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A B S T R A C T

The fusiform cortex is a part of the ventral visual stream and is typically associated with face processing. Indeed, a
subregion of the fusiform has been named the “fusiform face area” or FFA, based on its robust response to faces
relative to other objects. In a separate literature, appetizing food has also been shown to activate bilateral fusiform
cortex, yet no study to date has directly compared face and food responses within the same paradigm. Here, we
use functional magnetic resonance imaging (fMRI) to compare face and food responses in ventral visual cortex
and other regions that are typically associated with face processing. We present evidence that a region of the left
fusiform cortex (typically associated with face processing) actually responds equally to faces and food. We go on
to describe the similarities and differences in location of face- and food-responses in the fusiform, the relationship
of fusiform activation to body mass index (BMI), and resting state connectivity of face- and food-selective fusi-
form. Results are interpreted within a model in which motivational relevance or value influence fusiform
response.
Introduction

The fusiform face area (FFA) is a functionally defined region within
ventral visual cortex associated with a preferential response to faces
(Kanwisher et al., 1997; McCarthy et al., 1997; Puce et al., 1996; Sergent
et al., 1992). The original ‘face specificity’ hypothesis by Kanwisher et al.
(1997) proposed that the FFA is activated by faces because face percep-
tion is accomplished using dedicated and specialized neural machinery
that is not shared with other cognitive functions. This hypothesis fol-
lowed from neuropsychological and behavioral research indicating that
humans have distinct processes dedicated to facial recognition relative to
other objects (Farah et al., 1998; Gauthier and Tarr, 2002; McCarthy
et al., 1997; Moscovitch et al., 1997; Valentine, 1991) and evidence that
neurons in the visual cortex of non-human primates respond preferen-
tially to faces (Gross et al., 1972). Although we now recognize that a
network of regions contribute to human's variety of face processing
abilities (Haxby et al., 2000, 2002), the FFA is generally thought to
encode the spatial relationship among face features in order to extract the
configural or holistic representation that is important for accurate face
perception (Liu et al., 2009; Schiltz et al., 2010; Yovel and Kanwisher,
2004).

Another hypothesis suggests that the FFA may be an area that is
important for processing object categories such as faces because they
require visual expertise and fine-grained discrimination between
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exemplars (Gauthier et al., 1999). Original evidence for the ‘expertise
hypothesis’ comes from studies in which individuals develop expertise
through visual training on a novel object category and subsequently show
FFA activation to trained objects following training (Gauthier et al.,
1999; Xu, 2005). Additional evidence for the role of expertise in fusiform
activation comes from fMRI studies that examine subjects that have vi-
sual expertise in unique domains (bird watchers and car experts). These
individuals also activate the fusiform when viewing items of their rele-
vant expertise category (Bilali�c et al., 2016; Gauthier et al., 2000; Xu,
2005). Similar to faces, these objects of expertise require attention to
fine-grained details in order to discriminate between exemplars. Thus,
within the ‘expertise hypothesis’ framework, activation to faces stems
from a more general role of the fusiform in processing objects that must
be frequently individuated from others with a common form (Gauthier
et al., 1999).

Neuroimaging research from the visual processing of food cues has
shown that pictures of food consistently activate bilateral fusiform (for
review and meta-analysis, see Van der Laan et al., 2011), but this field is
not traditionally referenced in studies of face processing. Importantly,
previous studies found that the relative value of the food (high fat vs. low
fat) influences fusiform response in healthy weight adults (Frank et al.,
2010; Siep et al., 2009; Uher et al., 2006) and being overweight is
associated with increased response in the fusiform to food cues (Frankort
et al., 2012; Nummenmaa et al., 2012). Thus, this separate literature on
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Table 1
Table indicating total number of subjects with left- and right-hemisphere face
and food patches. Average location of peak voxel in left and right-hemisphere for
Face>All and Food>All, with significance reflecting differences in spatial
location of face and food peaks in a given plane.

Left Right

Total N 48
# of Subjects with Face Patches 48 48
# of Subjects with Food Patches 43 32

x y z x y z

Average peak location: Face>All 62 37 27 26 36 28
Average peak location: Food>All 61 34 29 30 35 29
Significant difference between Face & Food
peak locations

NS * *** *** NS **
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food cues also suggests that food images activate the fusiform and that
the relative value of the food influences the response in this region.

The fusiform is part of a more complex network of brain regions
important for face processing. These include core regions, thought to
process aspects of the visual appearance of faces (FFA, occipital face area,
OFA; lateral occipital sulcus, LOS; and superior temporal sulcus, STS) and
extended regions involved in emotional processing (amygdala, AMY;
insula, INS; nucleus accumbens, NACC; orbitofrontal cortex, OFC), motor
simulation (frontal eye fields, FEF; inferior parietal sulcus, IPS; inferior
frontal gyrus, IFG), and person knowledge (medial prefrontal cortex;
anterior temporal lobe, ATL; and precuneus) (Haxby et al., 2000; Ishai
et al., 2005). Interestingly, many of these regions are also activated in
response to food images, including the OFC, amygdala, and nucleus
accumbens, and scale with the increased energy density of the food
and/or weight status (Pursey et al., 2014). The connectivity between
these nodes when viewing faces versus food is of interest, particularly the
potential interaction between regions important for the visual processing
(FFA, OFA, STS, ATL) and those involved in processing the rewarding
aspects (AMY, INS, OFC, NACC) of face and food stimuli.

In the present study, we examined neural responses to faces and food
within the region typically described as the FFA. To our knowledge, no
study has been conducted that directly compares response to pictures of
faces versus food within the fusiform. After completing our first analysis
(1) using a priori masks from an independent study of face processing
(Julian et al., 2012) to assess overall differences between face and food
activation, we go on to (2) describe the location and overlap of fusiform
face- and food-nodes across subjects using several analysis methods, and
(3) examine the relationship between individual differences in BMI and
category-specific fusiform response. Finally, we (4) explore the connec-
tivity profile of face- and food-networks at rest.

Materials and methods

Participants

Forty-nine healthy adults are described in the analyses in this paper.
Forty-eight healthy adults (24 females; mean age 22) were included in
the group analysis. This cohort includes a secondary analysis of 20 sub-
jects scanned at Temple University Medical Center (and included in a
manuscript identifying orbitofrontal cortex activation in Troiani et al.,
2016), and 28 that were scanned at the Autism & Developmental Med-
icine Institute of Geisinger Medical Center. We combined these two co-
horts in order to achieve greater power and include scanner/cohort as a
covariate in all analyses. Because head coil was also different between
the two sites, we additionally confirmed that tSNR in the fusiform was
comparable across sites and include individual fusiform tSNR as a co-
variate in ROI analyses; see Image Acquisition section for further details.
Ages ranged from 19 to 31 years old (22.3� 3.1 years). Education levels
ranged from 13 to 18 years of education (16.0� 1.4 years). We also
recruited one additional subject following initial group analyses and
initial manuscript review in order to assess test-retest reliability of the
fusiform response to food. This individual was within the same average
age and education level of the population in the group analysis. None of
the subjects had a history of self-reported neurological or psychiatric
disorders. Informed consent was obtained according to the guidelines of
the Institutional Review Board of Temple University and/or Geisinger
Medical Center. Participants received monetary compensation for
participation in the experiment.

This analysis is a segment of a larger study that collected a broad
neuroimaging battery, in-person phenotyping, and online questionnaires.
Our main interest and hypothesis surrounded BMI. We include here any
other metrics that were assessed in both cohorts in order to provide a
more complete description of the cohort phenotype and allow for com-
parisons to new cohorts in any potential replications of this finding.
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Phenotype metrics

(1) Body mass index (BMI) is a measure that reflects the ratio of
metric weight to height. These values were self-reported during an in-
person testing session and then converted to BMI using an online
calculator (https://www.nhlbi.nih.gov/health/educational/lose_wt/
BMI/bmicalc.htm). The average BMI for the cohort was 24.3� 3.9,
with a range from 17.8 to 35.4. Of those in the cohort, 13 met the criteria
for being overweight (BMI ranging from 25 to 29.9) and 5met the criteria
for being obese (BMI greater than 30). Average BMI of males in the
cohort was 25.4 and average BMI of females was 23.1. These values are
consistent with average BMI in the US population (mean BMI of US fe-
males ages 20–29 is 27.5 and males of the same age range is 26.8; for
more information on anthropometric reference data, see Fryar et al.,
2012) (see Table 1).

BMI calculated based on self-reported height and weight tends to
underestimate true BMI (Merrill and Richardson, 2009). Therefore, we
corrected self-reported height and weight using corrective factors and
methods derived from population estimates and outlined in Mozumdar
and Liguori (2016). Briefly, corrected height and weight is calculated
using the regression equation: Measured Height ¼ Intercept þ b1 X
Self-reported Height þ b2; where b1 ¼ regression coefficient for
self-reported height and b2 ¼ regression coefficient for age group. An
identical equation using self-reported weight and relevant tables was also
followed, with each considering appropriate sex and race-specific
corrective factors outlined in Table 2 of Mozumdar and Liguori (2016).
Corrected values resulted in average BMI for the cohort of 24.9� 4.12,
with a range from 18.7 to 38.6. Using these corrected values, 15 met
criteria for being overweight and 4 met the criteria for being obese.
Corrected average BMI of males in the cohort was 25.8 and average BMI
of females was 24.1. Thus, corrected BMI values result in more in-
dividuals being characterized as overweight.

(2) The Broad Autism Phenotype Questionnaire (BAPQ; Hurley
et al., 2007) was collected from all subjects as a measure of subclinical
autism traits. Originally created to identify subclinical traits in parents of
children with autism spectrum disorder, the BAP has since been used as a
quantitative measure of identifying subclinical traits within a normally
distributed population (Troiani et al., 2016). BAP Total scores ranged
from 2 to 3.8 in this population, with a mean of 2.7. Using normative
cutoff scores based on a large community sample (Sasson et al., 2013)
male cutoff 3.47; female cutoff 3.19), four individuals scored above these
cutoff values (2 males, 2 females).

(3) The Cambridge Face Memory Test (CFMT; Duchaine and
Nakayama, 2006) was completed by all participants. The CFMT is a freely
available, 72-item assessment that measures face processing abilities
with respect to face memory. Although face processing abilities are
largely attributed to fusiform activation, a specific link between fusiform
size and face memory was made only recently (Elbich and Scherf, 2017).
( * ¼ p<0.05; ** ¼ p<0.01; *** ¼ p<0.001; NS ¼ Not Significant).

https://www.nhlbi.nih.gov/health/educational/lose_wt/BMI/bmicalc.htm
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CFMT total scores ranged from 56.9% to 97.2%, with a mean of 79.52
(�SD¼ 11.6). Mean score for females was 78.56 (�SD¼ 11.9), andmean
score for males was 80.44 (�SD¼ 11.6).

Image acquisition

MRI scanning was conducted at Temple University Hospital, Phila-
delphia, PA and the Geisinger Autism & Developmental Medicine Insti-
tute, Lewisburg, PA. Scanning at Temple University was conducted on a
3.0 T Siemens Verio scanner (Erlangen, Germany) using a Siemens
twelve-channel phased-array head coil. High-resolution anatomical im-
ages (T1-weighted 3D MPRAGE) were also collected for each participant
with the following parameters: 160 axial slices, 1mm slice thickness,
TR¼ 1900ms, TE¼ 2.93ms, inversion time¼ 900ms, flip angle¼ 9�,
FOV¼ 256mm. Scanning at Geisinger was conducted on a 3.0 T Siemens
Magnetom Trio scanner (Erlangen, Germany) using a Siemens thirty-two-
channel phased-array head coil. High-resolution anatomical images (T1-
weighted 3D MPRAGE) were also collected for each participant with the
following parameters: 192 semi-axial slices, 0.8 mm slice thickness,
TR¼ 1900ms, TE¼ 2.99ms, inversion time¼ 900ms, flip angle¼ 9�,
FOV¼ 250mm2, resolution¼ 0.8mm2.

Functional data for the experimental task consisted of one 8-min run
of whole-brain T2* weighted BOLD echoplanar images (EPI) with 142 vol
(61 oblique axial slices, 2.5 mm slice thickness, voxel
size¼ 3� 3� 2.5mm;matrix size¼ 80� 80; TR¼ 3000ms, TE¼ 20ms,
flip angle¼ 90�, GRAPPA¼ 2). In the Geisinger cohort, we also collected
120 vol of resting state data immediately following the task-based
experiment using identical EPI sequence parameters. We reduced
signal dropout in regions near air interfaces (orbitofrontal cortex, ante-
rior temporal lobes) by tilting slice acquisition �30� from the AC-PC
plane (Deichmann et al., 2003).

Absolute movement across participants in the experimental task
averaged 0.21mm (�0.14mm). For the resting state task, movement
across participants was 0.19mm (�0.14mm). No participants moved
more than 3mm in any run from either the main experimental task or the
resting state task.

The temporal signal to noise ratio (tSNR) for each participant was
computed using the first run of the experimental task, by dividing the
mean of the time series by the residual error SD after pre-processing.
Average tSNR for each participant for the left and right fusiform re-
gions were assessed using the masks described below (in section, Group
Analysis: Region of interest based on atlas-derived masks) and derived from
Julian et al. (2012). We confirmed that there were no significant differ-
ences in our ability to detect signal in the fusiform in either cohort.
Average tSNR in the left fusiform was 174 (�27) and 164 (�42) for the
Temple and Geisinger cohort, respectively, while average tSNR in the
right fusiform was 159 (�21) and 158 (�38). There were no statistically
significant differences between the tSNR between scanner cohorts in the
left (t (46)¼ 0.91, p¼ .369, N.S.) or right fusiform (t (46)¼ 0.059,
p¼ .953, N.S.).

Experiment task and stimuli: face/food task

We used a modified face localizer task described in Troiani et al.
(2016). Briefly, images of attractive faces, appetizing food, scenes, and
clocks were presented in a block design. Images appeared for 750ms,
separated by a 250ms interstimulus blank screen. Images were arranged
into randomized superblocks with two blocks of each category with
stimulus category order randomized along with rest trials over the course
of 142 image acquisitions (426 s), with a total of 8 superblocks. Partici-
pants responded to image repeats that appeared within each block, and
responses were monitored in order to ensure participants were awake
and paying attention to the images. The task consisted of 320 images (80
faces images, 80 scene images, 80 food images, and 80 clock images)
making the run 7.1 min long. Although the original dataset from Temple
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University included 4 runs of the experimental task, only the first run was
included in this analysis, in order to match subjects from both sites on
number of runs. Please see Supplementary Fig. 1 for a task schematic.

Image stimuli were full color, 400� 400 pixels. All images were
collected via Google image search and individually rated by an inde-
pendent set of 20 raters. Images were rated using a 9-point likert scale
[(Like Extremely (9), Like Very Much (8), Like Moderately (7), Like
Slightly (6), Neither Like nor Dislike (5), Dislike Slightly (4), Dislike
Moderately (3), Dislike Very Much (2), Dislike Extremely (1)]. Mean
values (�standard deviation) for each category were Faces [6.2 (0.94)];
Food [6.8 (1.1)]; Places [5.8 (1.1)]; Clocks [4.9 (1.1)]. Intraclass corre-
lation coefficients (ICC) showed moderate to strong agreement between
raters (ICC¼ 0.67).
Experiment task and stimuli: resting state

The resting state task consisted of one centrally presented white plus
sign on a black background. Participants were asked to keep their eyes
open and fixated on the plus sign for the duration of the 6-min scan.
Data analysis

Pre-processing & modeling of task-based experiment
Images were first converted from dicom to nifti format using MRI-

Convert (http://lcni.uoregon.edu/downloads/mriconvert) and pre-
processing of the images was then completed using the FMRIB Soft-
ware Library (FSL, www.fmrib.ox.ac.uk/fsl/). Preprocessing steps
included stripping non-brain material using the Brain Extraction Tool
(BET) and motion correction, B0 unwarping, and slice time correction
with FSL FEAT (fMRI Expert Analysis Tool) version 5.0.8. Images were
normalized to 2mm space via FLIRT and smoothed using a 5mm
Gaussian kernel. Four categorical regressors indicated whether the
stimulus for each block was a face, place, food, or clock. Categorical re-
gressors were boxcar functions at stimulus onset convolved with a double
gamma function. Six estimated motion parameters were also included as
nuisance regressors. Parameter estimate maps for each individual were
then transformed into standardized t-statistic maps for each contrast
(Faces, Places, Food, & Clocks). These were then transformed into MNI
standard space and used in (1) Region of Interest Analyses based on atlas-
derived masks and (2) Whole Brain Analyses, described in additional
detail below.

Group analysis: region of interest based on atlas-derived masks
We performed a region of interest (ROI) analysis using regional def-

initions from an independent data set created by the Kanwisher Lab
(Julian et al., 2012). These ROIs were created from a group analysis of
thirty-five subjects' overlapping activation to faces relative to places.
While our primary focus in this study was the fusiform, we also included
other regions that are involved in social information processing in sup-
plementary analyses, in order to demonstrate that our task reliably
evokes face-selective responses in other regions implicated in face pro-
cessing. These included bilateral occipital face area (OFA) and the
bilateral superior temporal sulcus (STS), also included in the set of ROIs
identified in Julian et al. (2012).

For ROI analyses, masks derived from an independent, published
analysis (described above) were used to extract the average standardized
response estimates (i.e. t-values) from each regressor (Faces, Food, Pla-
ces, & Clocks) for each subject. These values were exported to SPSS and
effects were measured using a repeated-measures ANOVAwith follow-up
t-tests, when appropriate. In all analyses, we included whether the sub-
ject was from the Temple or Geisinger cohort as a covariate, in order to
minimize the impact of any differences between the two groups. We
control for family wise error using Bonferroni correction (10 compari-
sons¼ critical p value of 0.05/10¼ 0.005).

http://lcni.uoregon.edu/downloads/mriconvert
http://www.fmrib.ox.ac.uk/fsl/
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Subject-specific analysis: characterization and localization of face-selective
responses in the fusiform face area

Because atlas-based ROI analyses average over all voxels with in a
given region, we also conducted a subject-specific analysis in order to
isolate and further describe individual differences in the location of
voxel-wise peak activation to faces and food. Subject-specific analysis
was limited anatomically to the region of the fusiform gyrus between the
collateral sulcus and the temporo-occipital sulcus.

We first inspected the whole-brain maps for each individual subject,
in order to document whether face- and food-selective nodes in the FFA
could be detected on an individual level. To do this, each subject's sta-
tistical maps for the contrast of Faces>All Other Categories and
Food>All Other Categories was viewed at a t score threshold of 2.0 in
FSLview. “Patches” were defined for a subject if they had at least five
contiguous voxels activated in the chosen contrast while applying the
threshold rule of t¼ 2.0. This relatively liberal threshold was defined a
priori based on previous work identifying subject-specific nodes in the
ventral visual cortex (Collins et al., 2016; Troiani et al., 2016, 2012; Tsao
et al., 2006). This threshold also allowed us to maximize the number of
subjects with ‘patches’.

Test-retest of individual subject
In order to confirm that the location of these regions is consistent

across time, we scanned an individual subject at two time points, one
week apart. Both scans took place at Geisinger. Identical scanning par-
adigms were used with the subject in order to confirm test-retest reli-
ability of face- and food-activation within the fusiform. This subject was
not one of the original Geisinger participants and was not included in the
group analysis. Scanning parameters were identical, except we used a
longer localizer battery (4 runs of the localizer task). This subject did not
move more than 3mm in any run for either timepoint. Absolute move-
ment for this subject averaged 0.1mm (�0.01mm) across runs at
Timepoint 1 and 0.02 (�0.00mm) across runs at Timepoint 2. Data was
modeled and analyzed using identical preprocessing and modeling steps
described above. In order to emphasize the specificity and similarity of
the face- and food-selective nodes across time points, a very high
threshold was applied to these images (t-value> 6.0). We present these
results in order to establish the reliability of isolating these nodes within
an individual across time, since this type of subject-specific analysis is
commonly used in the face-processing literature.

Whole brain analysis
In addition to extracting ROIs for our a priori analysis described

above, we also completed a group-wise random effects analysis to iden-
tify regions showing reliable activation across the group. This analysis
was implemented using standard methods within FSL. Individual con-
trasts from each subject were included in a higher-level group analysis
run in FSL FEAT. One-sample t-tests were run for each contrast with
scanner site included as a between-subjects variable. Voxel-wise analyses
were corrected for multiple comparisons using non-parametric permu-
tation testing (5000 permutations) with the randomize function of FSL.
Threshold-Free Cluster Enhancement (TFCE) (Smith and Nichols, 2009)
was used and the significance threshold was set to p< 0.05, corrected for
multiple comparisons.

In order to identify regions that are selective for both faces and food,
we also created ‘face/food union maps’. These maps are created by
thresholding the individual contrasts of Faces> Places & Clocks and
Food> Places& Clocks for each participant (p< 0.05). A binary map that
reflects voxels that are significantly activated for both of these contrasts
is then brought up to a second-level analysis. We refer to these maps as
“union maps”, as they represent the union of voxels that activate more to
Faces and Food than control objects. These individual, binary maps were
then summed across subjects, such that the output is a probability map, in
which values reflect the number of subjects that activate a given voxel for
both contrasts. Importantly, this analysis is different than modeling Faces
& Food> Places & Clocks, which could be driven by very strong
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activation to either Faces or Food. Critically, the union map reflects
voxels that are not statistically biased towards either faces or food. This
same procedure was also completed to create group-level probability
maps for the contrasts of Faces>All Other Objects and Food>All Other
Objects.

Correlation with individual differences in BMI
Average t-values were extracted from a fusiformmask for the contrast

of Faces> Food in order to assess the relationship between category-
specific activation within the fusiform and BMI. This mask was derived
from the group-level probability map described above. A threshold was
applied to the probability map, such that only voxels were included in
which greater than 50 percent of subjects selectively activated for faces
and food. Partial correlations with the t-values for each subject as a
dependent variable and their BMI as an independent variable were
completed in SPSS, including scanner site (cohort) as a covariate.

Resting state preprocessing & analysis
Data were brain extracted, motion corrected, slice-time corrected,

spatially smoothed (5mm FWHM), undistorted, z-normalized, and co-
registered to each participant's T1-weighted anatomical scan and sub-
sequently sampled to the 2mm MNI-152 template. Face- and food-nodes
were identified by individually locating peaks showing greater activity
for faces greater than all other objects and food greater than all other
objects from the face/food localizer, respectively. Spheres of 9 mm radius
were generated, centered on the voxel with the highest activation within
each peak. 9 mm spheres were used based on estimated smoothness of
the data, followed from previous work (Zhu et al., 2011). These were
then used as seed regions for the resting state analysis.

Although our subjects were quite still, we minimized the impact of
motion by modeling the 6 motion parameters identified for each subject
as nuisance regressors. Average signal time course from lateral ventricles
and white matter were estimated prior to spatial smoothing and specified
as nuisance regressors. A bandpass filter was then applied to remove
high-frequency fluctuations or noise associated with non gray-matter
tissue from the resting state data (Carp, 2013; Jo et al., 2013; Power
et al., 2013).

Given that face- and food-nodes are relatively close in proximity
based on their activation within a task, we used these nodes to explore
whether they are interconnected with unique networks at rest. Face- and
food-peaks from the subject-specific analysis were used to create 9mm
spheres for each individual (Please see Supplementary Fig. 2 to view
representative subject's face and food seed ROIs displayed in standard
space.). These ROIs were then used to identify regions of connectivity
(CONN toolbox, https://www.nitrc.org/projects/conn) across the whole
brain, in which the output represents the covariation between face- and
food-specific peaks and every other voxel in an individual's brain. We
then extracted average correlation values between these seed regions and
nodes of interest, based on regional definitions using previously
described masks from Julian et al. (2012) (superior temporal sulcus
(STS), anterior temporal lobe (ATL), and occipital face area (OFA)). We
also included the orbitofrontal cortex (OFC), insula (INS), amygdala
(AMY), and nucleus accumbens (NACC) from the Harvard-Oxford
cortical and subcortical atlases (Desikan et al., 2006), due to their role
in processing reward. In order to facilitate comparisons of face and food
connectivity, we limited analysis to those individuals who had both face
and food peaks (N¼ 25 on the left and N¼ 15 on the right). We assessed
whether correlation values were significantly different from zero using a
t-test and control for family wise error using Bonferroni correction (28
comparisons¼ critical p value of 0.05/28¼ 0.002).

Results

Question 1: Is activation to faces and food within the FFA significant?

We first assessed whether there was a significant effect of condition in

https://www.nitrc.org/projects/conn
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left and right FFA ROIs. This was accomplished using a repeated-
measures ANOVA with condition (Faces, Food, Places, and Clocks) as
the independent variable, BOLD response as the dependent variable, and
scanner site (cohort) as a between-subject's variable. Please note, we use
the term “FFA” here, because the specific ROIs from an independent
group were generated using a contrast to identify face-selectivity (Julian
et al., 2012). In left FFA, there was a significant effect of condition (F (1,
3)¼ 4.27, p¼ 0.006) but no condition by cohort interaction (F (1,
3)¼ 0.722, p¼ 0.541, n. s.). This effect was similar on the right (condi-
tion: (F (1,3)¼ 7.36, p< 0.001); condition by cohort interaction ((F (1,
3)¼ 5.69, p¼ 0.805, n. s.). Significance in follow-up t tests were cor-
rected for multiple comparisons using Bonferonni correction (10 com-
parisons¼ critical p value of 0.05/10¼ 0.005), thus significance is
reported as p values less than 0.005. The right FFA showed greater
activation for faces relative to any other object (Faces> Food, t
(47)¼ 3.04, p¼ 0.004; Faces> Places, t (47)¼ 4.00, p< 0.001;
Faces> Clocks, t (47)¼ 3.82, p< 0.001), indicating that right FFA is face
selective. Food activation in the right FFA was not significant
(Food> Places, t (47)¼ 1.149, p¼ 0.256, n. s.; Food> Clocks, t
(47)¼ 1.003, p¼ 0.321, n. s.). Within the left FFA, food showed greater
activation than places while faces did not (Food> Places t (47)¼ 3.047,
p¼ 0.004; Faces> Places, t (47)¼ 2.70, p¼ 0.01, n. s.). Food and face
activation was not significantly greater than Clock activation
(Food> Clocks, t (47)¼ 2.32, p¼ 0.025, n. s.; Faces> Clocks, t
(47)¼ 1.93, p¼ 0.06, n. s.). Importantly, there was no difference be-
tween Faces and Food in the left FFA (Faces> Food, t (47)¼�0.154,
p¼ 0.879, n. s.). These results are visualized in Fig. 1. For comparisons
sake, we include the results of other face-selective ROIs (bilateral STS and
OFA) in the Supplementary Results and Supplementary Fig. 3.

Question 2: In what percentage of Participant's can face and food-selective
activation be identified and where is this activation located?

In order to illustrate the location and quantify the number of in-
dividuals with face and food selective patches, we next identified the
peak location of activity for the contrasts of Faces>All Other Objects and
Food>All Other Objects within the region classically defined as the FFA
in each of the 48 subjects (methods outlined in the subject-specific
methods section). Activation to faces was consistently found across
subjects, as all 48 (100%) of subjects had bilateral activation to faces that
could be identified individually. Food-specific activation peaks were
found in 43 subjects (90%) on the left and 32 subjects (67%) on the right.
Thus, there seem to be both food and face-selective peaks or nodes in
fusiform, but food nodes on the right are not identifiable in all subjects.
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This result is consistent with the face literature, as right fusiform acti-
vation tends to be more robust and consistently found in subjects
(Gauthier et al., 1999; Haxby et al., 1999; Ishai et al., 2005; Rhodes et al.,
2004), although see (Elbich and Scherf, 2017) for individual differences
that are linked to a left lateralized response. We next examined whether
there were significant differences in the spatial location of these nodes by
looking for significant differences in the x-, y-, and z-plane of the co-
ordinates. Peak spatial location between face and food activation was
found to be significant across the x-plane in the right hemisphere (Right: t
(47)¼ -5.44, p¼<0.001; Left: t (47)¼ -0.22, p¼ 0.413, n. s.), y-plane in
the left hemisphere (Right: t (47)¼ -0-0.28, p¼ 0.391, n. s.; Left: t
(47)¼ -1.80, p¼ 0.039), and z-plane in both right and left hemispheres
(Right: t (47)¼ -2.87, p¼ 0.003; Left: t (47)¼ -4.24, p< 0.001). Thus,
face peaks on the right tended to be more lateral and inferior relative to
food peaks, whereas face peaks on the left tended to be anterior and
inferior to food peaks; see Fig. 2. Individual coordinates for each subject
can be found within Supplementary Tables 1 and 2.

In order to explore whether food-selective activation is truly distinct
or overlapping with the classically defined, FFA, we recruited an addi-
tional subject to complete a longer version of the task-based experiment
at two separate time points. This analysis was completed on one subject
given the commonly used procedure to use a localizer task to identify
subject-specific FFA based on face-selectivity. In this subject, we were
able to localize a food-selective and face-selective patch within the
fusiform gyrus at both time points. In fact, localization of food activation
in the fusiform was found to be nearly identical on the subjects' brain
maps (See Fig. 3) and coordinates for face- and food-selective peaks
differed by only one voxel. Although face- and food-selective peaks could
be identified bilaterally at both time points, the patch of cortex
responding to food was most easily identified on the left, specifically
within the lateral occipital sulcus for this subject. Results indicate that a
localizer procedure could reliably estimate the region that is functionally
activated within the fusiform cortex to food.

The two previous analyses indicate that face- and food-selective
nodes are somewhat dissociable, while the ROI analysis indicates a de-
gree of overlap in left fusiform activation. We next assess overlapping
activation to faces and food at the individual level by identifying voxels
that are significant (p< 0.05) for BOTH the contrast of Faces> Places
AND Clocks and Food> Places & Clocks. We visualized this information
in group-level probability maps that depict the number of subjects that
activate a given voxel (Fig. 4A). This is a whole brain analysis (i.e.
unmasked), but the image is presented at a threshold that reflects regions
that greater than 50% of the sample activated to both Faces and Food
relative to other objects. This analysis suggests that there is overlap in
Fig. 1. Region of Interest Analysis of FFA response to all
conditions. Bar graphs for fusiform ROIs indicate group
average estimates (t-statistic values) of activation to faces,
food, places, or clocks. Error bars indicate standard error. ROIs
are displayed on axial slices of brain, including left fusiform
face area (aqua) and right fusiform face area (red). Borders of
bar graphs correspond to color of ROI used in axial brain
image. Significance is depicted as follows: (** ¼ p < 0.005;
*** ¼ p < 0.001).



Fig. 2. Peak coordinates of face and food patches for all subjects. Axial slices of the brain with individual peak voxel activation to Faces>All Other Objects (red) or
Food> All Other Objects (blue). Coordinates depicted in this image can be found in Supplementary Tables 1 and 2.
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face and food activation within the fusiform and that this is spatially
consistent at the group level. Probability maps for the contrasts of
Faces>All Other Objects and Food>All Other Objects (Fig. 4B&C) de-
pict similar information for face- and food-selective voxels. These maps
show consistent face-selective clusters in bilateral fusiform, bilateral
amygdala, and orbitofrontal cortex while food-selective clusters are in
early visual cortex and left lateralized occipital temporal cortex. Taken
together, many subjects activate bilateral fusiform for both faces and
food relative to places and clocks. However, there appears to be more
spatial overlap in face-selective voxels than food-selective voxels within
the fusiform.

In addition to the union maps, we next discuss the more traditional,
whole-brain analysis of the group. Statistical maps presented in Fig. 5 are
corrected for multiple comparisons using TFCE permutation tests in
randomize (see Methods) and presented at a p< 0.05 threshold. Please
see Tables 2–4 for regional definitions of peak voxels that correspond to
contrasts depicted in Fig. 5. We first present the three contrasts that are
most conceptually similar to the union maps. In Fig. 5, Part A, regions
that are significantly activated by the contrast of Faces& Food> Places&
Clocks show significant activation in bilateral fusiform, bilateral amyg-
dala, medial and bilateral orbitofrontal cortex, insula, precuneus, puta-
men, and nucleus accumbens, indicating that both faces and food activate
regions traditionally associated with face processing, as well as regions
implicated in processing reward. Next, we assessed regions that were
selective for Faces or Food with the contrasts of Faces> Food, Places, &
Clocks (Fig. 5B) and Food> Faces, Places, & Clocks (Fig. 5C). Face-
selective clusters included regions typically associated with face pro-
cessing, including right lateralized fusiform, bilateral amygdala, bilateral
temporal pole, inferior frontal gyrus, and medial/lateral orbitofrontal
cortex. The contrast of Food> Faces, Places, & Clocks (Fig. 5C) shows a
large cluster that encompasses early visual cortex, left lateralized occip-
ital and left lateralized fusiform cortex, as well as left lateral orbitofrontal
cortex. These contrasts include faces or food contrasted with every other
object type (including food or faces, respectively). Thus, we also depict
the regions that are significantly activated for Faces relative to the
‘control’ categories of Places & Clocks (Fig. 5D) and Food relative to
Places& Clocks (Fig. 5E), as well as a Figure depicting these two contrasts
overlaid on the same brain with overlapping voxels highlighted in pink.
Overlapping voxels include primarily the left fusiform, as well as left
amygdala (Fig. 5F). Finally, we include direct contrasts of Faces and Food
in Supplementary Fig. 4. Direct contrasts of Faces to Food show signifi-
cant activation in right lateralized fusiform, bilateral amygdala, orbito-
frontal cortex, temporal pole, and angular gyrus. The direct contrast of
Food relative to Faces shows significant activation in a large swathe of
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early visual cortex that extends into parahippocampal and left inferior
temporal gyrus (See Supplementary Fig. 4 and Supplementary Table 3).

Question 3: Do individual differences influence activation to face and food
stimuli?

Because there does seem to be some degree of overlap in the gross
location of face- and food-peaks and previous work has related activation
to food images in the fusiform to healthy weight status, we next asked
whether individual differences in BMI are reflected in activation in the
fusiform. To assess this, we extracted t-values from each individual
within the region of the left fusiform that responds to faces and foodmore
than other objects. This region was extracted using a mask derived from
the group-level union map, which reflects voxels that are activated for
both faces and food relative to control objects. We find that as BMI in-
creases, relative activation to Faces> Food decreases (r¼�0.294;
p¼ 0.024). That is, while most individuals activate the FFA more
strongly to faces relative to food, this activation is reduced as BMI in-
creases. This relationship was consistent when using corrected BMI
(BMIc; r¼�0.309; p¼ 0.017).

Question 4: What is the connectivity profile of these face- and food-peaks at
rest?

In order to assess connectivity between the fusiform and other regions
of the brain in the absence of a task, we then completed an exploratory
connectivity analysis to identify differences in connectivity profiles be-
tween face- and food-peaks and the rest of the brain during a resting state
paradigm. Individually-defined face- and food-selective peaks within the
fusiform were used to create 9mm ROIs spheres for each subject.
Intrinsic connectivity between these peaks and six other ROIs were then
examined. ROIs included regions involved in face and reward processing,
and included: amygdala (AMY), orbitofrontal cortex (OFC), nucleus
accumbens (NACC), insula (INS), anterior temporal pole (ATL), occipital
face area (OFA), and the superior temporal sulcus (STS). After correction
for multiple comparisons using a Bonferroni corrected p-value of 0.002,
significant connectivity was found between the INS, ATL, OFA, and STS
for both face- and food-peaks. Bilateral NACC and AMY were not sig-
nificant within either network, while OFC was only significant for the
face-peaks. (Face Fusiform peak: Right NACC: t (14)¼ -0.153, p¼ 0.440,
n. s.; Left NACC: t (24)¼ -0.973, p¼ 0.17, n. s.; Right AMY: t (14)¼ -
3.04, p¼ 0.004, n. s.; Left AMY: t (24)¼ -1.99, p¼ 0.031, n. s.; Right
OFC: t (14)¼ -4.40, p< 0.001; Left OFC: t (24)¼ -5.36, p< 0.001).
Bilateral food fusiform peaks showed a similar pattern (Food Fusiform



Fig. 3. Test-Retest Reliability of Face and Food Patches within the Fusiform for a single subject. A single subject completed a longer version of the face/food localizer
task at two separate timepoints, separated by one week. Whole brain t-statistic maps for this subject are depicted on the subject's anatomical image with face-selective
activation (Faces> All Other Objects) in red and food-selective activation (Food> All Other Objects) in blue. Top panel: Timepoint 1; Middle Panel: Timepoint 2;
Bottom panel: Voxels that were activated at both timepoints. T-statistic maps are presented with a high threshold (t¼ 6.0) in order to emphasize the consistent
activation within the fusiform.
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Fig. 4. Probability maps of the percentage of subjects with significant activation in a given voxel for contrasts of interest. (A) Probability map depicting the union of
voxels that are activated by both Faces> Places and Clocks and Food> Places and Clocks. (B) Probability map depicting the voxels that are activated by Faces>All
Other Objects. (C) Probability map depicting the voxels that are activated by Food> All Other Objects. Scale indicates percentage of subjects that activate a given
voxel (35–70%).
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Fig. 5. Whole-brain statistical maps from group-level analysis. Data are corrected for multiple comparisons at p< 0.05 using TFCE and permutation testing and all
scales depict t-statistic values from 2 to 8. Statistical maps are overlaid on the ch2bet image using mricron. Coordinates that correspond to the location of the crosshair
for that slice are above each section. (A) Faces> Food, Places, & Clocks in red-yellow scale (B) Food> Faces, Places, and Clocks in blue-green scale (C)Faces &
Food> Places & Clocks in black-green scale (D) Faces> Places & Clocks in red-yellow scale (E) Food> Places & Clocks in blue-green scale (F) Overlap of
Faces> Places & Clocks (red-yellow scale) and Food> Places & Clocks (blue-green scale); Overlapping activation is depicted in pink to white scale.
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Peak: Right NACC: t (14)¼ -1.104, p¼ 0.144, n. s.; Left NACC: t (24)¼ -
2.17, p¼ 0.02, n. s.; Right AMY: t (14)¼ -1.412, p¼ 0.090, n. s.; Left
AMY: t (24)¼ -0.299, p¼ 0.383, n. s.; Right OFC: t (14)¼ -3.13,
p¼ 0.004, n. s.; Left OFC: t (24)¼ -3.18, p¼ 0.002, n. s.). All other ROIs
(OFA, STS, ATL, INS) showed significant connectivity with both face- and
food-peaks (All t's> 4.3, all p's< 0.002); see Fig. 6.

Interestingly, when we compared whether there are significant dif-
ferences in connectivity between nodes of the face and food networks,
the two nodes that are significant are the anterior temporal and orbito-
frontal nodes (ATL; t (24)¼ 2.28; OFC; t (24)¼ 1.8; all other t's greater
than 1.29 and p's greater than 0.10). In the ATL and OFC, connectivity
values were both greater for Face peak connectivity relative to Food peak
connectivity, a point we take up further in the discussion.

Discussion

In the current study, we investigated neural response in fusiform
cortex within two categorical domains: faces and food. To our knowl-
edge, this is the first paper to directly compare response within parts of
visual cortex to faces and food, although there is a great deal of work on
response of the visual cortex to these categories in separate fields of
cognitive and clinical neuroscience. The activation of the fusiform to food
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images cannot be explained by either the expertise hypothesis or the face-
selectivity hypothesis and our data challenge these two theories. Food
images are not face-like and therefore, this response is not compatible
with the face-selectivity hypothesis. The wide variety of food images
used in the current design were not difficult to discriminate from one
another and therefore, these results also challenge the expertise hy-
pothesis, which suggests the fusiform is recruited for the fine-grained
discrimination of similar exemplars. Rather, these results are more
compatible with the distributed model proposed by Haxby (Haxby et al.,
2000, 2001), which suggests that the ventral temporal cortex is topo-
graphically organized to identify attributes of form rather than specific
objects. Based on Haxby's distributed model, each object form has a
distinct pattern of activation that is distributed throughout ventral tem-
poral cortex rather than localized to a specific cortical region. Evidence
for this theory comes from multi-voxel pattern analyses that demonstrate
information regarding all types of objects are represented throughout
ventral visual cortex, even within regions that show greatest response to
one particular category of objects (Haxby et al., 2001).

However, even the distributed model of object perception does not
address why specific nodes in the fusiform may be activated in response
to visual images of food or faces more than other object categories. We
suggest that an attribute that we refer to as motivational relevance (but



Table 2
MNI coordinates and brain regions of group-level whole brain analyses.

Contrast Cluster size Peak Voxel Coordinates (MNI)

Region t-score X Y Z

Faces> Food, Places, and Clocks 9578 R Amygdala 11.5 18 �4 �16
L Amygdala 10.4 �18 �4 �14
R Anterior Temporal Gyrus 7.11 58 �2 �16
L Putamen 7.06 20 6 �12
R Superior Temporal Gyrus 6.64 52 �8 �12
Medial OFC 6.2 4 40 �20

3955 R Angular Gyrus 9.37 60 �46 10
1062 Precuneus 7.86 2 �50 30
943 R Fusiform 12.3 44 �50 �20
855 R Inferior Frontal Gyrus 7.33 46 16 26
843 L Superior Temporal Sulcus 7.16 �54 �42 2
213 L Middle Temporal Gyurs 5.88 �60 �6 �12
25 L Fusiform 7.6 �42 �44 �22
18 Frontal Pole 5.33 6 62 30
10 L Middle Temporal Gyrus 4.39 �68 �30 �4
10 L Lateral Orbitofrontal Cortex 4.57 �38 30 �20

Food> Faces, Places, and Clocks 12697 Early Visual Cortex 13.6 �16 �102 10
Lateral Occipital Cortex 8.37 �16 �102 10
Fusiform Cortex 5.61 �48 �48 �12

8 L Lateral Orbitofrontal Cortex 7.2 �24 34 �16
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can also be described as salience and/or value) may play an important
role in driving activation in the fusiform. This is supported by work
showing increased fusiform activation for high energy versus low energy
foods (Holsen et al., 2005; Killgore et al., 2003; Rothemund et al., 2007;
Uher et al., 2006), as well as by work showing increased fusiform acti-
vation for high value faces.

The importance of object value in driving fusiform activation is also
supported by work examining the fusiform hypoactivation to faces seen
in patients with autism spectrum disorder (ASD) (Chevallier et al., 2012;
Scherf et al., 2010; Schultz, 2005; Whyte et al., 2016). For example, one
case study on a child with ASD documented fusiform activation in
response to his favorite cartoon character, but not to non-preferred
cartoon characters or human faces (Grelotti et al., 2005). This work
suggests that the underlying neural architecture of the fusiform may be
operational in ASD, but may be inappropriately ‘tuned’ due to atypical or
diminished social motivational drives (Chevallier et al., 2012; Schultz,
Table 3
MNI coordinates and brain regions of group-level whole brain analyses (continued).

Contrast Cluster size Peak Voxel Coordi

Region

Faces and Food> Places and Clocks 3467 L Amygdala
R Amygdala
R Temporal Pole
R Putamen
L Lateral Orbitofro
L Midbrain
L Insula
L Hippocampus
L Putamen
L Nucleus Accumb

2909 R Fusiform
R Angular Gyrus
R Lateral Occipital

1933 Medial Orbitofront
739 Precuneus
512 L Fusiform
229 L Superior Tempor
111 Thalamus
95 R Orbitofrontal Co
27 L Anterior Tempor
17 Superior Frontal G

7 L Lateral Occipital
3 Subcallosal Orbito
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2005; Troiani et al., 2014; Troiani and Schultz, 2013).
Face-selective responses in the fusiform are thought to be immature

early in life and change throughout the course of development (Scherf
et al., 2007; Golarai et al., 2007; Deen et al., 2017). However, because
studies of children's neural responses in these regions have focused on
comparing faces with scenes, we still know little about how the moti-
vational value of objects drives the development of object representa-
tions in the brain. To this point, a recent study by Foss-Feig et al. (2016)
found that images of children's individualized hobbies corresponded to
increases in fusiform activation. Thus, it may be that a combination of
motivation and a prolonged visual history are necessary for activation
and coding within the fusiform. It will be important for future neuro-
imaging work in both children and adults to consider the relative value of
stimulus categories.

It may be the case that even the face-selective portion of the fusiform
is not responsive to faces, per se, but rather to a combination of stimulus
nates (MNI)

t-score X Y Z

9.21 �20 �4 �14
9 �22 0 �20
7.54 �28 6 �24
6.74 20 8 �14

ntal Cortex 6.59 �26 36 16
5.87 �8 �14 �14
5.79 �36 6 12
5.4 �30 �20 �10
5.38 �20 10 �8

ens 5.18 �10 12 �6
9.86 42 �44 �18
9.04 60 �44 10

Cortex 8.39 50 �70 8
al Cortex 8.19 0 60 �10

7.34 �4 �52 26
8.24 �42 �44 �18

al Gyrus 5.95 �48 �40 10
5.75 2 �8 10

rtex 6.74 24 30 �14
al Cortex 4.81 �30 �6 �40
yrus 5.55 0 20 62

�16
Cortex 6.11 �44 �80 �6
frontal Cortex 5.21 0 18 �20



Table 4
MNI coordinates and brain regions of group-level whole brain analyses (continued).

Contrast Cluster size Peak Voxel Coordinates (MNI)

Region t-score X Y Z

Faces> Places and Clocks 10983 L Amygdala 10.8 �18 �4 �14
R Amygdala 10.6 18 �4 �16
Med Orbitofrontal Cortex 8.02 0 60 �10
R Anterior Middle Temporal 6.88 58 �2 �16
L Putamen 6.47 �22 8 �8
R Temporal Pole 6.01 32 6 �22

5185 R Fusiform 11.9 44 �50 �20
R Angular Gyrus 9.04 60 �44 10
R Lateral Occipital Cortex 8.39 50 �70 8

1682 Precuneus 7.93 2 �50 30
1016 Frontal Pole 5.57 �2 44 62
987 R Inferior Frontal Gyrus 6.85 44 14 26
962 L Posterior Middle Temporal Gyrus 7.74 �64 �38 8
280 L Anterior Middle Termporal Gyrus 6.42 �60 �6 �14
231 L Fusiform 8.09 �40 �44 �18
39 R Precentral Gyrus 4.74 42 2 52
23 L Middle Frontal Gyrus 5.36 �46 22 24
5 R Inferior Frontal Gyrus 4.72 56 36 8

Food> Places and Clocks 7213 Early Visual Cortex 12.2 �12 �102 10
L Lateral Occipital Cortex 7.59 �46 �68 2
L Fusiform 6.59 �44 �40 �14

126 L Insula 7.79 �36 6 �12
121 L Lateral Orbitofrontal Cortex 8.04 �24 34 �16
58 L Amygdala 6.58 �20 2 0

1 Hunger rating was acquired for the cohort of participants scanned at Temple
University, previously described in Troiani et al. (2016). Participants rated their
current hunger level on a scale from 1 to 10 (where 1 is not hungry and 10 is
extremely hungry). Average hunger rating was 3.25, indicating that they were
only slightly hungry.
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qualities that primarily make up faces, but are also shared by some other
kinds of objects. That is, neuronal tuning in ventral visual cortex could be
organized along a number of stimulus quality continuums, with modular
categorical responses reflecting consistent activation along a number of
these dimensions. Speaking to this point, we have previously found that
another region involved in ‘category-specific’ processing, the para-
hippocampal place area, is driven by a number of stimulus features,
including several low-level visual properties and high-level semantic
properties (Troiani et al., 2012). Other studies have illustrated stimulus
continuums that drive activation in an organized way across ventral vi-
sual cortex, including low-level image statistics (Rice et al., 2014), 3D
shape continuums (Tootell et al., 2008), animacy (Sha et al., 2015), real
world object-size (Konkle and Oliva, 2012), combinations of these fea-
tures (Konkle and Caramazza, 2013; Long et al., 2017), semantic simi-
larity (Huth et al., 2012), and affective value (Lebrecht et al., 2012).
Future work should explore whether a stimulus set varying on a number
of these stimulus dimensions drive fusiform activation.

The exploratory connectivity analysis revealed greater activation to
Faces rather than Food in the ATL and OFC. The ATL and OFC are con-
nected by the white matter tract known as the uncinate fasciculus, which
is thought to play a key role in social cognition. Thus, increased con-
nectivity between the face-selective fusiform and the ATL and OFC is
consistent with other connectivity work and underscores the importance
of these regions in face- or social-specific processing (Alm et al., 2015;
Olson et al., 2015; Unger et al., 2016; Von Der Heide et al., 2013). There
is increasing realization that while individualized brain regions may code
for specific types of information, multiple regions form networks that
work in tandem to achieve complex cognitive tasks (Sporns, 2013). For
example, recent research suggests that one node of the face processing
network, the ATL, functions as a “neural switchboard”. That is, connec-
tivity between other nodes of the face network, including the FFA, and
the ATL vary based on the information required for a specific task or
context (Wang et al., 2017). Rather than being a repository of person
information, the ATL operates under the hub-and-spoke model such that
if a face were presented one could expect increased connectivity between
the ATL and FFA, and if a name were presented one could expect
increased connectivity between the ATL and the VWFA. From this
perspective, activation and connectivity in the fusiform region (and
networks of brain regions connected to the fusiform) may also be
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influenced by an individual's context or current state.
The influence of state on fusiform activation has been investigated

using food images. For example (LaBar et al., 2001), scanned participants
while passively viewing images of food and tools in hunger and satiated
states. Neural activation within the anterior fusiform gyrus was reduced
when comparing across the hungry and sated states, highlighting the
influence of state-dependent activation on this region. In a separate study
(Mohanty et al., 2008), found that activation in a network that included
the amygdala and fusiform was more active during periods of hunger
relative to periods of satiation. This activation during a hungry state was
also associated with faster detection of food-relevant objects (donuts)
relative to non-relevant objects (hex-nuts). Thus, within the food domain,
there is evidence that fluctuations in state will influence activation in the
fusiform. Although we did not measure hunger state of all the partici-
pants in this study,1 other work has shown activation in the fusiform to
food images following meal consumption (Simmons et al., 2013). Thus,
in the unlikely case that the majority of our participants were hungry,
there is previous evidence that this region still activates to food images
even when satiated. It would be very interesting in future work to
consider the role of individual's state in driving both fusiform response
and changes in network connectivity.

Thus, although the fusiform is most commonly associated with face
processing, our results suggest that this region also responds to food,
another motivationally-relevant stimulus. Our multiple analyses suggest
that food selectivity is going to be more left-lateralized. The ROI analysis
using independently-defined masks show equivalent left fusiform acti-
vation to faces and food, but face-selectivity within the right fusiform
ROI. Across all subjects, peaks were more readily identified for food-
selectivity on the left relative to the right. In our single-subject analysis
that examined test-retest reliability, the ‘patch’ activated by food was
more readily localized in left ventral visual cortex. On the topic of left
fusiform responsivity, it seems important to mention another category
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Fig. 6. Resting state connectivity of fusiform face and food
nodes. Each graphic depicts connectivity between selected re-
gion and six ROIs (orbital frontal cortex (OFC), nucleus
accumbens (NACC), amygdala (AMY), insula (INS), anterior
temporal lobe (ATL), occipital face area (OFA), and superior
temporal sulcus (STS)). Significant connections (p< 0.05,
Bonferonni corrected for multiple comparisons) are depicted
with a yellow sphere on the connector between regions.
Average correlation values for significant connections appear
within the yellow sphere. All correlations were positive. Con-
nections that were significantly different between the face and
food nodes are outlined in red. These connections showed
significantly greater connectivity with face fusiform peaks
relative to food fusiform peaks.
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that has been shown to activate the left fusiform: orthographic visual
information. A portion of the left fusiform has been called the visual word
form area (VWFA) (Fiez and Petersen, 1998) and responds preferentially
to strings of letters and numbers. Although this may seem tangential to
face- or food-related activation, the response to orthographic information
bears importance to the general interpretation of the underlying prop-
erties that drive fusiform activation and network connectivity. Recently,
it was shown that visual experience with a written language is necessary
to activate this region (Saygin et al., 2016), indicating that a certain
amount of familiarity may be necessary to drive this response. One
explanation is that humans are experts at reading/recognizing visual
word forms and thus, rely on the fusiform in a similar manner to faces
(McCandliss et al., 2003). However, consideration of motivational value
is important with regard to the VWFA, as humans also have inherent
drives to communicate and process information (Kang et al., 2009). This
404
additional point highlights the necessity of considering motivational
relevance within the broader perspective of domain specificity in the
brain.

Although this study addressed fusiform response to food for the first
time, there are several limitations. For individual difference metrics, we
used self-reported height and weight to compute BMI, rather than
directly measuring these variables. This is a significant limitation, as self-
reported BMI is unreliable and under estimates true BMI (Merrill and
Richardson, 2009). Although we have applied a correction procedure in
an attempt to estimate true BMI, future studies should measure height
and weight directly. Also, this sample does not include a large number of
subjects who are very overweight or obese. Although results suggest that
as weight increases, differentiation between face and food response be-
comes smaller, future studies should include more subjects who have
greater BMIs. In addition, we did not collect the hunger level of all
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participants or assess activation during different hunger states within the
same individual. Future studies should measure this in order to assess the
influence of state-based motivation. Face and food nodes are very close
spatially, albeit with some variability across individuals (See Supple-
mentary Fig. 2). Thus, in our resting state analysis, our sample size was
only a subset of our larger sample (N¼ 25 on the right and N¼ 15 on the
left) and the high degree of overlap between networks could be partially
due to overlapping signals. Future work should include a larger sample
and explore other connectivity approaches, such as diffusion weighted
imaging, in order to develop a more complete understanding of the dis-
tinctions and overlap in these networks.

In sum, we find that the left fusiform cortex responds to both faces
and food. We believe this response is based on the rewarding value of
both of these stimuli, as this result is consistent with findings of food
value-driven fusiform activation within the literature on the visual pro-
cessing of food images. These results challenge existing theoretical ex-
planations of the fusiform response to faces and support a distributed
model of object processing. Further, these findings suggest intriguing
new avenues for future research in these domains that may also have
implications for clinical disorders that show atypical visual responses to
faces and/or food.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.neuroimage.2018.02.064.

References

Alm, K.H., Rolheiser, T., Mohamed, F.B., Olson, I.R., 2015. Fronto-temporal white matter
connectivity predicts reversal learning errors. Front. Hum. Neurosci. 9, 343. https://
doi.org/10.3389/fnhum.2015.00343.

Bilali�c, M., Grottenthaler, T., N€agele, T., Lindig, T., 2016. The faces in radiological
images: fusiform face area supports radiological expertise. Cereb. Cortex 26,
1004–1014. https://doi.org/10.1093/cercor/bhu272.

Carp, J., 2013. Optimizing the order of operations for movement scrubbing: comment on
Power et al. Neuroimage 76, 436–438.

Chevallier, C., Kohls, G., Troiani, V., Brodkin, E.S., Schultz, R.T., 2012. The social
motivation theory of autism. Trends cognitive Sci. 16, 231–239.

Collins, J.A., Koski, J.E., Olson, I.R., 2016. More than meets the eye: the merging of
perceptual and conceptual knowledge in the anterior temporal face area. Front. Hum.
Neurosci. 10, 189. https://doi.org/10.3389/fnhum.2016.00189.

Deen, B., Richardson, H., Dilks, D.D., Takahashi, A., Keil, B., Wald, L.L., Kanwisher, N.,
Saxe, R., 2017. Organization of high-level visual cortex in human infants. Nat.
Commun. 8, 13995.

Deichmann, R., Gottfried, J.A., Hutton, C., Turner, R., 2003. Optimized EPI for fMRI
studies of the orbitofrontal cortex. Neuroimage 19, 430–441.

Desikan, R.S., S�egonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker, D.,
Buckner, R.L., Dale, A.M., Maguire, R.P., Hyman, B.T., et al., 2006. An automated
labeling system for subdividing the human cerebral cortex on MRI scans into gyral
based regions of interest. Neuroimage 31, 968–980.

Duchaine, B., Nakayama, K., 2006. The Cambridge Face Memory Test: results for
neurologically intact individuals and an investigation of its validity using inverted
face stimuli and prosopagnosic participants. Neuropsychologia 44, 576–585.

Elbich, D.B., Scherf, S., 2017. Beyond the FFA: brain-behavior correspondences in face
recognition abilities. NeuroImage 147, 409–422.

Farah, M.J., Wilson, K.D., Drain, M., Tanaka, J.N., 1998. What is" special" about face
perception? Psychol. Rev. 105, 482.

Fiez, J.A., Petersen, S.E., 1998. Neuroimaging studies of word reading. Proc. Natl. Acad.
Sci. 95, 914–921.

Foss-Feig, J.H., McGugin, R.W., Gauthier, I., Mash, L.E., Ventola, P., Cascio, C.J., 2016.
A functional neuroimaging study of fusiform response to restricted interests in
children and adolescents with autism spectrum disorder. J. Neurodev. Disord. 8, 1.

Frank, S., Laharnar, N., Kullmann, S., Veit, R., Canova, C., Hegner, Y.L., Fritsche, A.,
Preissl, H., 2010. Processing of food pictures: influence of hunger, gender and calorie
content. Brain Res. 1350, 159–166. https://doi.org/10.1016/j.brainres.2010.04.030.

Frankort, A., Roefs, A., Siep, N., Roebroeck, A., Havermans, R., Jansen, A., 2012. Reward
activity in satiated overweight women is decreased during unbiased viewing but
increased when imagining taste: an event-related fMRI study. Int. J. Obes. (Lond) 36,
627–637. https://doi.org/10.1038/ijo.2011.213.

Fryar, C.D., Carroll, M.D., Ogden, C.L., et al., 2012. Prevalence of Overweight, Obesity,
and Extreme Obesity Among Adults: United States, Trends 1960–1962 through
2009–2010. National Center for Health Statistics, Hyattsville, MD.

Gauthier, I., Skudlarski, P., Gore, J.C., Anderson, A.W., 2000. Expertise for cars and birds
recruits brain areas involved in face recognition. Nat. Neurosci. 3, 191–197.
405
Gauthier, I., Tarr, M.J., 2002. Unraveling mechanisms for expert object recognition:
bridging brain activity and behavior. J. Exp. Psychol. Hum. Percept. Perform. 28,
431.

Gauthier, I., Tarr, M.J., Anderson, A.W., Skudlarski, P., Gore, J.C., 1999. Activation of the
middle fusiform’face area’increases with expertise in recognizing novel objects. Nat.
Neurosci. 2, 568–573.

Golarai, G., Ghahremani, D.G., Whitfield-Gabrieli, S., Reiss, A., Eberhardt, J.L.,
Gabrieli, J.D., Grill-Spector, K., 2007. Differential development of high-level visual
cortex correlates with category-specific recognition memory. Nat. Neurosci. 10, 512.

Grelotti, D.J., Klin, A.J., Gauthier, I., Skudlarski, P., Cohen, D.J., Gore, J.C., Volkmar, F.R.,
Schultz, R.T., 2005. fMRI activation of the fusiform gyrus and amygdala to cartoon
characters but not to faces in a boy with autism. Neuropsychologia 43, 373–385.

Gross, C.G., Rocha-Miranda, C.E., de, Bender, D.B., 1972. Visual properties of neurons in
inferotemporal cortex of the Macaque. J. neurophysiology 35, 96–111.

Haxby, J.V., Gobbini, M.I., Furey, M.L., Ishai, A., Schouten, J.L., Pietrini, P., 2001.
Distributed and overlapping representations of faces and objects in ventral temporal
cortex. Science 293, 2425–2430.

Haxby, J.V., Hoffman, E.A., Gobbini, M.I., 2002. Human neural systems for face
recognition and social communication. Biol. psychiatry 51, 59–67.

Haxby, J.V., Hoffman, E.A., Gobbini, M.I., 2000. The distributed human neural system for
face perception. Trends cognitive Sci. 4, 223–233.

Haxby, J.V., Ungerleider, L.G., Clark, V.P., Schouten, J.L., Hoffman, E.A., Martin, A.,
1999. The effect of face inversion on activity in human neural systems for face and
object perception. Neuron 22, 189–199.

Holsen, L.M., Zarcone, J.R., Thompson, T.I., Brooks, W.M., Anderson, M.F.,
Ahluwalia, J.S., Nollen, N.L., Savage, C.R., 2005. Neural mechanisms underlying food
motivation in children and adolescents. Neuroimage 27, 669–676.

Hurley, R.S., Losh, M., Parlier, M., Reznick, J.S., Piven, J., 2007. The broad autism
phenotype questionnaire. J. autism Dev. Disord. 37, 1679–1690.

Huth, A.G., Nishimoto, S., Vu, A.T., Gallant, J.L., 2012. A continuous semantic space
describes the representation of thousands of object and action categories across the
human brain. Neuron 76, 1210–1224.

Ishai, A., Schmidt, C.F., Boesiger, P., 2005. Face perception is mediated by a distributed
cortical network. Brain Res. Bull. 67, 87–93.

Jo, H.J., Gotts, S.J., Reynolds, R.C., Bandettini, P.A., Martin, A., Cox, R.W., Saad, Z.S.,
2013. Effective preprocessing procedures virtually eliminate distance-dependent
motion artifacts in resting state FMRI. J. Appl. Math. 2013.

Julian, J.B., Fedorenko, E., Webster, J., Kanwisher, N., 2012. An algorithmic method for
functionally defining regions of interest in the ventral visual pathway. Neuroimage
60, 2357–2364.

Kang, M.J., Hsu, M., Krajbich, I.M., Loewenstein, G., McClure, S.M., Wang, J.T.,
Camerer, C.F., 2009. The wick in the candle of learning epistemic curiosity activates
reward circuitry and enhances memory. Psychol. Sci. 20, 963–973.

Kanwisher, N., McDermott, J., Chun, M.M., 1997. The fusiform face area: a module in
human extrastriate cortex specialized for face perception. J. Neurosci. 17,
4302–4311.

Killgore, W.D., Young, A.D., Femia, L.A., Bogorodzki, P., Rogowska, J., Yurgelun-
Todd, D.A., 2003. Cortical and limbic activation during viewing of high-versus low-
calorie foods. Neuroimage 19, 1381–1394.

Konkle, T., Caramazza, A., 2013. Tripartite organization of the ventral stream by animacy
and object size. J. Neurosci. 33, 10235–10242.

Konkle, T., Oliva, A., 2012. A real-world size organization of object responses in
occipitotemporal cortex. Neuron 74, 1114–1124.

LaBar, K.S., Gitelman, D.R., Parrish, T.B., Kim, Y.-H., Nobre, A.C., Mesulam, M., et al.,
2001. Hunger selectively modulates corticolimbic activation to food stimuli in
humans. Behav. Neurosci. 115, 493.

Lebrecht, S., Bar, M., Barrett, L.F., Tarr, M.J., 2012. Micro-valences: perceiving affective
valence in everyday objects. Front. Psychol. 3.

Liu, J., Harris, A., Kanwisher, N., 2009. Perception of face parts and face configurations:
an fMRI study. Perception 22.

Long, B., Yu, C.-P., Konkle, T., 2017. A mid-level organization of the ventral stream.
bioRxiv, 213934.

McCandliss, B.D., Cohen, L., Dehaene, S., 2003. The visual word form area: expertise for
reading in the fusiform gyrus. Trends cognitive Sci. 7, 293–299.

McCarthy, G., Puce, A., Gore, J.C., Allison, T., 1997. Face-specific processing in the
human fusiform gyrus. J. cognitive Neurosci. 9, 605–610.

Merrill, R.M., Richardson, J.S., 2009. Validity of self-reported height, weight, and body
mass index: findings from the national health and nutrition examination survey,
2001-2006. Prev. Chronic Dis. 6.

Mohanty, A., Gitelman, D.R., Small, D.M., Mesulam, M.M., 2008. The spatial attention
network interacts with limbic and monoaminergic systems to modulate motivation-
induced attention shifts. Cereb. Cortex 18, 2604–2613.

Moscovitch, M., Winocur, G., Behrmann, M., 1997. What is special about face
recognition? Nineteen experiments on a person with visual object agnosia and
dyslexia but normal face recognition. J. cognitive Neurosci. 9, 555–604.

Mozumdar, A., Liguori, G., 2016. Corrective equations to self-reported height and weight
for obesity estimates among US adults: NHANES 1999–2008. Res. Q. Exerc. sport 87,
47–58.

Nummenmaa, L., Hirvonen, J., Hannukainen, J.C., Immonen, H., Lindroos, M.M.,
Salminen, P., Nuutila, P., 2012. Dorsal striatum and its limbic connectivity mediate
abnormal anticipatory reward processing in obesity. PLoS ONE 7 e31089. https://
doi.org/10.1371/journal.pone.0031089.

Olson, I.R., Von Der Heide, R.J., Alm, K.H., Vyas, G., 2015. Development of the uncinate
fasciculus: implications for theory and developmental disorders. Dev. Cogn. Neurosci.
14, 50–61. https://doi.org/10.1016/j.dcn.2015.06.003.

https://doi.org/10.1016/j.neuroimage.2018.02.064
https://doi.org/10.1016/j.neuroimage.2018.02.064
https://doi.org/10.3389/fnhum.2015.00343
https://doi.org/10.3389/fnhum.2015.00343
https://doi.org/10.1093/cercor/bhu272
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref3
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref3
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref3
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref4
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref4
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref4
https://doi.org/10.3389/fnhum.2016.00189
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref6
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref6
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref6
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref7
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref7
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref7
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref8
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref8
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref8
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref8
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref8
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref8
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref9
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref9
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref9
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref9
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref10
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref10
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref10
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref11
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref11
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref12
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref12
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref12
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref13
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref13
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref13
https://doi.org/10.1016/j.brainres.2010.04.030
https://doi.org/10.1038/ijo.2011.213
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref16
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref16
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref16
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref16
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref16
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref17
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref17
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref17
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref18
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref18
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref18
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref19
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref19
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref19
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref19
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref20
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref20
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref20
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref21
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref21
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref21
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref21
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref22
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref22
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref22
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref23
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref23
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref23
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref23
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref24
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref24
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref24
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref25
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref25
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref25
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref26
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref26
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref26
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref26
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref27
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref27
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref27
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref27
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref28
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref28
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref28
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref29
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref29
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref29
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref29
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref30
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref30
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref30
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref31
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref31
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref31
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref32
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref32
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref32
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref32
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref33
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref33
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref33
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref33
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref34
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref34
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref34
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref34
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref35
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref35
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref35
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref35
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref36
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref36
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref36
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref37
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref37
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref37
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref38
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref38
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref38
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref39
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref39
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref40
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref40
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref41
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref41
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref42
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref42
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref42
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref43
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref43
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref43
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref44
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref44
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref44
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref45
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref45
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref45
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref45
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref46
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref46
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref46
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref46
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref47
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref47
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref47
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref47
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref47
https://doi.org/10.1371/journal.pone.0031089
https://doi.org/10.1371/journal.pone.0031089
https://doi.org/10.1016/j.dcn.2015.06.003


K. Adamson, V. Troiani NeuroImage 174 (2018) 393–406
Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2013. Steps toward
optimizing motion artifact removal in functional connectivity MRI; a reply to Carp.
Neuroimage 76.

Puce, A., Allison, T., Asgari, M., Gore, J.C., McCarthy, G., 1996. Differential sensitivity of
human visual cortex to faces, letterstrings, and textures: a functional magnetic
resonance imaging study. J. Neurosci. 16, 5205–5215.

Pursey, K.M., Stanwell, P., Callister, R.J., Brain, K., Collins, C.E., Burrows, T.L., 2014.
Neural responses to visual food cues according to weight status: a systematic review
of functional magnetic resonance imaging studies. Front. Nutr. 1, 7.

Rhodes, G., Byatt, G., Michie, P.T., Puce, A., 2004. Is the fusiform face area specialized for
faces, individuation, or expert individuation? J. cognitive Neurosci. 16, 189–203.

Rice, G.E., Watson, D.M., Hartley, T., Andrews, T.J., 2014. Low-level image properties of
visual objects predict patterns of neural response across category-selective regions of
the ventral visual pathway. J. Neurosci. 34, 8837–8844.

Rothemund, Y., Preuschhof, C., Bohner, G., Bauknecht, H.-C., Klingebiel, R., Flor, H.,
Klapp, B.F., 2007. Differential activation of the dorsal striatum by high-calorie visual
food stimuli in obese individuals. Neuroimage 37, 410–421.

Sasson, N.J., Lam, K.S., Childress, D., Parlier, M., Daniels, J.L., Piven, J., 2013. The broad
autism phenotype questionnaire: prevalence and diagnostic classification. Autism
Res. 6, 134–143.

Saygin, Z.M., Osher, D.E., Norton, E.S., Youssoufian, D.A., Beach, S.D., Feather, J.,
Gaab, N., Gabrieli, J.D.E., Kanwisher, N., 2016. Connectivity precedes function in the
development of the visual word form area. Nat. Neurosci. 19, 1250–1255. https://
doi.org/10.1038/nn.4354.

Scherf, K.S., Behrmann, M., Humphreys, K., Luna, B., 2007. Visual category-selectivity for
faces, places and objects emerges along different developmental trajectories. Dev. Sci.
10.

Scherf, K.S., Luna, B., ierMinshew, N., Behrmann, M., 2010. Location, location, location:
alterations in the functional topography of face-but not object-or place-related cortex
in adolescents with autism. Dev. Hum. Brain 90.

Schiltz, C., Dricot, L., Goebel, R., Rossion, B., 2010. Holistic perception of individual faces
in the right middle fusiform gyrus as evidenced by the composite face illusion. J. Vis.
10, 25.

Schultz, R.T., 2005. Developmental deficits in social perception in autism: the role of the
amygdala and fusiform face area. Int. J. Dev. Neurosci. 23, 125–141.

Sergent, J., Ohta, S., MACDONALD, B., 1992. Functional neuroanatomy of face and object
processing: a positron emission tomography study. Brain 115, 15–36.

Sha, L., Haxby, J.V., Abdi, H., Guntupalli, J.S., Oosterhof, N.N., Halchenko, Y.O.,
Connolly, A.C., 2015. The animacy continuum in the human ventral vision pathway.
J. cognitive Neurosci.

Siep, N., Roefs, A., Roebroeck, A., Havermans, R., Bonte, M.L., Jansen, A., 2009. Hunger is
the best spice: an fMRI study of the effects of attention, hunger and calorie content on
food reward processing in the amygdala and orbitofrontal cortex. Behav. Brain Res.
198, 149–158. https://doi.org/10.1016/j.bbr.2008.10.035.

Simmons, W.K., Rapuano, K.M., Kallman, S.J., Ingeholm, J.E., Miller, B., Gotts, S.J.,
Avery, J.A., Hall, K.D., Martin, A., 2013. Category-specific integration of homeostatic
signals in caudal but not rostral human insula. Nat. Neurosci. 16, 1551–1552.
https://doi.org/10.1038/nn.3535.
406
Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing
problems of smoothing, threshold dependence and localisation in cluster inference.
Neuroimage 44, 83–98. https://doi.org/10.1016/j.neuroimage.2008.03.061.

Sporns, O., 2013. Structure and function of complex brain networks. Dialogues Clin.
Neurosci. 15, 247.

Tootell, R.B., Devaney, K.J., Young, J.C., Postelnicu, G., Rajimehr, R., Ungerleider, L.G.,
2008. fMRI mapping of a morphed continuum of 3D shapes within inferior temporal
cortex. Proc. Natl. Acad. Sci. 105, 3605–3609.

Troiani, V., Dougherty, C., Michael, A., Olson, I.R., 2016. Characterization of face-
selective patches in orbitofrontal cortex. Front. Hum. Neurosci. 10, 279.

Troiani, V., Price, E.T., Schultz, R.T., 2014. Unseen fearful faces promote amygdala
guidance of attention. Soc. cognitive Affect. Neurosci. 9, 133–140.

Troiani, V., Schultz, R.T., 2013. Amygdala, pulvinar, and inferior parietal cortex
contribute to early processing of faces without awareness. Front. Hum. Neurosci. 7,
241.

Troiani, V., Stigliani, A., Smith, M.E., Epstein, R.A., 2012. Multiple object properties drive
scene-selective regions. Cereb. Cortex bhs364.

Tsao, D.Y., Freiwald, W.A., Tootell, R.B., Livingstone, M.S., 2006. A cortical region
consisting entirely of face-selective cells. Science 311, 670–674.

Uher, R., Treasure, J., Heining, M., Brammer, M.J., Campbell, I.C., 2006. Cerebral
processing of food-related stimuli: effects of fasting and gender. Behav. Brain Res.
169, 111–119.

Unger, A., Alm, K.H., Collins, J.A., O'Leary, J.M., Olson, I.R., 2016. Variation in white
matter connectivity predicts the ability to remember faces and discriminate their
emotions. J. Int. Neuropsychol. Soc. 22, 180–190. https://doi.org/10.1017/
S1355617715001009.

Valentine, T., 1991. A unified account of the effects of distinctiveness, inversion, and race
in face recognition. Q. J. Exp. Psychol. 43, 161–204.

Van der Laan, L.N., De Ridder, D.T., Viergever, M.A., Smeets, P.A., 2011. The first taste is
always with the eyes: a meta-analysis on the neural correlates of processing visual
food cues. Neuroimage 55, 296–303.

Von Der Heide, R.J., Skipper, L.M., Klobusicky, E., Olson, I.R., 2013. Dissecting the
uncinate fasciculus: disorders, controversies and a hypothesis. Brain 136, 1692–1707.
https://doi.org/10.1093/brain/awt094.

Wang, Y., Collins, J.A., Koski, J., Nugiel, T., Metoki, A., Olson, I.R., 2017. Dynamic neural
architecture for social knowledge retrieval. Proc. Natl. Acad. Sci. 114, E3305–E3314.

Whyte, E.M., Behrmann, M., Minshew, N.J., Garcia, N.V., Scherf, K.S., 2016. Animal, but
not human, faces engage the distributed face network in adolescents with autism.
Dev. Sci. 19, 306–317.

Xu, Y., 2005. Revisiting the role of the fusiform face area in visual expertise. Cereb. Cortex
15, 1234–1242.

Yovel, G., Kanwisher, N., 2004. Face perception: domain specific, not process specific.
Neuron 44, 889–898.

Zhu, Q., Zhang, J., Luo, Y.L.L., Dilks, D.D., Liu, J., 2011. Resting-state neural activity
across face-selective cortical regions is behaviorally relevant. J. Neurosci. 31,
10323–10330. https://doi.org/10.1523/JNEUROSCI.0873-11.2011.

http://refhub.elsevier.com/S1053-8119(18)30171-X/sref50
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref50
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref50
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref51
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref51
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref51
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref51
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref52
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref52
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref52
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref53
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref53
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref53
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref54
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref54
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref54
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref54
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref55
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref55
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref55
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref55
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref56
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref56
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref56
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref56
https://doi.org/10.1038/nn.4354
https://doi.org/10.1038/nn.4354
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref58
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref58
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref58
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref59
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref59
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref59
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref60
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref60
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref60
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref61
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref61
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref61
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref62
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref62
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref62
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref63
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref63
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref63
https://doi.org/10.1016/j.bbr.2008.10.035
https://doi.org/10.1038/nn.3535
https://doi.org/10.1016/j.neuroimage.2008.03.061
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref67
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref67
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref68
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref68
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref68
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref68
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref69
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref69
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref70
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref70
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref70
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref71
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref71
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref71
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref72
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref72
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref73
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref73
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref73
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref74
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref74
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref74
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref74
https://doi.org/10.1017/S1355617715001009
https://doi.org/10.1017/S1355617715001009
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref76
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref76
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref76
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref77
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref77
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref77
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref77
https://doi.org/10.1093/brain/awt094
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref79
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref79
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref79
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref80
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref80
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref80
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref80
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref81
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref81
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref81
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref82
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref82
http://refhub.elsevier.com/S1053-8119(18)30171-X/sref82
https://doi.org/10.1523/JNEUROSCI.0873-11.2011

	Distinct and overlapping fusiform activation to faces and food
	Introduction
	Materials and methods
	Participants
	Phenotype metrics
	Image acquisition
	Experiment task and stimuli: face/food task
	Experiment task and stimuli: resting state
	Data analysis
	Pre-processing & modeling of task-based experiment
	Group analysis: region of interest based on atlas-derived masks
	Subject-specific analysis: characterization and localization of face-selective responses in the fusiform face area
	Test-retest of individual subject
	Whole brain analysis
	Correlation with individual differences in BMI
	Resting state preprocessing & analysis


	Results
	Question 1: Is activation to faces and food within the FFA significant?
	Question 2: In what percentage of Participant's can face and food-selective activation be identified and where is this acti ...
	Question 3: Do individual differences influence activation to face and food stimuli?
	Question 4: What is the connectivity profile of these face- and food-peaks at rest?

	Discussion
	Appendix A. Supplementary data
	References


