistic peaks. Peaks were defined as local maxima with P > .33 and a
minimum of 8 mm from an adjacent peak.

2.4.3 Regions of Interest—We created two anatomical ROI masks (aROI) to be used in
a subset of our analyses (the inter-run analyses described below). The regions of interest
included the ventral temporal (VT) and lateral temporal (LT) cortices. We restricted these
aROls to the right hemisphere, given that neuroimaging studies consistently find a right
hemisphere bias for face processing (Sergent et al., 1992; McCarthy et al., 1997; Kanwisher
et al., 1997; Rossion et al., 2012).
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The aROIls were defined anatomically on the cortical surface of a standard brain (Figure 5a),
and subsequently converted into volume space for use in the analyses. The VT mask
primarily consists of the mid-fusiform gyrus (FG) and extends laterally from the collateral to
the inferior temporal sulcus and is bounded in the anterior-posterior dimension at MNI y-
coordinates of approximately —30 and —60. The LT mask primarily consists of the posterior
superior temporal sulcus (LT) and includes the posterior segment of the superior temporal
sulcus (y < —32) including its descending and ascending limbs.

2.4.5 Inter-Run Reliability—A subset of the participants saw two or more runs of the
face (N=47) or biological motion (N=68) localizer task. We used these data to estimate the
reliability of the localizer-evoked activation. That is, does the activation evoked in run 1
predict the activation evoked in run 2. For each participant the coordinates of the peak
category-selective voxel were identified within each aROISs. Inter-run reliability of the peak
voxel location was estimated by calculating the Euclidean distance between the peak voxel’s
coordinates from the first and second runs. In a similar investigation of language localizers,
Duncan and colleagues(2009a) calculated the spatial overlap of the activated voxels across
several runs. The same measure was used here as measure of inter-run reliability within each
aROI. This overlap ratio is defined as Rj; = 2 x Vjy/(V; + V}); where Vj is the number of
voxels activated in the first run, Vj is the number of voxels activated in the second run, and
Vijj is the number of voxels commonly activated across both runs. Participant data was
included in this analysis if there were seven or more active voxels (a volume roughly
equivalent to the volume of a single voxel at our acquisition resolution) in each of the two
runs. The spatial extent of an activation map is largely a function of the statistical threshold
used to define it. A more liberal threshold will yield a larger map (i.e. more active voxels),
whereas a conservative threshold will yield a smaller map (i.e. fewer active voxels). Duncan
and colleagues(2009a) thus calculated the overlap ratio using different statistical thresholds
in an effort to avoid biasing the results by using a single arbitrary threshold. The same
approach was employed in the current study. The overlap ratio was calculated using z-value
thresholds of 1.65, 2.3, 3.09, 4, and 5. To further estimate the strength of the effect relative
to noise (i.e SNR), we calculated the mean z-score of the top 10% of the z-score distribution
across all voxels within the aROI.

The results and discussion that follows will use the following shorthand to describe activated
voxels: ‘face-voxels’ refer to voxels that exceed the statistical threshold of z > 1.65 for the
relevant face contrast (face > scene or face > house), ‘bio-voxels’ refer to voxels that exceed
the statistical threshold of z > 1.65 for the biological > non-biological motion contrast.

3.1 Whole-brain statistical maps

Face-scene localizer—The face > scene contrast revealed sixteen large clusters (> 100
voxels) of “face-voxels” (Figure 1, column 1). These included bilateral occipitotemporal
clusters, which connected the lateral and ventral temporal cortices via the inferior
occipitotemporal cortex, medial clusters including dorsomedial and ventromedial frontal,
medial occipital and paracingulate cortices, right inferior frontal gyrus, bilateral amygdala,
and left cerebellum.

Within these clusters, seventeen local maxima were identified (Table 1) using the criteria
described in Methods (because the criteria included a minimum z-score, not all clusters
yielded a local maxima). These included seven peaks that ran through the right
occipitotemporal cluster posteriorly along the fusiform gyrus then laterally and anteriorly
along the anterior occipital sulcus and terminating within the superior temporal sulcus, and
four peaks that followed a similar course in the left hemisphere. The remaining six peaks
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were found in the bilateral amygdala, dorsomedial PFC, two adjacent peaks in the medial
precuneus, left cerebellum. Among these 17 local maxima, five were particularly prominent
(z > 13); the right pSTS, bilateral amygdala, right fusiform gyrus (a region often
functionally defined as the fusiform face area; FFA; Kanwisher et al., 1997), and right
anterior occipital sulcus (a region often functionally defined as the occipital face area; OFA,
Gauthier et al., 2000).”

Also of note was a local maximum along the fusiform gyrus that was located intermediate
between the FFA and OFA (Figure 2). We were concerned that this intermediate peak might
be an artifact of the ‘minimum peak separation distance’ parameter used in our automated
search for local maxima. That is, peaks might be identified at a spatial frequency equal to
the minimum distance parameter even on a homogenous distribution that does not contain
true activation maxima. To ensure that this intermediate peak was not an artifact of
particular search parameters, we re-ran the local maxima algorithm without imposing a
minimum separation criterion. This test identified the same two peaks, indicating that the
intermediate peak is not likely an artifact of our measurement procedure.

We tested the reliability of these two fusiform peaks by identifying the top two peak maxima
within the VT aROI for each subject. Aside from the constraining the search to the aROI, we
did not impose any additional restrictions on the possible location of the peak responses. We
found that the top two peak voxels were separated by 9.95 mm along the y-axis. Across all
participants, the average location of these peaks was at 42, —44, —20 and 43, -54, -18,
nearly identical to the location of the peaks identified in the group GLM.

Face-house localizer—The face > house contrast map was very similar to the one
evoked by the face > scene contrast (cf. Figure 1, columns 1 and 3). Because the results of
the face-house task were derived from a smaller sample than the face-scene task, and
because the results were qualitatively very similar to those of the face-scene task, we will
not discuss the face-house results in further detail.

Biomotion localizer—The biological motion > non-biological motion contrast revealed
three large clusters (> 100 voxels) of “bio-voxels” (Figure 1, second column). These
included bilateral occipitotemporal clusters, which connected the lateral and ventral
temporal cortices via the inferior occipitotemporal cortex, and the right amygdala.

Within these clusters, nine local maxima were identified (Table 1). Five right hemisphere
peaks were found in the fusiform gyrus, the superior temporal sulcus, and anterior occipital
sulcus. Four left hemisphere peaks were found in the fusiform gyrus, middle occipital gyrus,
and superior temporal sulcus. Note that the right amygdala was not identified by the
automated local maxima search because the peak z-value in this region (z = 5.59) was
slightly below the threshold set for the search (z = 6). We have thus visually identified this
peak and reported it in Table 2.

Scene-, House-, and non-biological motion- selective voxels—The reverse
contrasts were calculated for all three localizer tasks and are presented in Figure 3. We will
not discuss these results further, but the result maps and their associated probabilistic atlases
(see below) are available along with those for face and biological motion. Note that there
were no voxels that were significantly larger for non-biological than biological motion.

3.2 Whole-brain probabilistic atlases

The probabilistic atlases described below can be obtained by contacting the authors or by
download at the author’s website (http://www.andrewengell.com).
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Face-scene localizer—The distribution of face-voxel probabilities was similar to the
distribution of z-scores from the GLM analysis (cf. column 1 of Figures 1 and 4). Across all
voxels, the probability of any given voxel being significantly face-selective ranged from P =
0to P =.702 (Figure 4, column 1).

Face-house localizer—The face > house contrast map was similar to the one evoked by
the face > scene contrast (cf. Figure 4, columns 1 and 3).

Biomotion localizer—The distribution of face-voxel probabilities was similar to the
distribution of z-scores from the GLM analysis (cf. column 2 of Figures 1 and 4). Across all
voxels, the probability of any given voxel being significantly selective for biological motion
ranged from P =0 to P = .512 (Figure 4, column 2). Eight probabilistic peak voxels were
identified (Table 2). Among these, the highest probability was located at the intersection of
the anterior occipital and inferior temporal sulci (52, —66, 10), very near the peak voxel
location (56, —64, 6) given by the whole-brain GLM analysis.

reliability
Within each aROls we compared each participant’s face-selective (N=47) and biological

motion-selective (N=68) activation from two time-series acquired within a single
experimental session.

Face-scene localizer—Within the VT, the mean Euclidean distance between response
peaks across runs was 5 mm (£ 1).

The mean overlap ratio (see Methods) at z thresholds of 1.65, 2.3 3.1, 4, and 5 was .63 (.
04), .65 (% .03), .63 (.03), .57 ( .04), .59 ( .05), respectively (Figure 5). As the threshold
increased, the sample size decreased (i.e. fewer participants had a sufficient number of
above-threshold voxels). The sample size for the analysis at each of the z-scores was 43, 40,
36, 36, 24, respectively. The average of the top 10% of all z-scores within this ROI was 2.85
(% .20).

Within the LT, the mean Euclidean distance between response peaks across runs was 12 mm
(x2).

The mean overlap ratio (see Methods) at z thresholds of 1.65, 2.3 3.1, 4, and 5 was .29 (.
04), .26 (+.04), .30 (+ .07), .32 (£ .10), O, respectively (Figure 5). The sample size for the
analysis at each of the z-scores was 41, 29, 13, 6, 0, respectively. The average of the top
10% of all z-scores within this ROl was 1.90 (+ .14).

Biomotion localizer—Within the VT, the mean Euclidean distance between response
peaks across runs was 14 mm (+ 1).

The mean overlap ratio (see Methods) at z thresholds of 1.65, 2.3 3.1, 4, and 5 was .23(+ .
04), .23 (= .05), .23 (+.08), 0, 0, respectively (Figure 5). The sample size for the analysis at
each of the z-scores was 42, 21, 6, 0, 0, respectively. The average of the top 10% of all z-
scores within this ROl was 1.52 (x .12).

Within the LT, the mean Euclidean distance between response peaks across runs was 17 mm
(x1).

The mean overlap ratio (see Methods) at z thresholds of 1.65, 2.3 3.1, 4, and 5 was .16 (.
03), .10 (= .04), .02 (x .02), 0, 0, respectively (Figure 5). The sample size for the analysis at
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each of the z-scores was 47, 17, 6, 0, 0, respectively. The average of the top 10% of all z-
scores within this ROl was 1.51 (z .12).

3.4 Comparison of face and biological motion functional selectivity

As is evident in Figure 1, there was substantial overlap in the pattern of activation for face-
and bio-voxels (Figure 6). In order to see whether the overlap was also evident at the peak
response locations, we overlaid both sets of peak responses on the same brain (Figure 7).
Here we rendered the data in volume space rather than on a segmented surface in order to
avoid potentially misleading spatial distortions that can occur when displaying voxels that
straddle anatomical boundaries such as grey/white matter or across a sulcus. We observed
substantial overlap of the peak responses, particularly in the ventral and lateral temporal
cortices.

4. Discussion

In this report we have used a large fMRI dataset to characterize the brain regions, and the
spatial reliability of these regions, engaged while viewing faces and biological motion in
common fMRI localizer tasks, and to create functional probabilistic atlases of these
category-selective responses that are freely available to the fMRI community. We have
found that the faces and biological motion evoke substantially overlapping BOLD activation
distributions but with separate activation peaks. In what follows we will review the regions
showing functional selectivity for face and/or biological motion, discuss the implications of
the similar response maps evoked by these stimuli, and describe the stability of these regions
over time.

4.1 Category-selective activity

4.1.1 Face Activation—Whole-brain GLM analysis showed expansive face-selective
activation; from which we identified seventeen activation peaks. Among these, the five most
significant peaks (z = 13) were located on the right FG, right anterior occipital sulcus, right
pSTS, and bilateral amygdala.

The mid-FG has been long known to show a preferential response to faces (e.g. Sergent et
al., 1992; Haxby et al., 1994; Puce et al., 1995; Kanwisher et al., 1997), and has been termed
the “fusiform face area’ on this basis (FFA; Kanwisher et al., 1997). Here we report
evidence for two separate peaks of activation along the right FG and an additional two peaks
along the left FG. These results are consistent with other recent studies that have identified
two face selective regions along the right fusiform (Pinsk et al., 2009; Weiner and Grill-
Spector, 2011). We were concerned that our result might simply reflect spatial variation
across subjects of an otherwise single functional area. Put plainly, an activation map with
two seemingly distinct peaks could be an artifact of a sample in which the location of the
FFA for some subset of participants is anterior to the location of the FFA in the remaining
subset of participants. If these areas represent distinct functional regions we would expect a
similar distribution over space within individuals. Indeed, we found that this was the case.
Within each subject we identified the location of the top two local peaks of face-selectivity
within the VT aROI without imposing any additional constraints. On average, the location of
these peaks varied by 10 mm along the y-axis, by less than 6 mm on the x- and z-axes.
Moreover, the average location of each participants anterior FFA was only 6 mm from the
group-level anterior rFFA, and the average location of each participants posterior rFFA was
only 5 mm from the group-level posterior rFFA. We interpret this as compelling evidence
for two distinct face areas along the fusiform gyrus.
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The right anterior occipital sulcus is also a region commonly activated in face localizer tasks
and thus named the ‘occipital-face area’ (OFA; Gauthier et al., 2000). Although there is
some evidence for functional specialization of this region (Rotshtein et al., 2005; Pitcher et
al., 2007; Nichols et al., 2010; Liu et al., 2010), this area is often contiguous with the FFA
raising similar concerns as those described above regarding spatial heterogeneity across
subjects. If this were so, one would expect a fairly continuous and unbroken activation
extending from the FFA to the rOFA. This is indeed what we see when looking at the
statistical results from the group-level GLM. However, inspection of the probability maps
reveals a distinct valley separating these two regions. This indicates that large numbers of
subjects activate these regions, whereas relatively few activate the intermediate area,
suggesting that these are indeed distinct regions.

One of the strongest peaks of face-selective activation was found in the right pSTS, another
commonly reported region in the face processing literature. Indeed, an influential model of
face perception proposes that the FFA, OFA, and pSTS are “‘core’ regions of a neural face-
processing network (cf. Haxby et al., 2000). It is thought that the pSTS is primarily involved
the representation of dynamic face features that facilitate recognition of gaze-direction and
emotional expression (Puce et al., 1998; Haxby et al., 2000; Engell and Haxby, 2007; Said et
al., 2010).

The amygdala’s involvement in face perception is supported by both monkey and human
neuropsychological studies (Kluver and Bucy, 1939; Adolphs et al., 1994; Young et al.,
1995; Calder, 1996; Broks et al., 1998; Amaral, 2002), single cell electrophysiology
(Leonard et al., 1985; Kreiman et al., 2000; Fried et al., 1997), and neuroimaging (Morris et
al., 1996; Hoffman et al., 2007; Hadj-Bouziane et al., 2008). Amygdala activation evoked by
faces is so pervasive that some have argued it is a truly integral part of normal face-
perception and should not be relegated to the status of an ancillary or ‘extended’ node of the
neural face processing network (Todorov, 2012). A recent review suggests that the primary
role of the amygdala in the context of face perception is to represent an individual face in a
multi-dimensional face space (MDFS; Todorov, 2012).

Finally, we found that the brain’s response during face perception was biased to the right
hemisphere (RH). This is consistent with a widely accepted RH dominance of face
perception. The peak statistical significance and the extent of the activated region were
larger in the right occipitotemporal cortex and right amygdala, while inferior frontal
activation was found exclusively in the RH. It should be noted however, that the extent of
activation of the left occipitotemporal cortex and amygdala was substantial and contained
highly significant peaks of activity. Substantial left hemisphere BOLD responses are
particularly interesting in the context of intracranial EEG studies of face perception, which
do not find evidence of right-hemisphere dominance based on the location and observed
number of face-selective ERPs recorded from the ventral surface of occipitotemporal cortex
(Allison et al., 1994; Allison et al., 1999; Engell and McCarthy, 2011).

4.1.2 Biological motion activation—Whole-brain GLM analysis showed expansive
biological motion-selective activation; within which we identified ten activation peaks.
Among these, the five most significant peaks (z = 7) were located on the right FG, bilateral
anterior occipital/inferior temporal sulci (one peak in the RH, two peaks in the LH), and
right pSTS.

The biological motion-selective peak on the FG is slightly anterior to the aFFA and is thus
consistent with the relative location of the ‘fusiform body area’ (FBA; Schwarzlose et al.,
2005), an area of ventral temporal cortex that responds more strongly to the perception of
bodies than to faces or other objects (Schwarzlose et al., 2005; Peelen and Downing, 2005;
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Peelen et al., 2006; Pinsk et al., 2009; van de Riet et al., 2009). Despite spatial overlap of the
FFA and FBA, it has been argued that these are functionally distinct regions (Schwarzlose et
al., 2005; Peelen et al., 2006; Weiner and Grill-Spector, 2011).

The intersection of the anterior occipital and inferior temporal sulci has been shown to have
a category-selective response to biological motion (Bonda et al., 1996; Peelen et al., 2006;
Grezes et al., 2007; Pichon et al., 2008; but see Grossman and Blake, 2002) and body-parts
(Downing et al., 2001; Hadjikhani and de Gelder, 2003; Peelen and Downing, 2005; see de
Gelder et al., 2010 for review), and thus named the ‘extra-striate body area’(EBA; Downing
et al., 2001). Recent investigations using high-resolution fMRI suggest that the EBA is not a
single region, but rather a series of three discontinuous segments that partially surround
hMT+ (cf. Weiner and Grill-Spector, 2011), a cortical region critical for motion perception
(McCarthy et al., 1994; Tootell et al., 1995; DeYoe et al., 1996; Huk et al., 2002).

The pSTS (primarily in the right hemisphere) is engaged during perception of biological
motion (Bonda et al., 1996; Puce et al., 1998; Grossman et al., 2000; Grossman and Blake,
2002; Pelphrey et al., 2003; Beauchamp et al., 2003; Saygin et al., 2003). Although its role
in biological perception is yet to be determined, several reports suggest that it is responsible
for encoding and updating another’s goals based on their actions (Allison et al., 2000;
Pelphrey et al., 2004; Shultz et al., 2011; Shultz and McCarthy, 2011).

4.2 Reliability of the localizer responses

Despite some debate as to when it is appropriate to adopt an fROI approach (cf. Friston et
al., 2006; Saxe et al., 2006), it is a widely used method for analyzing functional magnetic
resonance imaging (fMRI) data. Indeed, the inclusion of localizer tasks is often required by
reviewers (Friston and Henson, 2006). It is thus important to have a firm understanding of
how well these localizers capture stable functional regions across time and across
individuals.

Localizer task data are most often acquired in separate time-series (i.e. runs) within the same
scanning session, and occasionally from time-series acquired in a separate experimental
session from the main experimental task. Analysis of the experimental task is then done on
the average data from voxels identified at, or in some diameter around, the peak category-
selective response. Therefore, an assumption of the localizer approach to fMRI analysis is
that the locations of the regions of peak-selectivity are stable over time within each
individual. This is particularly critical when two or more category-selective regions are
thought to be spatially adjacent. The validity of this assumption has heretofore not been
tested for visual category-selective regions using a large sample of participants.

We tested the inter-run stability within each aROI using two different measures; Euclidean
distance of the peak response from run to run, and the overlap of the distributed activation.
In many cases, the functional ROI is defined as a sphere centered on the peak response
localizer response. The Euclidean distance is thus a useful measure to evaluate the validity
of this approach. However, this can also be a somewhat fragile metric because variations in
noise might nudge a voxel in to or out of the peak position. Therefore, we also measured
reliability using an activation overlap ratio (cf. Duncan et al., 2009) that takes into
consideration the spatially distributed response.

Across both localizers and both aROIs we noted three prominent trends. First, the face-
selective response was more reliable than the biological motion-selective response. Second,
Responses in the ventral temporal cortex were more reliable than those in the lateral
temporal cortex. Third, the reliability was roughly related to effect size.
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Within ventral temporal cortex, we observed good stability of the peak face response. On
average, the location of this peak varied by 5 mm (a distance near the sampling resolution of
our data). The overlap ratio also showed reasonable reliability, but also revealed some
instability. Approximately 40% of the voxels were activated by faces in one run, but not the
other. At the liberal threshold of z > 1.65, these face reliability results are roughly consistent
with those reported for language localizers (Duncan et al., 2009). However, in that study it
was reported that the overlap ratio decreased somewhat precipitously as the z-threshold for
voxel inclusion increased, whereas the overlap of the face responses did not vary as a
function of this threshold.

In the lateral temporal cortex, the face response reliability was relatively poor. The
Euclidean distance between response peaks was 12 mm and the majority of voxels activated
in one run were not activated in the other. On one hand, this might be due to smaller effect
sizes that increase the sensitivity of a given voxel’s z-score to run to run noise. The average
z-score of the top ten-percent of all voxels in the VT region was 2.85, and 1.9 in the LT
region. On the other hand, we predicted that this volatility would have less of an effect at the
lower z-thresholds, but this was not the case.

The biological motion response in the VT was considerably less reliable that the face
response. The majority of voxels showed an inconsistent response by reaching significance
in only one of the two runs, and the peaks were separated by an average of 15 mm. As with
the face response, biological motion response reliability was worse in the LT than in the VT.
There was only modest overlap between the runs (~15% of activated voxels) and only at the
most liberal threshold. Additionally, the peaks across runs were separated by 17 mm.

Overall, the variability of the responses suggests that identification of a stable response peak
might require more power than is afforded by a single localizer run. Other than the face
response in the VT, the mean of the top-ten percent of z-scores was less than 2 and
therefore, hovering very close to noise thresholds. One therefore might expect that the
distributed response would be less volatile than the peak response. Surprisingly, we found
that this was not so as the overlap ratio was generally poor. The exception to the poor
reliability was for the face response in the VT. It is likely no coincidence, then, that the
average top-ten percent of z-scores (2.85) was approximately 67% larger than the biological
motion responses or the face response in the LT.

The poor reliability performance reported here highlights the limitations of functional
localizer-based analyses, which should be considered when designing experiments and
interpreting results. However, it is possible that the poor reliability of the current data is
partially due to our use of standard resolution (i.e. ~3 mm3) for fMRI acquisition.
Schwarzlose and colleagues (2005) reported that acquiring data at high-resolution resulted in
stronger category-selective responses within functionally defined ROIs. This means that
using higher spatial resolution, which presumably increases the fidelity of the category-
selective signal by minimizing partial volume effects, might mitigate SNR issues discussed
above.

4.3 Probabilistic Atlases

Functional probabilistic atlases assign each voxel in the brain a likelihood estimate
representing the probability of a significant category-selective response in that voxel.
Perhaps unsurprisingly, the probabilistic atlases largely recapitulate the GLM contrast maps
(compare Figure 1 to 4).

These atlases can be used to facilitate and augment analysis of fMRI data with or without
independent localizer information. For instance, when independent functional localizer data
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is not acquired, the probabilistic atlas allows for interpretation of the results with regard to
known areas of functional selectivity. When localizer task data is collected within the
context of a given study, the selection of fROIs is often based on subjective identification by
the experimenter. Moreover, the parameters used to constrain these selections often go
unreported (Duncan and Devlin, 2011), resulting in a large source of variance across studies
and laboratories. We propose that the atlases we have created can be applied to assist in
defining these regions in a more automated, and thus, principled manner. For instance, one
could constrain the borders of an fROI by intersecting a participant’s activating map with a
binary mask representing some minimum probability value. This approach not only
simplifies the identification of these regions, but it will also result in simpler reporting of the
precise methods used to define fROIs. It has been argued that accurate reporting of such
parameters is a key step to improving the inter-study reliability of functional localizers
(Duncan and Devlin, 2011).

An intriguing application of these atlases would be to use them to define prior probabilities
in Bayesian statistical analyses. Bayesian approaches are becoming an increasing popular
alternative to Frequentist statistics for analysis of fMRI data. One limitation of these
analyses is the need to assign posterior probabilities that can be somewhat arbitrary. These
probabilistic atlases furnish experimenters with priors that have a strong empirical
foundation.

For all atlases, the value at each voxel represents the proportion of participants who showed
a significant difference (z = 1.65) in the contrast of interest (e.g. faces > scenes). We have
also made available a second face localizer probabilistic atlas that used houses instead of
scenes as the control stimulus. Though not detailed here, the same procedures described in
this paper were applied to a sample of 79 participants. Notably, the peak probabilistic voxel
location was very similar in both the face > scene and face > house analysis and to the face
> car localizer task result reported by Rossion (2012b), suggesting that the location peak
face voxel on the mid-fusiform gyrus is largely insensitive to the choice of control category.

We have also created probabilistic atlases for scenes and houses (based on independent
contrasts with faces) that can be used to facilitate localization of scene and/or house
category-selective areas. We do not discuss the scene or house results here, but these atlases
are also available.

4.4 Comparison of face and biological motion functional selectivity

We observed a striking similarity of the distribution of face and biological motion-specific
voxels in occipitotemporal cortex (see Figure 6) and the amygdala that raises questions
regarding the selectivity of the underlying neural populations that give rise to these BOLD
responses. Are these overlapping activations functionally distinct or do they reflect inter-
dependent processing?

In support of the former notion, we noted a spatial difference in the coordinates of the peak
face- and biological motion selective responses (Figure 7). For instance, in the overlapping
ventral FG region sensitive to both face and biological motion, the peak biological motion
response was 4 mm anterior to the peak face response. This could suggest the presence of
functionally distinct though spatially blurred regions. Indeed, several studies that
investigated the overlap between face and static body responses have made an analogous
argument (Schwarzlose et al., 2005; Peelen et al., 2006; Kriegeskorte et al., 2008; Weiner
and Grill-Spector, 2010).

We propose an alternate view in which the biological motion activation of the ventral
temporal cortex reflects a modulatory input to the face (and body) perception network. It
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was recently proposed that face- and body-selective areas are topographically organized in a
series of independent spatially interleaved clusters (Weiner and Grill-Spector, 2011).
Unfortunately, in the current study we did not test for body-selective regions and so cannot
speak to this directly. However, consistent with the proposal, we did observe a series of
spaced face selective regions extending from occipital cortex along the lateral surface to the
pSTS and along the ventral surface to the anterior FFA. Perhaps then, the slight offset
between face- and biological motion- selective peaks reflects a shift toward an adjacent body
parts peak.

Our laboratory has recently introduced a model that, in part, proposes ventral regions such
as the FFA and FBA are part of a processing stream specialized for the detection of animate
agents via human-like surface features such as faces and body forms, whereas lateral regions
such as the EBA and pSTS are specialized for the detection of animate agents through
biological motion (Shultz and McCarthy, 2011). Critically, this model hypothesizes that
activation of the ventral stream will recruit and activate the lateral stream (and vice-versa).
Therefore, we suggest that the activation of ventral temporal cortex during perception of
biological motion does not indicate the presence of a specialized biological motion-selective
area per sein this region. Rather, this activation reflects the recruitment of the ventral face
and body-part-selective regions by the pSTS in the service of identifying and inferring the
intentions of animate agents.

We have previously suggested on the basis of ERP recordings made directly from ventral
temporal cortex that there may be a temporal dimension to modular processing (Puce et al.,
1999). In our more recent papers we note that the initial face-selective ERP is largely
insensitive to task, but is followed by a longer duration gamma oscillation that is sensitive to
task demands (Engell and McCarthy, 2010; Engell and McCarthy, 2011). These findings
suggest a possible mechanism for how functional-selectivity can be have both temporal and
spatial dimensions that would allow brain regions initially selective for face and/or body
form to integrate information from other brain regions. The representation of abstract
categories, such as “animate agents”, might thus be supported by the interactions of form
and motion among these regions over a time-window that extends beyond the initial
stimulus evoked response. The shifting selectivity of these regions likely occurs too quickly
to be resolved by fMRI, but is consistent with our EEG findings (Engell and McCarthy,
2010; Engell and McCarthy, 2011; Engell et al., 2012) and with single-cell recording in the
macaque (Sugase et al., 1999).

5. Conclusions

We have used a large sample fMRI localizer to characterize the brain’s response while
viewing faces and biological motion. Of particular interest, we offer evidence in support of
previous findings that there are at least two face selective regions along the fusiform gyrus,
rather than a single area. Investigating the reliability of face- and biological motion-evoked
activity, we found that the stability of the response distribution and the peak activation
location acquired in separate time-series is surprisingly variable. This variability violates a
key assumption of the localizer approach; that the peak response is spatially stable and can
thus be selectively probed in independently acquired time-series. In addition to these
analyses, we have taken advantage of the large data set to create, and make available,
probabilistic atlases of visual-category perception. Finally, we observe a striking amount of
overlap between face and biological-motion activations. We speculate that ventral temporal
cortex does not have a category-selective region for biological motion, but rather, the
evoked response represents modulation of face- and body-selective
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Figure 1. Group GLM contrast maps

Significantly activated voxels gq(FDR) < .001) from the (column 1) faces > scenes, (column
2) biological > non-biological motion, and (column 3) faces > houses contrasts displayed on
the cortical surface of a “‘standard’ brain. Displayed are the lateral, ventral, and medial views
of the (rows 1-3) right and (rows 4-6) left hemisphere.
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Figure 2. Trio of face-selective regions on theright ventral surface

Spheres, centered on local maxima locations derived from the group-level GLM, rendered
on the surface of the right ventral temporal cortex. These areas include the ‘rOFA’ (most
occipital of the three), a posterior fusiform face area, and an anterior fusiform face area.
Also visible is the local maxima in the right amygdala.
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Figure 3. Group GLM contrast maps

Significantly activated voxels q(FDR) < .001) from the (column 1) scenes > faces, (column
2) non-biological > biological motion, and (column 3) houses > faces contrasts displayed on
the cortical surface of a ‘standard’ brain. Displayed are the lateral, ventral, and medial views
of the (rows 1-3) right and (rows 4-6) left hemisphere.
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Figure 4. Probabilistic maps

The probabilistic atlas of (column 1) face-selectivity defined by the face > scene contrast,
(column 2) biological motion-selectivity, and (column 3) face-selectivity defined by the face
> house contrast displayed on the cortical surface of a ‘standard’ brain. All voxels are
associated with a probability value, but for the purposes of clarity only those voxels with P
> .20 are displayed.
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Figure5. Inter-run reliability

(a) Two right-hemisphere regions of interest (aROIs) were created for this analysis. The
(RED) ventral and (GREEN) lateral temporal aROI masks are displayed on the lateral and
ventral cortical surface of a standard brain. (b) The inter-run overlap ratio for the (top row)
face-scene and (bottom row) biomotion localizer tasks. Inter-run reliability is
operationalized here as the mean overlap-ratio (see methods) from within two time-series
acquired during the same experimental session. These overlap ratios were calculated for
statistical maps threshold at five different z-values (x-axis of each plot).
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Figure 6. Overlap of voxels activated in the face and biological motion localizers

The results show (YELLOW) face-voxels (GREEN), bio-voxels, and (BLUE) the
intersection of face- and bio-voxels. All voxels were defined as face-selective or biomotion-
selective in their respective localizer, q(FDR) < .001). The right (a) and left (b) hemispheres
are displayed in each column. The first row shows the lateral surface, the second row shows
the ventral surface, and the third row shows the medial surface. This visualization makes
apparent the striking overlap in the occipitotemporal cortices.
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Figure 7. Overlap of peak face- and bio- voxels

Painted on the cortical surface are spheres centered on local maxima locations of derived
from the group-level GLM (see Figure 1) on the right ventral temporal cortex. YELLOW
indicates voxels included in a face-voxel sphere, BLUE indicates voxels included in a bio-
voxel sphere, and GREEN indicates voxels that are included in both a face- and bio-voxel
sphere. The peaks were identified from within our ventral and lateral temporal cortices
masks. On the ventral surface there is one bio-voxel peak, which overlaps with the more
anterior of two face-voxel peaks. On the lateral surface there are 4 bio-voxel peaks and 2
face-voxel peaks, one of which partially overlaps with one of the bio-voxels.
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TABLE 1
Local Maxima of GLM Statistics and Voxel Probabilities

MNI coordinates of local maxima identified from the group-level GLM contrast maps or from the
probabilistic atlases. Each voxel location identified from the GLM is reported with its associated z-statistic
from either the face > scene or biological > non-biological contrast. Each voxel location identified from the
probabilistic atlas is reported with its associated P value. This value represents the percentage of subjects
whose statistical contrast (e.g. faces > scenes) was significant (z > 1.65) at that location.

X Y Zz Z-score

Face GLM Peaks

54 -56 10 =13
42  -76 -14 213
-20 -6 -16 213
22 -6 -14 =13

5 -76 -4 8.21
-42 -48 -20 8.21
46 -58 -18 7.97
-42 -58 -18 7.86
56 -44 10 7.84
-44 -84 -8 7.83
58 -64 4 7.02
2 -62 32 6.67
-50 -66 10 6.25
2 52 28 6.13
6 -52 26 6.04
-20 -76 -40 6.04

X Y z Z-score

Bio Motion GLM Peaks

-54 -66 10 213
56 -64 6 213
42 -46 -18 8.13
52 -42 14 7.86
62 -40 18 7.46
54  -62 2 7.23

-46 -78 6 6.95
46 -40 6 6.83

-56 -50 16 6.48

-40 -46 -20 6.51
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X

Y

4

Peak P

Face Probabilistic Peaks

44 -48 -22 702
48 -76 -6 573
-40 -50 -18 573
44  -62 -16 .556
44  -70 -16 .548
-42 -82 -10 0.532
20 -8 -14 0.500
54  -66 8 0.468
-40 -64 -18 0.468
54 -70 -2 452
2 -60 32 0.444
-20 -6 -16 .0411
60 -54 14 0.395
54  -56 6 0.387
0 -68 28 371
46 -58 14 .0339
-50 -66 12 0.339
56 -46 12 .331
X Y 4 Peak P
Bio Motion Prob. Peaks
54 -64 8 0.528
52 -70 -2 0.415
-52 -68 14 0.387
-48 -76 6 0.387
46 -58 8 0.377
42 -48 -20 0.377
=52 -42 14  0.368
-50 -60 8 0.349
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