
Contents lists available at ScienceDirect

NeuroImage

journal homepage: www.elsevier.com/locate/neuroimage

Beyond the FFA: Brain-behavior correspondences in face recognition
abilities

Daniel B. Elbich, Suzanne Scherf⁎

Department of Psychology Penn State University, 113 Moore Building, University Park, PA 16802, United States

A R T I C L E I N F O

Keywords:
FFA
Amygdala
Face recognition
fMRI
Fusiform gyrus
Individual differences

A B S T R A C T

Despite the thousands of papers investigating the neural basis of face perception in both humans and non-
human primates, very little is known about how activation within this neural architecture relates to face
processing behavior. Here, we investigated individual differences in brain-behavior correspondences within
both core and extended regions of the face-processing system in healthy typically developing adults. To do so,
we employed a set of behavioral and neural measures to capture a multifaceted perspective on assessing these
brain-behavior relations. This included quantifying face and object recognition behavior, the magnitude and size
of functional activation within each region, as well as a measure of global activation across regions. We report
that face, but not object, recognition behavior was associated with 1) the magnitude of face-selective activation
in the left FFA1, 2) larger face-related regions in multiple bilateral face-patches in the fusiform gyri as well as
the bilateral anterior temporal lobe and amygdala, and 3) more distributed global face-network activation. In
contrast, face recognition behavior was not associated with any measure of object- or place-selective activation.
These findings suggest that superior behavior is served by engaging sufficiently large, distributed patches of
neural real estate, which might reflect the integration of independent populations of neurons that enables the
formation of richer representations.

Introduction

Despite the thousands of papers dedicated to understanding the
neural basis of face perception in both humans and non-human
primates, very little is known about how neural activation relates to
the multifaceted components of face processing behavior. The little that
is known about brain-behavior correspondences in the face-processing
system has largely focused on relating behavior to activation in the pre-
eminent fusiform face area (FFA), what is now known as FFA1 (Grill-
Spector and Weiner 2014). However, much of this work has produced
inconsistent findings and is prone to alternative interpretations. Here,
we systematically characterized the full range of individual differences
in face recognition behavior and in brain-behavior correspondences
within the set of distributed nodes of the face-processing network in
healthy typically developing (TD) adults.

Studies employing an individual differences approach, that is
examining associations and dissociations in behavior across indivi-
duals, can answer fundamental questions about the way face proces-
sing operates (Yovel et al. 2014). This approach has been used to
investigate brain-behavior relations in the face-processing system, with
a strong focus on the right FFA (e.g., Weibert and Andrews, 2015). For

example, Grill-Spector and colleagues were the first to report a
parametric increase in activation in the right FFA as a function of
recognition behavior in 5 individuals (Grill-Spector et al. 2004). Three
papers reported a positive correlation between the behavioral face
inversion effect (i.e., upright > inverted accuracy) and neural face
inversion effect (FIE: upright > inverted; Aylward et al. 2005; Yovel
and Kanwisher 2005; Passarotti et al. 2007) in the right fusiform gyrus
(FG). However, age was not controlled for in two of these experiments
(Aylward et al. 2005, Passarotti et al. 2007) and participants ranged in
age from 8 to 30 years. As a result, “individual differences” in the
relation between the behavioral and neural FIEs may have been largely
age-related. More recently, Furl et al. (2011) observed a positive
association between face recognition accuracy and the size and
magnitude of activation in the FFA in a combined sample of congenital
prosopagnosics and typically developing adults. However, they did not
report whether such relations held in either of the populations
separately. Huang and colleagues reported a positive association
between the magnitude of activation in the right FFA and face
recognition behavior (Huang et al. 2014). Although the participants
were Chinese young adults, the researchers defined face-selectivity
based on responses to Caucasian child faces and did not quantify
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differential experience with Caucasian people among the participants.
As a result, individual differences in experience with Caucasian faces
may have contributed to differences in the magnitude of the responses
in the FFA. Therefore, these findings are all prone to alternative
interpretations regarding the mechanism of the individual differences;
they could be modulated by age, patient status, or experience factors
related to behavior.

In contrast, other researchers have reported difficulty observing a
relation between individual differences in face recognition behavior
and FFA selectively for faces (see McGugin and Gauthier, 2015;
McGugin et al. 2016), suggesting that adults may be at ceiling with
respect to their behavioral visuoperceptual expertise for faces. Finally,
congenital prosopagnosics who are face blind exhibit perfectly normal
magnitude activation in the FFA (Avidan et al. 2005). In sum, the work
relating face recognition behavior to neural activation is variable,
narrowly focused on the right FFA, and prone to alternative inter-
pretations. The current work addresses these limitations using a
multipronged approach.

First, we propose that there is a wide range of individual differences
in face recognition behavior among typically developing individuals
(Wilmer et al., 2010). Importantly, observation of these individual
differences requires careful screening for a personal and/or family
history of psychiatric and/or neurological illness because face proces-
sing is effected by every social-emotional disorder (Scherf et al. 2008;
Avidan et al. 2005; Davis et al. 2011; Calkins et al., 2005). In previous
studies, failure to exclude participants who have genetic vulnerabilities
for these disorders may have masked the observation of typical
individual differences. Here, we assessed a large sample of healthy,
typically developing adults who had no history of psychiatric or
neurologic illness in themselves or their first-degree relatives in a
battery of face and object recognition tasks. This allowed us to observe
a full range of individual differences in recognition behavior among
typically developing adults.

Second, we evaluated brain-behavior relations throughout the face-
processing network, including both core (FFA, OFA, pSTS) and
extended regions like the amygdala, PCC, vmPFC, and ATL (Gobbini
and Haxby, 2007). We also defined separate face patches within the
fusiform gyri bilaterally (see Weiner et al., 2014) for each participant to
evaluate the functional contributions of FFA1, FFA2, and the posterior
face patch (pFG/IOG) to face recognition abilities. In so doing, we built
upon an emerging perspective that the seemingly independent compo-
nents of face perception that have been previously ascribed to
individual regions, like recognition in the FFA (Kanwisher et al.
1997), emerge from interactions among many distributed regions
(Cohen Kadosh et al. 2011; Ishai, 2008; Nestor et al. 2011;
Vuilleumier and Pourtois, 2007).

Third, we identified a set of behavioral and neural measures to
capture a multifaceted perspective on assessing brain-behavior rela-
tions. Specifically, we employed convergent measures of face recogni-
tion behavior that engage familiar and unfamiliar face recognition. We
also engaged object recognition behavior to determine the specificity of
the brain-behavior relations. With respect to the neural measures, we
included the standard measure of activation at the region level (i.e.,
magnitude of activation). Increases in magnitude are generally inter-
preted to reflect an increase in neural resources and are likely related to
increases in the firing rate of neurons and/or the number of neurons
firing. Support for this in the face-processing system comes from recent
work in which simultaneous electrocorticography (Ecog) and fMRI
recordings in the same participants reveal an increase in the firing rate
of populations of neurons in the fusiform gyrus at particular frequen-
cies when individuals look at faces, which is correlated with face-
selective responses in the fMRI BOLD signal (Jacques et al. 2016).

In addition to magnitude, we also measured the size of activation
for each individually defined ROI (i.e., number of significant contigu-
ously active voxels). When functional data are not smoothed, the size of
the region can provide information about extent of the local distributed

representation (Scherf et al. 2007; Golarai et al. 2010; Weiner and
Grill-Spector 2011). Previous findings from developmental neuroima-
ging studies on the emerging topography in the ventral visual pathway
have reported age-related increases in the size of the functionally
defined FFA and OFA from childhood to adulthood (e.g., Scherf et al.
2007; Golarai et al. 2010). Furthermore, these increases in the size of
the regions, but not the magnitude, correspond with an improvement
in face recognition behavior (Golarai et al. 2010). These findings
suggest that the size of activation may be a particularly sensitive
measure for tracking individual differences in brain-behavior relations
within the face-processing system. It may reflect the integration of local
circuits that carry information about distributed representations, which
manifests as larger functional regions. Finally, we also included a
neural measure that represented network level activation. This mea-
sure reflects the notion that complex behavior might be captured by
distributed activation across the nodes of the network better than
activation within any one specific node.

The central hypothesis is that individuals with better face recogni-
tion abilities would dedicate more neural resources to the task of
perceiving faces. This would be evident in particularly critical neural
regions in terms of the magnitude and size measures. For example, we
predicted that we would observe a positive relation between face
recognition performance and neural magnitude in multiple regions of
the face processing network, including but not limited to the right
FFA1. Given previous developmental findings reporting an increase in
the size of activation with increasing age (Scherf et al. 2007, 2014;
Golarai et al. 2007) and face recognition ability (Golarai et al. 2010), we
predicted that there would be a strong relation between variations in
face recognition behavior and the size of activation within face-selective
functional regions. In other words, individuals with stronger face
recognition skills may exhibit larger face-related functional regions,
but not object- or place-related regions. This relation could reflect local
circuitry that looks more homogenous at the voxel level because it is
integrating information across sparsely distributed representations,
which facilitates recognition. Finally, we predicted that superior
recognizers would also engage larger proportions of the face-processing
network, which would reflect that they are accessing more distributed
representations that spread across regions, which support the invariant
and semantic components of faces representations.

Materials and methods

Participants

Typically developing young adults (N=266, range=18–25 years,
162 females) participated in the behavioral portion of the experiment.
Participants were healthy and had no history of neurological or
psychiatric disorders in themselves or their first-degree relatives.
They were also screened for behavioral symptoms indicative of
undiagnosed psychopathology.

We specifically sought to enroll 40 participants (20 male, 20 female)
for the neuroimaging study given the sample size recommendations for
studies whose primary objective is to detect individual differences in
brain activation and evaluate brain-behavior correlations (Yarkoni
et al. 2009). These individuals passed MRI safety screening, had no
history of head injuries or concussions, normal or corrected vision, and
were all right handed. Our scanning sample specifically characterized
individuals who varied across the full range of recognition behavior
that we observed in our larger sample, which gave us 80% power to
detect a moderately sized brain-behavior correlation of r=.40 at an
alpha of p < .0125 (Yarkoni et al. 2009). High and low recognizers were
selected as individuals who had CFMT+ scores (see Behavioral
measures and Fig 1) that were 1 SD above or below (respectively) the
larger group mean. This resulted in a sample with 6 individuals in the
low range and 13 in the high range with the remaining 21 between ±
1 SD of the grand mean (see Fig. 2).
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Written informed consent was obtained using procedures approved
by the Internal Review Board of the Pennsylvania State University.
Participants were recruited through the Psychology Department under-
graduate subject pool and via fliers on campus.

Tasks and procedure

Behavioral measures
The Cambridge Face Memory Task Long Form (CFMT+). The

CFMT+ is a test of unfamiliar face recognition (Duchaine and
Nakayama 2006; Russell et al. 2009). We used the long form that
has previously been used to identify super face-recognizers (Russell
et al. 2009). Participants study six target faces with no hair and neutral
expressions in each of three viewpoints (Fig. 1a). During recognition
trials, participants identify target faces in a three alternative forced
choice paradigm under conditions of increasing difficulty. The long
form includes an additional set of trials that introduce hair and
expressions on the target faces and in which the distractor identities
repeat. There are a total of 102 trials. All 266 participants completed
this task.

Faces Before Fame (FBF). The FBF was created for this experiment
to identify people with superior face recognition abilities and was
modeled following the Before They Were Famous Task (Russell et al.
2009). Participants were presented with images of individuals who
have become famous within the last 30 years that were taken before
they achieved fame (see Fig. 1b). Recognition requires identification of
the invariant structural characteristics of the face across a transforma-
tion in age. Each image was presented for 3 seconds. Participants were
given 30 seconds to provide the name of the person or a unique
identifying characteristic. There were a total of 55 trials. All 266
participants completed this task. The Cronbach's alpha across the 55
trials was .85.

Cambridge Car Memory Task (CCMT). The CCMT employs the
same structure as the CFMT (Dennett et al. 2012). Participants study
six target cars. As in the CFMT, participants identify target cars in a
three alternative forced choice paradigm under conditions of increasing
difficulty. There are 72 trials in this task. A total of 183 participants
completed this task.

Neuroimaging protocol

Prior to scanning, all participants were placed in a mock MR
scanner for approximately 20 minutes and practiced lying still. This
procedure is highly effective at acclimating participants to the scanner
environment and minimizing motion artifact and anxiety (see Scherf
et al. 2014). Participants were scanned using a Siemens 3T Trio MRI
scanner with a 12-channel phase array head coil at the Social, Life, and
Engineering Imaging Center at Penn State University. During the
scanning session, the stimuli were displayed on a rear-projection
screen located inside the MR scanner. A dynamic movie task was
created to identify face-, object-, and place-selective regions in in-
dividual participants. The task included blocks of silent, fluid con-
catenations of short movie clips from four conditions: novel faces,
famous faces, common objects, and navigational scenes. The short (3–
5 sec) video clips in the stimulus blocks were taken from YouTube and
edited together using iMovie. The movie clips of faces were intensely
affective (e.g., a person yelling or crying) so as to elicit activation
throughout the network of core and extended face processing regions
(Gobbini and Haxby 2007). Movies of objects included moving
mechanical toys and devices (e.g., dominos falling). Navigational clips
included panoramic views of nature scenes (e.g., oceans, open plains).
The task was organized into 24 16-second stimulus blocks (6 per
condition). The order of the stimulus blocks was randomized for each
participant. Fixation blocks (6 seconds) were interleaved between task

Fig. 1. Example stimuli from each of the face recognition tasks. (a) The Cambridge Face Memory task Long form (CFMT+) measures individual differences in unfamiliar face
recognition across increasingly difficult conditions. (b) The Faces Before Fame task measures individual differences in familiar face recognition. Participants were required to recognize
currently famous people from images of them prior to when they became famous.
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blocks. The task began and ended with a 12-second fixation block.
Following the first fixation block, there was a 12-second block of
patterns. The task was 9 minutes and 24 seconds.

Functional EPI images were acquired in 34 3 mm-thick slices that
were aligned approximately 30° perpendicular to the hippocampus,
which is effective for maximizing signal-to-noise ratios in the medial
temporal lobes (Whalen et al. 2008). This scan protocol allowed for
complete coverage of the medial and lateral temporal lobes, frontal,
and occipital lobes. For individuals with very large heads, some of the
superior parietal lobe was not scanned. The scan parameters were as
follows; TR=2000 ms; TE=25; flip angle=80°, FOV=210×210, 3 mm
isotropic voxels. Anatomical images were also collected using a 3D-
MPRAGE with 176 1mm3, T1-weighted, straight sagittal slices
(TR=1700; TE=1.78; flip angle=9°; FOV=256).

Data analysis

Behavioral Data. Accuracy was recorded for all behavioral tasks.
Neuroimaging Data. Imaging data were analyzed using Brain

Voyager QX version 2.3 (Brain Innovation, Maastricht, The
Netherlands). Preprocessing of functional data included 3D-motion
correction, slice scan time correction, and filtering out of low frequen-
cies (3 cycles). Only participants who exhibited maximum motion of
less than 2/3 of a voxel in all six directions (i.e., no motion greater than
2.0 mm in any direction on any image) were included in the fMRI
analyses. No participants were excluded due to excessive motion. For
each participant, the time-series images for each brain volume were
analyzed for condition differences (faces, objects, navigation) in a fixed-
factor GLM. Each condition was defined as a separate predictor with a
box-car function adjusted for the delay in hemodynamic response. The
time-series images were then spatially normalized into Talairach space.
The functional images were not spatial smoothed (see Weiner and
Grill-Spector 2011).

The functional regions of interest (ROI) to be identified in each
individual participant were motivated by the Gobbini and Haxby
(2007) model of face processing and included core (OFA, FFA, pSTS)
and extended (amygdala, vmPFC, PCC, anterior temporal lobe) regions.
We also defined multiple face ROIs within the fusiform gyrus (see
Weiner et al., 2014; Engell and McCarthy, 2013). These ROIs were
defined separately for each participant in each hemisphere and were
corrected for false positive activation at the whole-brain level using the
False Discovery Rate with q < 0.001 (Genovese et al. 2002). Face-
related activation was defined by the contrast [Famous+Novel Faces]
> [Objects+Navigation]. The cluster of contiguous voxels nearest the
classically defined FFA (i.e., Talairach coordinates right: 40, 41, −21,
left: −38, −44, −19) in the middle portion of the gyrus was identified as
the pFus-faces/FFA1 (Weiner and Grill-Spector, 2010) (see Suppl
Fig. 1). Functional activation between this ROI and the anterior tip
of the mid fusiform sulcus was identified as the mFus-faces/FFA2
(Weiner and Grill-Spector, 2010). Activation posterior to FFA1 within
the fusiform gyrus and rostral to the posterior transverse collateral
sulcus was identified as the posterior FG/IOG (see Suppl Fig. 1). This
region is sometimes identified by other groups as the IOG/OFA
(Weiner et al., 2014); however, there is controversy about the locus
of the OFA and whether there are multiple OFAs in the inferior
occipital gyrus (Pitcher et al. 2011). Consequently, we defined the
OFA as the set of contiguous voxels on the lateral surface of the
occipital lobe closest to our previously defined adult group level
coordinates (right: 50, −66, −4, left: −47, −70, 6) (Scherf et al.
2007). The pSTS was defined as the set of contiguous voxels within
the horizontal posterior segment of the superior temporal sulcus (right:
53, −50, 11; left: −53, −52, 14) that did not extend into the ascending
posterior segment of the STS. The most anterior boundary of the pSTS
was where the ascending segment of the IPS intersected the lateral
fissure. The anterior temporal lobe ROI was defined as the cluster of
voxels nearest the coordinates reported previously in studies of

individual face recognition (right: 35, −3, −25; left: −26, −6, −27)
(Mur et al. 2010), which is at the most anterior tip of the collateral
sulcus and fusiform gyrus, between the occipitotemporal sulcus and the
parahippocampal gyrus. The PCC was defined as the cluster of voxels in
the posterior cingulate gyrus above the splenium of the corpus
callosum near the coordinates reported previous in studies of face
processing (0, −51, 23) (Schiller et al. 2009). The vmPFC was defined
as the cluster of voxels in the medial portion of the superior frontal
gyrus ventral to the cingulate gyrus near coordinates reported in
previous studies of social components of face processing (0, 48, −8)
(Schiller et al. 2009). The amygdala was defined as the cluster of face-
selective voxels within the grey matter structure. Any active voxels that
extended beyond the structure out to the surrounding white matter,
horn of the lateral ventricle, or hippocampus were excluded.

We also identified object-related activation in the lateral occipital
complex (LOC) defined by the weighted contrast 3*[Objects] >
[Famous Faces+Novel Faces+Navigation]. The object-related ROI
included the set of contiguous object-selective voxels on the lateral
surface of the occipital lobe in the middle occipital gyrus that were non-
overlapping with the voxels identified in the OFA. Navigation-related
activation in the parahippocampal place area (PPA) was defined by the
weighted contrast 3*[Navigation] > [Famous Faces+Novel Faces
+Objects]. The navigation-related ROI included the contiguous naviga-
tion-selective voxels in the parahippocampal gyrus (as determined by
the maximal x, y and z coordinates of BAs 34, 35, and 36 in the
Talairach atlas). Critically, these ROI definitions identify non-over-
lapping sets of voxels in all participants and identify the most selective
of voxels for each visual category. Table 1 illustrates the total number of
participants for whom each ROI was definable together with the
average coordinates for the locus, size, and category-selective activation
of each region, as well as the correlation between the size and
magnitude of activation within each region.

The ROIs were quantified in terms of the total number of
significantly active voxels. A score of 0 was entered if a participant
did not exhibit any significantly active voxels for a given ROI (see
Table 1). To compute the magnitude of category selectivity within each
region, separate ROI-based GLMs were conducted for each participant
in each ROI. This generated beta weights for each condition for each
participant. Face selectivity was computed by submitting these beta
weights to the following difference score: [(Famous+Novel Faces] –
[Objects+Navigation)]. Place selectivity was computed by submitting
these beta weights to the following difference score: [(3*[Navigation]–
[Famous Faces+Novel Faces+Objects)]. Object selectivity was com-
puted by submitting these beta weights to the following difference
score: [(3*[Objects] –[Famous Faces+Novel Faces+Navigation)].
Participants with no identifiable voxels in an ROI were excluded from
the analyses of selectivity, given that no ROI-based GLM could be
computed.

Statistical analyses

Each dependent measure was evaluated for violations of normality
and outliers. Only the measure of the size of activation violated
normality and was positively skewed. As a result, it was corrected by
using a square root transformation and all analyses using the size of
activation were performed on these transformed values. Associations
between dependent measures were assessed using Pearson product-
moment correlation. To evaluate potential relations between perfor-
mance in the behavioral measures, linear regressions were computed
for each pair of behavioral tasks. We evaluated relations between
behavior and neural activation in separate linear regressions. Given
that we selectively recruited participants into the study based on their
behavioral performance in the face recognition tasks to evaluate
whether variation in behavior is related to variation in neural mea-
sures, we used the face recognition scores as the predictor for the
multiple measures of neural activation. The dependent measures of
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neural activation included the magnitude and the size of activation
within each ROI, as well as the proportion of total ROIs that were
active (# ROIs active/16 face-selective ROIs). Analyses of brain-
behavior relations were conducted both with and without the partici-
pants who had a score of 0 for the size of activation within an ROI. In
determining the resolution elements for managing the familywise error
rate, we considered our hypotheses and the primary dependent
experimental factors in estimating both the behavior and neural signal.
As a result, we employed a Bonferroni correction to reflect 2 dependent
neural measures (magnitude, size) and 16 face-related ROIs because
we did not make specific predictions about in which of these ROIs we
would observe the brain-behavior relations. This resulted in a corrected
p≤.05/32=0.002. For each of the significant results from the regression
analyses, we evaluated the robustness of the correlation in separate
bootstrap analyses using 1000 iterations.

Note that our voxel selection criteria (i.e., ROI definitions) were
defined a priori based on an existing model of face processing (Gobbini
and Haxby, 2007), were corrected at the whole-brain level for false
positive activations (FDR q < .001), and were completely independent
from the behavioral measures. As a result, the brain-behavior analyses
reported here are orthogonal to the voxel-selection process (see
Poldrack and Mumford, 2009; Nichols and Poline, 2009; Vul et al.
2009).

Results

Individual differences in behavior

Fig. 2a shows the distribution of accuracy scores for the CFMT+
from the large sample of 266 participants. Five participants scored in
the super recognizer range (Russell et al. 2009) and 16 performed in
the prosopagnosic range (Duchaine and Nakayama 2006); only 1 of
these 16 individuals reported having a personal history of difficulty

recognizing faces. Fig. 2b shows the distribution of accuracy scores on
the FBF. Performance between the CFMT+ and FBF was strongly
related within individuals, F(1, 264)=94.32, r2=.26, p < .001 (see
Fig. 2c). This lends construct validity to the FBF as a measure of face
recognition, particularly in terms of identifying individual differences.
A subsample of participants within this group (N=183) also completed
the CCMT. Among these participants, performance on the CFMT+ and
CCMT was related, F(1, 181)=12.87, r2=.07, p < .005. However,
performance on the CCMT and FBF was not related, F(1, 181)=1.0,
r2=.01, p=ns.

The behavioral results among the subset of 40 individuals who
participated in both the behavioral and neuroimaging experiments
were highly similar to those from the full sample. The distributions,
means, and standard deviations for performance in the CFMT+ and
FBF tasks are illustrated in Figs. 3a and b. As in the larger sample,
there was a significant relation between performance on the CFMT+
and FBF tasks, F(1, 38)=27.84, r2=0.42, p < .001 (Fig. 3c). Among the
scanning participants, there were 5 individuals who scored in the
prosopagnosic range on the CFMT+; however, none of them reported
having a life history of difficulty recognizing faces. In sum, these tasks
of familiar and unfamiliar face recognition behavior were highly
sensitive to individual differences and were moderately correlated
within individuals in both the larger and scanned sample. As a result,
we combined them to create a composite measure of face recognition
for the brain-behavior analyses. To do so, for each scanned participant,
we z-transformed each recognition score (CFMT+, FBF) and averaged
the two transformed scores to generate a single face recognition
composite score.

Performance on the CCMT was not related to the CFMT+, F(1, 38)
=.34, r2=.01, p=ns, the FBF, F(1, 38)=.03, r2=.00, p=ns, or the face
recognition composite score, F(1, 38) = .06, r2 .00, p=ns (see
Fig. 3e).The lack of correlation between the face and object recognition
tasks within individuals shows that the tasks are disproportionately

Table 1
Summary of individually defined regions of interest.

Category Mean region coordinates Size Magnitude(Beta weights) Correlation between size and magnitude
(# of voxels)

ROI N X Y Z M (SD) M (SD) r

Faces
Core Regions rFusiform Gyrus

FFA2 19 37 (4) −36 (15) −18 (3) 161.6 (379) 1.82 (.55) .573***

FFA1 40 37 (3) −44 (6) −17 (6) 1667.6 (1098) 2.19 (.36) .674****

pFG/IOG 38 37 (4) −71 (7) −14 (9) 1065.7 (1160) 1.62 (.32) .528****

lFusiform Gyrus
FFA2 20 −39 (4) −31 (14) −19 (4) 149.2 (288) 1.89 (.43) .674****

FFA1 40 −39 (3) −44 (7) −18 (7) 1071.4 (867) 2.14 (.48) .874****

pFG/IOG 37 −36 (4) −69 (7) −14 (11) 149.2 (288) 1.88 (.38) .643****

rOFA 39 46 (4) −64 (7) 3 (5) 1434.7 (1293) 1.82 (.38) .720****

lOFA 35 −49 (5) −66 (7) 5 (5) 995.4 (1271) 1.82 (.42) .721****

rpSTS 40 49 (4) −39 (5) 6 (5) 2183.0 (1475) 2.19 (.65) .612****

lpSTS 34 −55 (5) −43 (6) 5 (4) 995.4 (1271) 2.13 (.49) .862****

Extended regions vmPFC 33 1 (3) 46 (5) −9 (4) 696.6 (863) 1.76 (.32) .829****

PCC 30 2 (3) −51 (4) 22 (6) 817.6 (1130) 1.72 (.32) .730****

rAmyg 27 17 (3) −6 (2) −11 (2) 103.8 (171) 1.52 (.24) .753****

lAmyg 23 −19 (2) −6 (3) −10 (5) 140.5 (260) 1.64 (.25) .819****

rATL 23 33 (8) −1 (8) −25 (12) 110.3 (210) 1.63 (.35) .850****

lATL 13 −37 (2) −4 (5) −25 (3) 53.2 (133) 1.70 (.32) .754***

Places rPPA 34 25 (5) −42 (7) −9 (6) 518.3 (813) 2.47 (.47) .685****

lPPA 31 −27 (3) −44 (6) −11 (2) 423.4 (673) 2.50 (.41) .749****

Objects rLOC 38 45 (4) −58 (6) −9 (6) 1701.5 (1173) 3.21 (.54) .808****

lLOC 39 −47 (3) −64 (5) −8 (6) 2688.5 (1880) 3.60 (.60) .739****

*p < .05, **p < .01,
*** p < .005,
**** p < .001
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sensitive to face processing and not recognition behavior more
generally.

Individual differences in neural activation measures

Fig. 4 illustrates distributions of the three dependent measures of
neural activation, which include the magnitude and size of activation
within each ROI (right FFA1 for illustration), and the proportion of
active ROIs within the distributed face network. The descriptive
statistics for each of the individual ROIs are located in Table 1. As is
true of the behavioral indices, the neural measures also capture a wide
range of individual differences in activation and varied with respect to
the degree of association between them. Specifically, although the size
of activation and magnitude were highly correlated within each ROI
(see Table 1), these correlations varied in strength across ROIs and
were not perfect, indicating that they are likely measuring different
aspects of the neural response. Neither magnitude nor size of activation
of any ROI was related to the proportion of total ROIs that were active
(all p > .05), indicating that this measure captures an unrelated aspect
of the neural response. Finally, when comparing size of activation
between ROIs, the only significant correlations were among ROIs
within each visual category domain (see Table S1). For example,
among face-processing regions, participants who activated a large right
FFA1 also tended to activate a larger left FFA1, left pFG/IOG, right
OFA, right pSTS, right and left amygdala, and left ATL. However,
they did not also activate a larger PPA or LOC. There were similar
category-specific correlations among face-processing regions in
magnitude of activation. For example, individuals who exhibited high

face-selective activation in the right FFA1 also tended to exhibit
high face-selective activation in the left FFA1 and right OFA, but not
high object- or place-selective activation in the LOC or PPA (see
Table S2).

Brain-behavior relations
Given these findings, we then asked whether individual differences

in face recognition behavior are related to the size and/or magnitude of
activation of functionally defined neural regions within the face
processing system. From each ROI, we extracted (1) the beta weights
for each condition to compute the magnitude of selectivity and (2) the
number of significantly active contiguous voxels to compute the size of
activation. The comprehensive set of results from the regressions
evaluating the relations between the behavioral and neural measures
for each of the ROIs is illustrated in Tables 2–3. Each significant
finding is reported in the text with the 95% confidence intervals based
on 1000 bootstraps, which is different from 0 at p < .05.

Associations between Behavior and Neural Magnitude. Our first
approach for addressing this question was to regress the composite face
recognition scores on the beta weight difference scores separately for
each ROI. Face recognition behavior was related to variation in the
magnitude of face-selective activation only in the left FFA1 (r=.52,
CI=.23/.74) (see Table 2). In other words, people with better perfor-
mance on the face recognition tasks exhibited greater activation in the
left FFA1. In a second-level analysis, we evaluated the extent to which
the association between face recognition behavior and face-selective
neural responses in this ROI were influenced by variation in object-
related activation (i.e., the negative side of the contrast difference

Fig. 2. Behavioral performance across tasks in large sample. Distribution of scores on the (a) Cambridge Face Memory Task Long Form (CFMT+) and (b) Faces Before Fame (FBF) task
in the full sample of 266 participants. The two tasks measured individual differences in unfamiliar and familiar face recognition abilities respectively and were moderately related (c).
This moderate degree of association between performance on the two tasks reflects the validity of the FBF for identifying individual differences in face recognition behavior. The colored
triangles represent the individuals who participated in the scanning session. There was an equal distribution of male and female participants who spanned the distribution of face
recognition performance as defined on both tasks. Dashed lines on (c) represent 95% confidence intervals.
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score). To do so, we used the face composite score as a predictor on the
face activation in a step-wise regression with object-activation as a
covariate for the left FFA1. Face-related activation continued to be
related to face recognition behavior, F(2, 37)=28.3, p < .001,
r2change=0.15, after controlling for object-activation. This analysis shows

that the higher magnitude face-related activation in the left FFA1 is
associated with better face recognition behavior even when controlling
for object-related activation.

Importantly, face-recognition performance was not related to
object- or place-related activation in any ROI. Also, CCMT performance

Fig. 3. Individual differences in face recognition behavior in the scanned sample. Distribution of scores on the (a) Cambridge Face Memory Task Long Form (CFMT+) and (b) Faces
Before Fame (FBF) task in the scanned sample of 40 participants. (c) As in the full sample, there was a moderate degree of association between performance in the two tasks. (d) There
was no relationship between performance on the CFMT+ and Car Cambridge Memory Task (CCMT), which reflects that general memory skill does not explain the full range of individual
differences in these tasks. (e) There was also no relationship between the face recognition composite score and CCMT in these participants. Dashed lines on figures represent 95%
confidence intervals.
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Fig. 4. Individual differences in neural responses. As with the behavioral data, there were vast individual differences in the distributions of the dependent measures of the neural
responses within each region of interest (ROI) (see Table 1). For illustration, we show the distribution of individual differences in the (a) size and (b) magnitude of face-selective
activation within the right FFA1. In addition, the distribution of the proportion of the total number of active face-processing regions per participant is also fairly normally distributed
with good representation of individual variability (c).

Table 2
Summary of regressions investigating relation between recognition behavior and magnitude of activation.

Category ROI Face recognition behavior Object recognition behavior

F df p F df p

Core regions
rFusiform Gyrus
FFA2 6.75 1, 17 ns 0.14 1,17 ns
FFA1 7.25 1, 38 ns 0.03 1,38 ns
pFG/IOG 3.90 1, 36 ns 1.66 1,36 ns
lFusiform Gyrus
FFA2 4.64 1, 18 ns 2.59 1,18 ns
FFA1 14.24 1, 38 0.001 0.40 1,38 ns
pFG/IOG 7.97 1, 36 ns 0.73 1,35 ns
rOFA 0.12 1, 37 ns 1.26 1,37 ns
lOFA 0.50 1, 33 ns 0.01 1,33 ns
rpSTS 5.86 1, 38 ns 0.06 1,38 ns
lpSTS 2.06 1, 32 ns 1.33 1,32 ns

Extended regions
vmPFC 1.21 1, 31 ns 0.16 1,31 ns
PCC 5.71 1, 28 ns 5.24 1,28 ns
rAmyg 11.12 1, 25 ns 4.89 1,25 ns
lAmyg 7.59 1, 21 ns 0.38 1,21 ns
rATL 3.84 1, 21 ns 3.15 1,21 ns
lATL 2.32 1, 11 ns 0.00 1,11 ns

Place regions rPPA 2.05 1, 32 ns 1.74 1,32 ns
lPPA 0.00 1, 29 ns 0.23 1,29 ns

Object Regions rLOC 8.48 1, 36 ns 1.38 1,36 ns
lLOC 5.79 1, 37 ns 0.87 1,37 ns

Note: ATL – Anterior Temporal Lobe
P-values in bold represent those that survived the Bonferonni correction of p ≤ .002.
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was not related to variation in face-, object-, or place-related action in
any ROI (See Table 2).

Associations between Behavior and Size of Activation. Face
recognition behavior was associated with variations in the size of
activation in many of the ROIs in the face-processing network. Within
the fusiform gyrus, face-recognition performance was related to the
size of activation in the right FFA2 (r=.47, CI=.17/.68; Fig. 5a), right
FFA1 (r=.68, CI=.48/.82; Fig. 5b), left FFA1 (r=.50, CI=.18/.74;
Fig. 5e), and left posterior FG/IOG (r=.50, Cl=.23/.69; Fig. 5f).

Among the extended regions, face recognition behavior was asso-
ciated with the size of activation within the bilateral amygdala and ATL
(see Fig. 6). Specifically, higher face composite scores were associated
with greater size of face-related activation within the right (r=.55,
CI=.27/.75) and left (r=.49, CI=.21/.70) amygdala. Similarly, higher
face composite scores were associated with greater size of face-related
activation within the right (r=.47, CI=.18/.69) and left (r=.48, CI=.24/
.68) ATL (see Fig. 6c–d).

Finally, individual differences in face and object recognition
behavior were not associated with the size of object- or place-related
activation in either LOC or PPA respectively (see Table 3). Also, object
recognition performance was not related to the size of face-related
activation within any ROIs (see Table 3 and Figs. S2–3).

We also analyzed the brain-behavior relations excluding the
individuals who had no significant voxels in the region (i.e., those
who we gave a score of 0 for size of the ROI in the previous analyses).
All participants had definable bilateral FFA1 ROIs, so these analyses
did not change. In right FFA2, the relation between face recognition
performance and the size of activation remained significant (r=.54,
CI=.21/.80), but does not survive the strict FWE correction (p=.018)
we employed. In the posterior FG/IOG, the relation between face
recognition performance and the size of face-selective activation
remained significant in the left hemisphere (r=.46, CI=.20/.67), but
did not survive the strict FWE correction (p=.003).

In the right amygdala, face recognition performance continued to
be related to the size of activation (r=.48, CI=.04/.76), but fails to

survive the strict Bonferroni correction (p=.011). It is important to
note that the behavioral performance of the people who had no
significant voxels in the right amygdala was significantly worse
(M=−.51, SD=.75) than those who did have definable regions
(M=.25, SD=.88), t(38)=2.66, p < .05 (independent samples two-tailed
t-test), indicating that having no significantly active voxels in the right
amygdala is behaviorally relevant.

In the left ATL, there remained a significant association between
face recognition performance and the size of activation (r=.58, CI=.20/
.84), which fails to reach the Bonferroni correction (p=.036). As with
the other regions, the people who did not evince significantly active
voxels in this region had lower face recognition composite scores
(M=−.24, SD=.87) than did those with active voxels in this region
(M=.51, SD=.79), t(38)=2.64, p=.01, indicating the behavioral rele-
vance of no active voxels in the left ATL.

In contrast, the association between face recognition behavior and
face-selective activation was no longer significant (r=.32, CI=−.18/.66)
in the left amygdala once the people with no active voxels were
eliminated from the analysis. However, the behavioral performance
of the people who had no significant voxels in the left amygdala was
significantly worse (M=−.49, SD=.77) than those who did have
definable regions (M=.36, SD=.84), t(38)=3.31, p < .005 (independent
samples two-tailed t-test), indicating that having no significantly active
voxels in the left amygdala is behaviorally relevant.

Finally, in the right ATL, the association between face recognition
behavior and the size of activation was no longer significant (r=.38,
CI=−.01/.67) once the people with no active voxels were eliminated
from the analysis. As with the other regions, the people who did not
evince significantly active voxels in this region had lower face recogni-
tion composite scores (M=−.45, SD=.88) than did those with active
voxels (M=.33, SD=.82), t(38)=2.92, p < .01, indicating the behavioral
relevance of no active voxels in the right ATL.

Size of Activation versus Neural Magnitude. There was one region
in which behavior was associated with both the size and magnitude of
face-selective activation (left FFA1). We used multiple regressions to

Table 3
Summary of regressions investigating relations between recognition behavior and size of activation.

Category ROI Face recognition behavior Object recognition behavior

F df p F df p

Core regions
rFusiform Gyrus
FFA2 10.55 1, 38 0.002 0.04 1,38 ns
FFA1 31.77 1, 38 0.001 1.22 1,38 ns
pFG/IOG 9.36 1, 38 ns 0.03 1,38 ns
lFusiform Gyrus
FFA2 5.48 1, 38 ns 0.12 1,38 ns
FFA1 12.47 1, 38 0.001 0.00 1,38 ns
pFG/IOG 12.66 1, 38 0.001 0.15 1,38 ns
rOFA 2.28 1, 38 ns 0.16 1,38 ns
lOFA 0.89 1, 38 ns 1.45 1,38 ns
rpSTS 2.52 1, 38 ns 0.46 1,38 ns
lpSTS 4.12 1, 38 ns 0.04 1,38 ns

Extended regions
vmPFC 2.71 1, 38 ns 0.36 1,38 ns
PCC 2.20 1, 38 ns 6.89 1,38 ns
rAmyg 16.27 1, 38 0.001 0.50 1,38 ns
lAmyg 11.76 1, 38 0.002 0.50 1,38 ns
rATL 10.80 1, 38 0.002 0.00 1,38 ns
lATL 11.64 1, 38 0.002 0.07 1,38 ns

Place regions rPPA 0.68 1, 38 ns 2.43 1,38 ns
lPPA 1.56 1, 38 ns 2.36 1,38 ns

Object regions rLOC 1.66 1, 38 ns 1.56 1,38 ns
lLOC 0.41 1, 38 ns 1.18 1,38 ns

Note: ATL – Anterior Temporal Lobe
P-values in bold represent those that survived the Bonferonni correction of p ≤ .002.
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evaluate whether behavior can predict each dependent measure after
accounting for the partial correlation between the two neural measures
in this ROI. After controlling for magnitude, face recognition behavior
was no longer associated with the size of activation of the left FFA1,
t(37)=0.3, p=ns, r2change=.003. After controlling for size of activation,
face recognition behavior was no longer associated with magnitude of
the left FFA1, t(37)=1.3, p=ns, r2change=.011.

Behavioral Performance Predicting Proportion of Network Activation:
Face recognition behavior was related to the proportion of nodes within the
face-processing network that participants activated (see Fig. 7) F(1, 38)
=12.1, r2=.24, p=.001. In contrast, performance on the CCMT was not
related to this proportion of active network measure (p> .05).

Discussion

We systematically characterized a broad range of individual differ-
ences in face recognition behavior and in brain-behavior correspon-
dences within the nodes of the face-processing network in healthy
typically developing (TD) adults. We took a multifaceted approach to
quantifying brain-behavior relations within this complex neurocogni-
tive system. To do so, we included the traditional fMRI measure that
represents activation (i.e., magnitude), but we also implemented
additional measures including the functional size of a region and a
measure of network level activation. Importantly, we evaluated brain-
behavior relations in a set of a priori defined regions based on an
existing model of neural organization for face processing (Gobbini and
Haxby 2007). We also included convergent measures of behavior that

we streamlined into a composite measure of face recognition for the
brain-behavior analyses. Critically, we designed this study to have
sufficient power to detect significant brain-behavior relations by testing
a large enough number of participants to minimize type II error
(Yarkoni 2009) and selectively recruited participants who represent
the broad range of face recognition behavior (subpar to superior). We
also selected our voxels (i.e., ROI definitions) independently of our
behavioral measures, making our brain-behavior analyses orthogonal
to the voxel selection process. As a result, we have followed recom-
mendations for best practices in evaluating brain-behavior correspon-
dences (Poldrack and Mumford, 2009; Kriegeskorte et al. 2010;
Nichols and Poline, 2009; Yarkoni 2009; Vul et al., 2009).

Individual differences in face recognition behavior

Our first goal was to characterize the range of individual differences
in face recognition behavior in healthy, TD adults. To do so, we
implemented a careful screening procedure to eliminate individuals
who have a history of or current symptoms indicating psychiatric and
developmental disorders that are reported to effect face recognition
abilities. We acquired behavioral performance on a battery of face and
object recognition tasks, one of which we designed for the purposes of
this experiment. The Faces Before Fame (FBF) task was designed as a
test of familiar face recognition. It had high internal reliability and was
moderately related to performance on the well-established task of
unfamiliar face recognition, the Cambridge Face Memory Task Long
form (CFMT+). This provides construct validity for the FBF.

Fig. 5. Associations between face recognition behavior and size of activation within face-selective patches in the fusiform gyri. The size of activation within 4of the 6 face-selective
patches in the fusiform gyri (3 per hemisphere) was related to individual differences in face recognition behavior as measured by the face composite score (a, b, e, f). Dashed lines on
figures represent 95% confidence intervals.
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We found that there is a wide range of face recognition abilities
among healthy TD adults that includes both super and subpar
recognizers. Super face recognizers performed at least 1.5 SDs above
the mean on both the CFMT+ and FBF tasks, while subpar recognizers
scored 1 SD below the mean on the CFMT+ and within 1 SD of the
mean on the FBF (see Fig. 2c). Familiar and unfamiliar face recognition

abilities are moderately related within individuals and only weakly
related to object recognition abilities. In fact, the only relation between
face and object recognition abilities was between the two Cambridge
tasks (CFMT+, CCMT) in the large sample. This association may have
more to do with the similar task structure than with the nature of the
stimuli, given that object recognition performance as measured by the
CCMT was not related to face recognition as measured by FBF in the
full sample, and that the CFMT+ and CCMT were not related in the
scanning sub-sample. In sum, the underlying assumption that all
healthy TD adults have comparable face expertise may need to be
revised given these large individual differences in face recognition
behavior.

Individual differences in brain-behavior relations: neural magnitude

Our second goal was to evaluate brain-behavior relations through-
out the face-processing network using multiple neural measures.
Beginning with neural magnitude, we observed a positive relation
between face recognition performance, as indexed by the composite
face recognition score, and neural magnitude within a single region at
the strict FWE rate, the left FFA1. In other words, individuals with
better face recognition abilities exhibited higher face-selective activa-
tion in this region compared to individuals with weaker face recogni-
tion abilities. Importantly, this brain-behavior relation was highly
selective in that object recognition performance, as indexed by the
CCMT, did not predict the magnitude of activation in the left FFA1.

In contrast, we did not find an association between the magnitude
of activation in either the right FFA1 or OFA and face recognition
behavior. This is inconsistent with what we predicted based on the

Fig. 6. Associations between face recognition behavior and the size of activation within extended face processing regions. The size of the bilateral functionally defined face-selective
amygdala (a, b) and the size of the bilateral anterior temporal lobe ROIs (c, d) were related to face recognition behavior as measured by the face composite score. Dashed lines on figures
represent 95% confidence intervals.

Fig. 7. Association between face recognition behavior and network level activation
within the face-processing system. The proportion of nodes that participants activated
within the face processing system was positively related to face recognition behavior.
People with stronger recognition behavior activated larger proportions of regions in the
distributed network than did people with less skilled face recognition behavior. Dashed
lines represent 95% confidence intervals.
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small extant literature investigating brain-behavior relations within the
face-processing system (Grill-Spector et al. 2004; Aylward et al. 2005;
Yovel and Kanwisher 2005; Passarotti et al. 2007; Furl et al. 2011;
Huang et al. 2014). Our results did reveal a positive association
between face recognition behavior and the magnitude of face-selective
activation in the right FFA1; however, this association was not strong
enough to pass the familywise error correction rate that we employed
in this study. One limitation of our approach is that our fMRI task only
involved passive viewing of faces. It will be important to examine brain-
behavior relations under conditions when participants are actively
engaging in face recognition behavior in the scanner in future studies.
Having participants actively engage in recognition behavior while being
scanned may help resolve the role of the magnitude of activation in the
right FFA1 and its relation with behavior.

Functional region size

Face recognition behavior was related to variations in the size of
activation within many of the core and extended regions of the face-
processing network. Specifically, variations in the composite face
recognition score were associated with variations in the size of the
two anterior face patches in the right fusiform gyrus (i.e., FFA1, FFA2)
as well as the size of the most posterior and the middle face patches in
the left fusiform gyrus (i.e., pFG/IOG, FFA1). Beyond the fusiform
gyrus (FG), face recognition performance was also associated with the
size of activation in the anterior temporal lobe (ATL) and amygdala
face-related regions bilaterally. This same relation did not exist in the
bilateral OFA, pSTS, or in the vmPFC or PCC. People with better face
recognition skills consistently activated larger swaths of neural tissue
in the fusiform gyri, ATL, and amygdala bilaterally.

Importantly, these brain-behavior relations were not disproportio-
nately driven by individuals who activated large regions of neural tissue
in general. This is because the correlations of the size of activation
between regions were only significant among the face-related regions
and not between the face- and object- and place-related regions (see
Supplemental Table S1). In other words, people who activated large
face-related ROIs did not also activate large object- and/or place-
related regions. Also, note that face recognition behavior was related to
variations in the size of activation in many more regions than in which
it was related to variations in magnitude, even though these two
dependent measures were highly correlated. This indicates that these
two measures may capture different sources of information about the
functional ROIs. Neural magnitude is fundamentally limited in range,
while size of activation is not (it just needs to be thresholded and
corrected for very carefully). We propose that the size of activation
provides information about the integration of local circuitry that
cannot be assessed with neural magnitude alone (See below).

It is important to remember that we did not spatially smooth the
data and that we identified each functional neural region in each
person based on their own activation patterns and anatomy. This is
critical for the integrity of both the computation and the interpretation
of the size of activation measure. We consistently observed positive
relations between behavior and the size of activation of the regions
within the face-processing system such that better recognizers acti-
vated larger swaths of neural tissue for multiple, but not all, nodes in
the face-processing network compared to weaker recognizers. In fact,
weak recognizers more often than strong recognizers had no signifi-
cantly active voxels in the face-related regions in which behavior was
related to the size of the region. These findings suggest that the
engagement of sufficiently large regions of neural real estate bolsters
richer representations of faces.

In so doing, these results challenge notions of the brain efficiency
model of intelligence that predicts a pervasive inverse relationship
between brain metabolic rate and intelligence (Haier et al. 1992). In
other words, superior behavior (from learning or over the course of
development) is not necessarily reflected in more “efficient” neural

responses, as indicated by smaller, lower magnitude responses in all
regions of the brain (Poldrack 2014). Recall that the relation between
BOLD and neural response signals does vary across the brain
(Ojemann et al. 2013). In some regions and neural systems, recruiting
more (not less) neural resources may be associated with better
performance. We suggest that enhanced performance could be related
to the access of more informative or cleaner signal that emerges from
the integration of local circuits that carry information about distributed
representations. For example, there may be many distributed local
patches that each encode some functional aspect of the representation
that all have the same relative magnitude of category-selective activa-
tion. A strong performer may be able to essentially link these regions
together functionally, which at the resolution of fMRI presents as a
larger single functional ROI instead of multiple, smaller patches.
Recent findings using multivariate pattern analyses support this
interpretation. Anzellotti and colleagues (2014) evaluated the success
of a support vector machine (SVM) to classify face identity in ROIs of
different sizes (12 vs 6 mm) centered around the same peak voxel. The
SVM was more accurate when classifying face identity in the larger
sized ROIs in the FFA, OFA, and ATL.

In addition, there is support for the notion of smaller patches of
distributed representations in the ventral visual pathway (Haxby et al.
2000; Kriegeskorte et al. 2007; Axelrod and Yovel 2015). There is also
evidence from fMRI-adaptation paradigms that there are independent
populations of neurons that encode information about the whole face,
face parts, and global head shape (Betts and Wilson 2010; Harris and
Aguirre 2010) as well as separate populations of viewpoint-dependent
neurons distributed throughout the FG (Harvey and Burgund 2012).
Integration of these independent populations of neurons could func-
tionally influence the ability to form more invariant representations of
face identity, but also manifest as larger patches of category-selective
functional tissue (as defined by typical localizer contrasts).
Alternatively, individuals who recruit larger amounts of tissue in the
FG during face processing may be able to encode larger and/or more
fragment features of faces (Nestor et al. 2008), all of which could
support enhanced recognition abilities.

Network measure

Our measure of network level activation represented the proportion
of the entire face-processing network (i.e., number of ROIs/16) that
was engaged by each participant. We found that face recognition
behavior was related to global network activation. Specifically, indivi-
duals who exhibited superior recognition for faces also engaged larger
proportions of the face-processing network. Importantly, recognition
performance for objects was not associated with global activation
throughout the face-processing network. As a result, we suggest that
this selective pattern of results reflects a process in which superior
recognizers access more regions that help compute invariant and
semantic components of face representations, which enables them to
form richer representations of faces. An important next step will be to
understand whether individual differences in the functional organiza-
tion among these regions is related to behavior (Elbich et al., under
revision). This may also have implications for individual differences in
the structural properties of the fiber tracts that connect these functional
regions. For example, the long-range fiber tracts that connect posterior
face-processing regions with anterior extended regions, including the
inferior longitudinal fasciculus and the inferior fronto-occipital fasci-
culus, may have larger volumes and lower diffusivity in better face
recognizers enabling information to transfer among regions more
efficiently.

Updating current models of the neural basis of face processing

Finally, our findings lead us to suggest that existing models of the
neural basis of face processing be updated. Current models describe the
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posterior right lateralized “core” regions (FFA, OFA, pSTS) as playing a
prominent role in the visuoperceptual and recognition components of
face processing (Haxby et al. 2000; Gobbini and Haxby 2007), while
the “extended” regions (ATL, amygdala, vmPFC, PCC) play a primary
role in computing the semantic and affective components of face
perception (Gobbini and Haxby 2007). Our findings reveal that
activation in the bilateral fusiform, amygdala, and ATL is system-
atically related to face recognition abilities.

Our finding of a brain-behavior correspondence in left FFA1
contributes to an emerging literature investigating the potentially
unique contribution of left fusiform gyrus (FG) to face recognition.
The left FFA1 has been linked to featural processing of (Rossion et al.
2000; Meng et al. 2008; Schiltz et al. 2008; Yovel et al. 2008) and
perceptually learning about (Bi et al. 2014) faces. Recently researchers
proposed that the right and left FG may be functionally specified in
ways that approximate the conceptual stages of theoretical models of
visual categorization (Edelman 1999); such that the left FG accumu-
lates evidence that a visual stimulus is a face in a graded way that
mirrors the image similarity to a face, while the right FG responds
categorically to the presence of a face (Meng et al. 2012). This model
provides a rich interpretation for our findings that both the magnitude
and size of the left FFA1 are equally related to face recognition
behavior, while the size of right FFA1 is uniquely related to behavior.
Using this model, we suggest that the magnitude and size relations with
behavior in the left FFA1 may reflect this process of evidence
accumulation and might even temporally precede a categorical re-
sponse function within the right FFA1. These findings lead to novel
hypotheses about the relative specialization and interactions between
the right and left fusiform gyri, particularly in terms of understanding
potentially different roles of the multiple face patches, in the process of
face recognition that will need to be considered as neurobiological
models of face processing are refined.

To date, the role of the amygdala in face perception has been linked
empirically and theoretically to emotional components of face proces-
sing, like detecting/recognizing facial expressions (Adolphs 2002). As a
result, in most models of face perception, the amygdala is typically
limited to an affective role (Gobbini and Haxby 2007; Bruce and Young
1986). However, our results challenge this assumption and support
recent behavioral and human single-cell recording evidence implicating
the amygdala in face identification (Gabay et al., 2014a, 2014b;
Mormann et al. 2015). Based on our full set of findings, we suggest
that the amygdalae may provide computational power, not just
affective salience (Adolphs 2010), to the process of face identification.
This is a very different way of thinking about the contribution of the
amygdala to face perception, which is consistent with the notion that it
be considered a core face processing region (Mende-Siedlecki et al.
2013) and may have wide spread consequences for thinking about the
development of face perception as well as models of atypical face
perception.

Similarly, existing face-processing models implicate the anterior
temporal lobe (ATL) in semantic processing of person knowledge
(Tempini et al. 1998; Haxby et al. 2000). More recently, higher
resolution fMRI studies that were specifically optimized to scan in
the medial temporal lobe have shown that the right ATL maintains
exemplar level representations of faces (Kriegeskorte et al. 2007; Mur
et al. 2010; Nestor et al. 2011; Yang et al. 2016). In this study, we were
able to identify individual face-related ATL in the right hemisphere in
60% of the participants and the left hemisphere in 40% of the
participants. We also report that the functional size of these regions
systematically varied with face recognition behavior in both hemi-
spheres. These data lend support to the idea that the right ATL is
centrally involved in computing the identity of faces, and this is the first
study, to our knowledge, to implicate the left ATL in face identity brain-
behavior relations as well. As a result, we suggest that the role of the
ATL be considered more broadly to include the computation and/or
integration of face identity information with person knowledge.

In sum, we suggest that the previous division between “core” and
“extended” regions (Gobbini and Haxby, 2007) does not accurately
characterize our pattern of results. This model would have predicted
that the majority of brain-behavior relations for face recognition would
have been evident with the core regions (OFA, FFA, pSTS). Instead, we
observed a combination of relations between fusiform gyrus face
patches, amygdala, and ATL, and no relations with OFA and pSTS.
In fact, our findings are somewhat consistent with the notion of a
distinction between a dorsal and ventral face pathway (Duchaine and
Yovel, 2015) in which the ventral pathway responds primarily to
invariant features of faces. However, this model doesn’t capture the
role of the amygdala in responding to and/or computing these features
as well, which our results support.

Conclusions

To summarize, with sufficient power and rigorous identification of
activation at the individual subject level, we provide the first evidence
that activation within multiple regions in the face-processing network,
beyond right FFA1, are systematically related to behavior. This
includes multiple core and extended regions. Second, we report that
variations in face recognition behavior are selectively related to
variations in the size of activation more often than variations in the
magnitude of activation within these regions. We suggest that this may
be related to the process of integrating independent populations of
neurons, which could functionally influence the ability to form richer
representations of face identity, but also manifest as larger patches of
category-selective functional tissue (as defined by typical localizer
contrasts).
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