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Abstract: Large-scale magnetic resonance (MR) studies of the human brain offer unique opportunities
for identifying genetic and environmental factors shaping the human brain. Here, we describe a data-
set collected in the context of a multi-centre study of the adolescent brain, namely the IMAGEN Study.
We focus on one of the functional paradigms included in the project to probe the brain network under-
lying processing of ambiguous and angry faces. Using functional MR (fMRI) data collected in 1,110
adolescents, we constructed probabilistic maps of the neural network engaged consistently while view-
ing the ambiguous or angry faces; 21 brain regions responding to faces with high probability were
identified. We were also able to address several methodological issues, including the minimal sample
size yielding a stable location of a test region, namely the fusiform face area (FFA), as well as the effect
of acquisition site (eight sites) and scanner (four manufacturers) on the location and magnitude of the
fMRI response to faces in the FFA. Finally, we provided a comparison between male and female ado-
lescents in terms of the effect sizes of sex differences in brain response to the ambiguous and angry
faces in the 21 regions of interest. Overall, we found a stronger neural response to the ambiguous faces
in several cortical regions, including the fusiform face area, in female (vs. male) adolescents, and a
slightly stronger response to the angry faces in the amygdala of male (vs. female) adolescents. Hum
Brain Mapp 33:938–957, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

There is growing interest in explaining the role of envi-
ronment, genes and their interplay in shaping the struc-
ture and function of the human brain. Given the variety of
environmental factors and the challenges of genetics of
complex traits, these questions are best addressed at a
population level, hence the emergence of population neu-
roscience as a field situated at the intersection of cognitive
neuroscience, genetics and epidemiology [Paus, 2010]. In
this context, magnetic resonance imaging (MRI), structural
and functional, is the most common tool used to derive a
large variety of quantitative brain phenotypes. In studies
of brain development, structural MRI has been used on a
large scale in three projects, namely in a cohort established
in the Child Psychiatry Branch of the National Institutes of
Mental Health [NIMH-CHPB; Lenroot et al., 2007], NIH
Pediatric MRI Database [NIH-PD; Evans et al., 2006], and
the Saguenay Youth Study [SYS: Pausova et al., 2007].
More recently, functional MRI has been incorporated in a
multi-centre study of the genetic and neurobiological bases
of individual variability in impulsivity, reinforcer sensitiv-
ity and emotional reactivity in an adolescent population
[IMAGEN; Schumann et al., 2010].

One of the unique opportunities offered by large-scale
MRI studies is the possibility to define the brain response
to a certain stimulus at the population level. This can be
achieved by constructing probabilistic maps that indicate
the probability, from 0 to 100%, of ‘‘activating’’ a given 3D
location (voxel) by the stimulus in a standardized atlas
space. Such maps are similar to ‘‘ALE’’ (Activation Likeli-
hood Estimate) maps [Turkeltaub et al., 2002], which are
based on meta-analyses of published functional imaging
studies [e.g., Caspers et al., 2010; Fusar-Poli et al., 2009]. In

general, probabilistic maps are helpful in defining a priori
regions-of-interest (ROI) characterized by a robust brain
response to the stimulus in a given population. Such a
reduction of fMRI data, from a voxel-wise consideration of
the entire brain to the ROI-based focus on the most rele-
vant brain regions, may be particularly useful in large-
scale genetic studies that often face Type I (false positive)
error. Furthermore, probability maps can be utilized not
only for defining ROIs but also as priors in the statistical
analyses of the functional data. We will illustrate how the
probability of ‘‘activation’’ can be used as weighting filter
when calculating the peak and mean blood oxygenation-
level dependent (BOLD) response in a given ROI.

Here, we describe a novel approach for creating proba-
bilistic maps of the neural network engaged consistently
by the ambiguous or angry faces. These maps are con-
structed using fMRI data collected in the context of the
IMAGEN study of the adolescent brain [Schumann et al.,
2010]. IMAGEN is a genetic study focused on neural pre-
dictors of behavioral traits relevant for addiction. The
‘‘Face task’’ has been included in the fMRI battery to char-
acterize the neural response to socially relevant stimuli, a
feature of great importance especially in the context of
adolescence when peer–peer interactions play a key role in
shaping the adolescent behavior [Steinberg, 2005; Steinberg
and Silverberg, 1986]. Extraction and processing of infor-
mation from a face require the coordinated engagement of
a number of brain regions. The three key components of
the face network are the fusiform face area (FFA), regions
along the superior temporal sulcus (STS), and the amyg-
dala. Based upon lesion literature, these three regions
likely contribute to different aspects of face processing
[Adolphs et al., 2008; Akiyama et al., 2006; Tranel et al.,
2009]. Furthermore, given the consistent albeit moderate
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advantage of girls over boys in face processing [McClure,
2000], it is likely that the brain response to faces will vary
in its magnitude as a function of the participant’s sex.
In previous studies, however, both the presence and direc-
tionality of such sex differences have been inconsistent,
perhaps due to the variety of facial expressions investi-
gated in the different studies [e.g., Aleman and Swart,
2008; Ino et al., 2010; Rahko et al., 2010]. Here, we will
take advantage of the large sample size and calculate
effect sizes for the sex differences in the neural response to
the ambiguous and angry faces across the key nodes of
the ‘‘face network.’’

While creating the probabilstic maps of the ‘‘face net-
work.’’ we had the opportunity to explore some of the key
methodological issues related to the multi-centre nature of
functional MRI studies. Previously, Zou et al. [2005] exam-
ined the impact of several sources of variability in multi-
centre studies, such as subject, study site, and scanner
manufacturer, on the reproducibility of fMRI studies. They
reported a significant effect of variability due to subject
and scanner manufacturer on reproducibility measures
such as sensitivity and specificity. Friedman et al. [2006,
2008] initiated a series of experiments, referred to as Func-
tion Biomedical Informatics Research Network (fBIRN), to
investigate the effect of variation due to scanner perform-
ance on the effect size of the functional response in multi-
centre fMRI studies. They reported significant effects of
scanner on both factors. They also showed that an equal-
ization of smoothness of fMRI data from different scanners
reduces such effects. Similarly, Costafreda et al. [2007]
investigated between-scanner differences on reproducibil-
ity of fMRI studies using a similar scanner located at geo-
graphically different sites. Their results showed that the
variability of the magnitude and extent of the functional
response was driven more by intersubject differences than
intersite variability. Here, we have been able to determine
the minimal sample size necessary to identify a stable
location of the FFA, and the effect of acquisition site and
scanner on the location and magnitude of fMRI response
to faces in this brain region.

MATERIALS AND METHODS

Participants

Participants involved in the IMAGEN Study include
typically developing adolescents (13–15 years of age) and
their families recruited at eight sites located in England (2
sites), France (1 site), Ireland (1 site), and Germany (4
sites). Exclusion criteria included events likely to affect
normal brain development, such as premature birth, perso-
nal history of serious medical, neurological and/or psychi-
atric conditions, and low general intelligence (IQ <70); the
list of all exclusion criteria can be found in Schumann
et al. [2010] (Supporting Information Table II). The specific
age-range of the IMAGEN participants has been chosen to
allow for the initial assessment and a subsequent follow-

up to occur in the mid-to-late adolescence when the pat-
tern of substance use is most dynamic.

Given the target age (14 years) of adolescents recruited
in the IMAGEN project, we have excluded 26 participants
outside of the age range between 13.5 and 15.5 years-old.
Across the eight acquisition sites, the mean age varied
between 14.3 and 14.6 years, with standard deviations
varying between 0.3 and 0.5 years. There were no signifi-
cant differences in age between girls and boys at any site.
As shown in Table I, however, the number of girls and
boys was very different across the eight sites. To avoid
any biases due to sex (and sex by site interaction), all anal-
yses reported in this article include groups of adolescents
with an equal number of girls and boys from the same ac-
quisition site.

Adolescents and their families are recruited primarily
through local high schools based on two key criteria: (a)
ethnic homogeneity; and (b) sample diversity in terms of
socioeconomic status, academic achievement, and behav-
ioral/emotional functioning. Local ethics boards approved
the study protocol; the parents and adolescents provided
written informed consent and assent, respectively.

For the current report, structural and functional MR
data were available in 1,223 adolescents; MR data obtained
in 1,110 adolescents were retained after excluding partici-
pants outside the eligible age and/or failed quality-control
of the preprocessed images (see below for details). Table I
indicates the distribution of the adolescents across the
eight acquisition sites.

Magnetic Resonance Imaging: Acquisition

Structural and functional MR imaging is performed on 3
Tesla scanners from four manufacturers (Siemens: 4 sites,
Philips: 2 sites, General Electric: 1 site, and Bruker: 1 site).
The details of the entire MR protocol are described else-
where [Schumann et al., 2010). This report utilizes
T1-weighted images and functional MR images collected
during the Face paradigm. High-resolution T1-weighted
anatomical images were acquired using 3D Magnetization
Prepared Rapid Acquisition Gradient Echo (MPRAGE)

TABLE I. Number of scanned adolescents/number of

adolescents who passed quality control of the

preprocessing pipeline across the eight sites

Site/Sex Boys Girls

Site1 55/54 130/119
Site2 95/94 64/63
Site3 83/72 66/62
Site4 59/42 77/60
Site5 73/70 101/97
Site6 74/66 86/72
Site7 75/69 74/67
Site8 58/51 53/52
Total 572/518 651/592
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sequence (TR ¼ 2,300 msec; TE ¼ 2.8 msec; flip angle ¼ 9�;
resolution: 1 � 1 � 1 mm3). Functional T2*-weighted images
were acquired using Gradient-Echo Echo-Planar-Imaging
(GE-EPI) sequences (field of view: 22 cm; voxel size: 3.3 �
3.3 mm2; slice thickness of 2.4 mm; TE ¼ 30 ms and TR ¼
2,200 ms; flip angle: 75�). The same set of parameters was
used across all scanners with the following two exceptions:
(1) parallel imaging was not used for the Bruker scanner
during fMRI image acquisition; and (2) the order of in- and
through-plane phase encoding directions was swapped for
the Philips scanner to match other scanners (i.e., first
through-plane and then in-plane slice encoding).

Functional Paradigm: The Face task

The Face task involves passive viewing of videoclips
that display ambiguous (emotionally ‘‘neutral’’) or angry
face expressions or control (nonbiological motion) stimuli
[Grosbras and Paus, 2006]. Each trial consists of short (2 to
5 s) black-and-white videoclips depicting either a face in
movement or the control stimulus (see Fig. 1). The control
stimuli consist of black-and-white concentric circles of var-
ious contrasts, expanding and contracting at various
speeds, roughly matching the contrast and motion charac-
teristics of the face clips. These control stimuli were
adapted from a study of Beauchamp et al. [2003]. Lumi-

nance and contrast were equalized and a gamma correc-
tion was applied. The stimuli are presented through
goggles (Nordic Neurolabs, Bergen, Norway) in the scan-
ner and subtend a visual angle of 10� � 7�. The videoclips
are arranged into 18-s blocks; each block includes seven to
eight videoclips. Five blocks of each biological-motion con-
dition (ambiguous, and angry faces), and nine blocks of
the control condition (circles) are intermixed and pre-
sented to the participants using the Java-based stimulus-
delivery software. To ensure that the stimuli are synchron-
ized to the MR image acquisition, a signal sent from the
scanner at the beginning of each image acquisition is con-
verted into a TTL pulse transmitted to the stimulation
computer through a USB port. The stimuli delivery soft-
ware reads every sixth TTL pulse as a signal to start a
new block. The entire fMRI run lasts six min.

Functional MR Images: Preprocessing

During scanning of each participant, a total of 160 EPI
volumes were acquired in a single six-min fMRI run. T1-
weighted and functional EPI data were preprocessed and
analyzed at the single-subject and group-level using SPM8
software package (Statistical Parametric Mapping: Well-
come Department of Cognitive Neurology, London, UK).

Figure 1.

Stimuli presentation: Snapshots were taken at the beginning (initial one second) of representative

clips of each condition. The video clips were displayed at 30 frames/s. Two consecutive images

on the figure are separated by five frames.
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EPI images were motion-corrected with respect to the
first volume using the realignment tool of SPM, namely
with a least squares approach and a six-parameter rigid-
body spatial transformation with fourth degree B-Spline
interpolation. A mean functional image and six realign-
ment parameters (three translations and three rotations)
per EPI volume were generated for each participant.

Subsequently, the EPI images and the high-resolution
T1-weighted images of each participant were aligned to-
gether. For this purpose, skull-stripped structural images
were rigidly (six-parameter transformation) registered to
the mean EPI image using the Mutual Information co-regis-
tration tool of SPM software. Skull stripping was done using
the Brain Extraction Tool (BET) of the FSL software package
(Oxford Centre for Functional MRI, Oxford University, UK).

Next, to render the data normally distributed and, as
such, appropriate for parametric tests, the motion-
corrected EPI data were spatially smoothed using an iso-
tropic Gaussian kernel of 6 mm FWHM [i.e., twice the
voxel size: Worsley and Friston, 1995].

Quality Control of Preprocessing Pipeline

The quality control (QC) of functional MR images
focused on the artifacts due to motion during scanning.
Using realignment parameters from the motion-correction
step in preprocessing pipeline, EPI volumes with parame-
ter values exceeding 2 mm in translation or 2� in rotation
errors (in any direction) were excluded: Participants with
more than 20 flagged volumes were excluded from the
pool altogether. Furthermore, visual QC carried out by
three independent raters was used to identify errors due
to rigid (EPI-to-T1W) and non-rigid (T1W-to-ICBM152)
registrations.

Functional Analysis

Smoothed EPI volumes from each participant were
entered into the individual (fixed-effects) general linear
model (GLM). The hemodynamic response function was
selected as the basis function. The six realignment parame-
ters from motion-correction were also included as regres-
sors of no interest in the model to account for the effect of
the residual head movements.

Two contrasts were considered in this study: (1) ambig-
uous faces vs. control stimuli; and (2) angry faces vs. con-
trol stimuli. The two sets of contrast images were
generated per participant to be entered into a (second-
level) group analysis, treating the participant factor as a
random effect. For this purpose, the contrast images were
transformed to the ICBM152 template space [Mazziotta
et al., 2001] using the deformation parameters from the
nonlinear registration of the corresponding structural data
(co-registered with the mean EPI) to the ICBM152 tem-
plate. The nonlinear registration was achieved using the
Unified Segmentation tool in SPM package. Note that the

correction of intensity inhomogeneity is embedded within
the unified segmentation tool of SPM.

Functional Probabilistic Maps

We used two different strategies to generate probabilistic
maps of the brain response to the ambiguous and angry
faces. The first strategy (Fig. 2, left) combines an equal num-
ber of male and female adolescents ‘‘at entry,’’ namely at the
point of calculating a given contrast (e.g., ambiguous vs.
control); the resulting t-statistics images are thresholded,
binarized, and averaged. The second strategy (Fig. 2, right)
differs from the first one in that a given contrast is calcu-
lated for each sex separately; the resulting sex-specific t-
images are thresholded, binarized, and only then combined
(as a union) across the two sexes. The latter approach
decreases a possible exclusion of voxels ‘‘activated’’ by one
sex only and, as such, it is well suited for the assessment of
sex differences in the brain response to faces. We will now
describe these two approaches in more detail.

Functional Probabilistic Maps: Sex Combined at

Entry

As illustrated in Figure 2 (left), the functional probability
maps for a desired contrast (ambiguous face vs. control;
angry face vs. control) were constructed in the following
way. Functional data from each acquisition site were
grouped in as many independent sets as possible using a
fixed sample-size of 30 participants (see below for ration-
ale) and considering equal number of boys (n ¼ 15) and
girls (n ¼ 15) in each set; note that boys and girls from dif-
ferent acquisition sites are not ‘‘mixed’’ within a given set.
Image data from each group were entered into second-
level analyses for generating the statistical parametric
maps (t-maps). The generated t-maps were thresholded at
P < 0.001 (uncorrected), binarized and averaged to con-
struct a probabilistic map for a given fMRI contrast.

Functional Probabilistic Maps: Sex Combined

After Sex-Specific Analyses

As illustrated in Figure 2 (right), functional data from
each acquisition site were grouped in as many independ-
ent sets as possible using a fixed sample-size of 30 girls
and 30 boys from each acquisition site. Image data from
each sex-specific group were entered into second-level
analyses for generating the statistical parametric maps (t-
maps). The generated t-maps were thresholded at P <
0.001 (uncorrected) and binarized. Next, we created a
union of as many ‘‘pairs’’ of the binarized maps obtained
in girls and boys from the same acquisition site; the
pairing was random. Finally, the combined ‘‘girl–boy’’
binarized maps were binarized and averaged to construct
a probabilistic map for a given fMRI contrast.

r Tahmasebi et al. r

r 942 r



High-Probability Regions of Interest

To define brain regions (voxels) engaged by the ambigu-
ous and angry faces with ‘‘high’’ probability in this adoles-
cent sample, the generated probabilistic maps were
thresholded at 50% and binarized (assigning value 1 to
any voxel with probability value greater than or equal to
0.5). The resulting binary images were then divided into
nonintersecting regions using a semiautomatic approach;
an automatic region-growing segmentation initialized with
manually selected seed-voxels was applied to each map.
The resulting regions were manually corrected for any

errors. Seed voxels were provided by an expert neuroana-
tomist. The X, Y, and Z coordinates of the center-of-mass
of the extracted regions are reported for each ROI. Overall,
21 ROIs were identified in both hemispheres and across
both probabilistic maps (ambiguous and angry). This is
the case irrespective of the strategy used for creating the
probabilistic maps, as described above. These ROIs repre-
sent brain regions engaged, with high probability, during
the processing of ambiguous and angry faces in the
sample of 1,110 adolescents; Table II lists these ROIs
defined with the probabilistic maps created with the first
strategy (i.e., sex combined at entry).

Figure 2.

Flowchart illustration of the procedure for creating two types of functional probabilistic maps

using functional data from eight acquisition sites: Left: sex combined at entry; and Right: sex

combined after sex-specific analyses.
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To obtain ROIs with the full range of probabilistic values,
the extracted ROIs were further dilated using the original
probability maps to include the rest of the voxels with prob-
ability values greater than 1% and less than 50% belonging
to the same ROI that were initially excluded due to thresh-
olding the maps at 50%. The stopping threshold for dilation
was manually selected if two or more adjacent regions meet
at voxels with arbitrary probability values. The resulting
ROIs were finally validated by an expert neuroanatomist.

ROI-based Measures of BOLD response

To quantify the BOLD response in each ROI, we first cal-
culated the percent BOLD signal change (PBSC) by dividing
the estimates of the parameters from the GLM (at fixed-
effects level), referred to as bs, by the mean of the baseline
level (the intercept in the GLM), and multiplied these by
100. For each participant, we used the PBSC image and cal-
culated the following three measures of fMRI response:

1. Peak PBSC: Maximum value at any voxel within the
selected ROI;

2. Mean PBSC: Mean of PBSC values across all voxels
within the selected ROI; and

3. Number of active voxels (normalized): Ratio of voxels
within the selected ROI whose values exceeded signif-
icance threshold of t ¼ 1.96 (P ¼ 0.001, uncorrected).
over the total number of voxels constituting this ROI.

Merging Data across Multiple Acquisition Sites

In multi-center fMRI studies, a major challenge in merging
data across several acquisition sites is to detect and minimize
the structured variances in data due to differences across
scanners and acquisition sites to measure the variance in fac-
tors of interest, such as the BOLD response to the paradigm
of interest. To evaluate the effects of acquisition site and
scanner manufacturer, one can measure the reproducibility
of the fMRI BOLD response with respect to (1) the location
of the ‘‘activated’’ region; and (2) the magnitude of the
response for a particular ROI.

For this purpose, we selected the FFA in the right hemi-
sphere as a test ROI. FFA is one of the cortical regions
engaged most strongly by face stimuli [Caspers et al.,
2010; Fusar-Poli et al., 2009; Kanwisher and Yovel, 2006].
For the location, we first determined peak coordinates for
the right FFA using the following approach. Second-level
analyses on fixed-size samples of randomly selected

TABLE II. MNI coordinates and probability values extracted from the probabilistic maps of the ambiguous faces

vs. control and angry faces vs. control stimuli contrasts

No. Label Hemisphere Lobe

Ambiguous face Angry face

MNI coordinate

Probability value (%)

MNI coordinate

Probability value (%)X Y Z X Y Z

1 MVL-FC Left Frontal �42 27 �3 64 �42 27 �8 22
2 MVL-FC Right Frontal 53 27 �3 100 53 27 4 71
3 MDL-FC Left Frontal �45 15 22 100 �42 15 24 68
4 MDL-FC Right Frontal 46 20 20 100 44 20 22 96
5 PMC Right Frontal 51 5 46 100 48 3 48 86
6 Pre-SMA Right Frontal 6 12 63 96 6 9 63 61
7 Rhinal Sulcus Right Temporal 42 �6 �44 64 40 �3 �44 50
8 Anterior STS Right Temporal 55 9 �24 100 54 6 �21 78
9 Posterior STS Left Temporal �54 �51 9 100 �54 �48 6 82
10 Posterior STS Right Temporal 56 �42 7 100 54 �41 7 100
11 FFA Left Occipital �40 �49 �22 100 �41 �48 �23 93
12 FFA Right Occipital 42 �49 �23 100 42 �48 �24 100
13 LOC Left Occipital �45 �84 �12 86 �42 �84 �14 71
14 LOC Right Occipital 47 �78 �8 100 45 �79 �10 96
15 V2-V3 Left Occipital �24 �99 0 78 �15 �102 �6 71
16 V2-V3 Right Occipital 24 �99 0 78 18 �102 0 57
17 Cerebellum Left �18 �78 �36 100 �17 �79 �36 75
18 Cerebellum Right 18 �78 �39 57 18 �78 �37 11
19 Putamen Right 21 6 6 57 21 6 0 32
20 Amygdala Left �18 �9 �15 96 �18 �9 �15 93
21 Amygdala Right 22 �8 �14 100 20 �9 �17 100

The coordinates were determined as the centroids of regions with highest probability in the ambiguous vs. control map. Subsequently,
the nearest coordinates with the highest probability value were found in the angry vs. control map. MVL-FC, mid ventrolateral frontal
cortex; MDL-FC, mid dorsolateral frontal cortex; PMC, premotor cortex; preSMA, presupplementary motor area; STS, superior temporal
sulcus; FFA, fusiform face area; and LOC, lateral occipital cortex.
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participants, with an equal number of girls and boys, were
conducted separately for each acquisition site. The peak
location within the right FFA was identified in the result-
ing t-statistics maps for the ambiguous vs. Control contrast.
To determine coordinates of a ‘‘reference’’ FFA, we calcu-
lated the median of the peak coordinates obtained across the
eight sites for the largest sample size of 80 participants per
acquisition site. The various measures of the BOLD response
were extracted from a cubic ROI (5 � 5 � 5 voxels) centered
at the location of the right reference FFA.

RESULTS

Quality Control of Preprocessing Pipeline

In total, 57 participants were excluded due to extreme
motion artifact in EPI image data. Furthermore, using visual
QC by three raters, 19 participants were excluded due to
registration errors (EPI-to-T1W and T1W-to-ICBM152). The
distribution of participants across eight sites after passing
motion and registration QC is given in Table I. The final
sample includes 1,110 adolescents (592 girls, 518 boys).

Functional Probabilistic Maps: Sex Combined

at Entry

As explained above, to generate the probabilistic maps,
we have randomly selected as many independent sets of
30 participants from a given acquisition site (15 boys and
15 girls) to be entered to the second-level analysis. This
sample size was selected because it is the smallest sample
size that yielded stable location of the right FFA (see
below). Overall, there exist 28 independent groupings of
participants with the aforementioned criteria; one acquisi-
tion site contributed only two such ‘‘n ¼ 30’’ samples (Site
4) while most sites contributed four ‘‘n ¼ 30’’ samples
(Sites 2,3,5,6, and 7). A total of 840 participants (28 sam-
ples of 30 participants each) contributed to this analysis.
The resulting t-maps for each contrast (28 in total) were
thresholded (P < 0.001, uncorrected) and binarized. The bi-
nary images were then averaged to generate the probabilistic
maps termed henceforth the PM28 maps. Figure 3 shows the
axial cross-sections of the probability maps of the ambiguous
and angry contrasts between the face and control stimuli
superimposed on the average image generated using warped
structural images of the participants who contributed to
these probability maps. Figure 4 displays these probability
maps on the flattened cerebral cortex, as generated using the
CARET software [Van Essen et al., 2001].

Measuring BOLD Response Using the Proposed

Probabilistic ROIs

Peak PBSC, mean PBSC, and number of active voxels
were calculated in two regions-of-interest well-known as

being engaged during the facial emotion processing,
namely the right FFA and the right amygdala. These two
ROIs were extracted from the PM28 probability map cre-
ated for the ambiguous face contrast. Figures 5 and 6
show the distribution of the number of voxels (normal-
ized) with respect to the probability value; as can be
observed from both figures, both distributions are fairly
close to uniform. The three BOLD measures were obtained
in the following four ways: (a) all voxels with the entire
range of probability values (i.e., 1 to 100%); (b) high proba-
bility voxels (i.e., 51 to 100%); (c) low probability voxels
(i.e., 1 to 50%); and (d) including all nonzero voxels and
weighting the BOLD response values at each given voxel
by the corresponding probability value. The number of
active voxels was not calculated for this type of ROI-based
analysis.

First, we used a one-way ANOVA to compare the non-
weighted (a) and weighted (d) values. In the right FFA,
significant differences were observed for both the mean
PBSC [F(1,2218) ¼ 122.03, g2 ¼ 0.000*] and peak PBSC
[F(1,2218) ¼ 63.5, g2 ¼ 0.000*]. Similarly, in the right
amygdala, differences were significant for both mean
PBSC [F(1,2218) ¼ 100.1, g2 ¼ 0.000*] and peak PBSC
[F(1,2218) ¼ 86.9, g2 ¼ 0.000*] Second, we used a one-way
ANOVA to compare the ‘‘high’’ (b) and ‘‘low’’ (c) probabil-
ity voxels. Significant differences were observed for both
the mean PBSC [F(1,2218) ¼ 424.7, g2 ¼ 0.000*] and peak
PBSC [F(1,2218) ¼ 11.6, g2 ¼ 0.001] in the right FFA
region. In the right amygdala, only the differences in the
mean PBSC was significant [F(1,2218) ¼ 310.5, g2 ¼
0.000*].

Figures 7 and 8 show the distributions of the Peak
PBSC, mean PBSC and number of active voxels (normal-
ized between 0 and 1) for all aforementioned cases of (a)
to (d), within regions of the right FFA and right amygdala,
respectively. As can be seen in Figures 7 and 8, the distri-
butions of the Peak PBSC are very similar across the four
comparisons while, as expected, those of the Mean PBSC
and the number of active voxels are shifted to the left
(lower values) for the low-probability comparisons. The
similarity of the distributions of the Peak BOLD between
the low and high-probability comparisons is somewhat
surprising. We have therefore plotted both the frequency
of the location (Figs. 9 and 10, top) and the value (Figs. 9
and 10, bottom) of the peak voxel as a function of its prob-
ability. As expected, the peak voxel is most often found in
the high-probability part of the ROI (35% of all peaks in
the right FFA region and 30% of all the peaks in the right
amygdala are found in voxels with probability higher than
90%). But as suggested by the similarity of the Peak PBSC
distributions shown in Figures 7 and 8, the actual value of
the Peak PBSC is independent of the probability of a given
voxel being ‘‘active’’ at a population level. Figures 11 and
12 show the distribution of the mean PBSC with respect to
the probability values within the right FFA and the right
amygdala, respectively. Multivariate ANOVA test revealed
a significant main effect of the threshold value [right FFA:
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F(9,11090) ¼ 187.2, g2 ¼ 0.000*; right amygdala: F(9,11090)
¼ 150.8, g2 ¼ 0.000*]. Further post hoc analyses (Sidak-cor-
rected for multiple comparisons, a ¼ 0.05) revealed signifi-
cant differences between almost every neighboring
threshold values for both regions: 100% > 90% > 80% and
70% > 60% and 50% > 40% and 30% > 20% > 10%.

Sex Differences in the BOLD Response

Supporting Information Figures S1 and S2 provide sex-
specific probabilistic maps for the two contrasts; each map

was created by averaging 13 sex-specific binarized maps
obtained by thresholding t-images calculated in groups of 30
boys and 30 girls per acquisition site. Note the differences in
the extent of the low-probability regions in the case of am-
biguous faces. For this reason, sex differences will be eval-
uated using the probabilistic maps created using the second
strategy, namely the union of binarized maps calculated sep-
arately for boys and girls (see above). Overall, there exist 13
independent ‘‘pairs’’ of the boy and girl groups across the
eight acquisition sites; three acquisition sites contributed
only one such pair of ‘‘n ¼ 30’’ samples per sex (Sites 1, 4,

Figure 3.

Axial cross-sections of the probability maps of the (a) ambiguous and (b) angry contrasts

between the face and control stimuli superimposed on the average image generated using 840

warped structural images of the participants who contributed to the probability maps. Numbers

below the images correspond to the Z coordinates.
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and 8) while the remaining sites contributed two ‘‘girls–
boys’’ pairs. A total of 780 participants (26 samples of 30 par-
ticipants each: 13 ‘‘girls’’ and 13 ‘‘boys’’ samples) contributed
to this analysis. The resulting sex-specific t-maps for each
contrast were thresholded (P < 0.001, uncorrected) and
binarized. A union of the binary images for a given site-spe-
cific ‘‘girls–boys’’ pair was generated and binarized. A total
of 13 such binarized maps were then averaged to generate
the probabilistic maps termed henceforth the PM13 maps.

The resulting probability maps were segmented to 21
ROIs using the same approach as described for the PM28
maps. For each ROI, we estimated an effect size of the
sex difference using Cohen’s d calculated for a given
BOLD-response measure. Cohen’s d is defined as the dif-
ference between sex-specific means of the BOLD
response measures (in this case, the number of active
voxels) divided by the pooled standard deviation of the
sample population:

Figure 4.

Probability maps of the ambiguous (a) and angry (b) contrasts

between the face and control stimuli displayed of the flatten cer-

ebral cortex. The bottom image (c) provides reference to the

location of the main cortical regions responding to the presenta-

tion of faces, including: FFA, fusiform face area; LOC, lateral

occipital cortex; STS, superior temporal sulcus; preSMA, pre

supplementary motor area; PMC, premotor cortex; MDL-FC,

mid dorsolateral frontal cortex; and MVL-FC, mid ventrolateral

frontal cortex. Left and right hemispheres are displayed on the

left and right, respectively.
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Figure 5.

Distribution of the number of voxels (normalized between 0

and 1) with respect to the probability values of the right FFA.

Figure 6.

Distribution of the number of voxels (normalized between 0

and 1) with respect to the probability values of the right

amygdala.

Figure 7.

Distribution of the peak BOLD response (first column), mean

BOLD response (second column) and the number of active vox-

els (third column) in a region-of-interest around the right FFA,

which was extracted from the probability map for the ambigu-

ous face vs. control stimulus contrast. The four rows display the

three measures obtained, with the aid of the probabilistic map,

in the following four ways: (a) all voxels with all range of proba-

bility values (i.e., 1 to 100%); (b) high probability voxels (i.e., 51

to 100%); (c) low probability voxels (i.e., 1 to 50%); and (d) sim-

ilar to (a) except that voxel measure is weighted by the corre-

sponding probability value at each voxel. The median of each

distribution is shown with a solid black line in each plot.
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d ¼ Xf � Xm

s

where s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnf�1Þs2

f
þðnm�1Þs2m

nfþnm

q
and X, and s are the mean,

and standard deviation of the BOLD response measure
and n refers to the number of females (f) and males (m)
in each group. Figure 13 compares the Cohen’s d mea-
sure of the number of active voxels for the ambiguous
and angry face contrasts among the 21 ROIs in the left
(top) and right (bottom) hemispheres. Positive and nega-
tive values represent higher number of active voxels for
girls than boys, respectively. Supporting Information
Tables S1 and S2 provide the mean and standard devia-
tion of the number of active voxels and the weighted
mean BOLD response for each sex and contrast. Both
tables also include the percentage difference between
girls and boys Ffð:Þ�Fmð:Þ

Fmð:Þ � 100
� �

of the corresponding
measures (F(.): weighted mean PBSC or normalized
number of active voxels) and the Cohen’s d. The p-val-
ues resulting from ANOVA analyses (comparing each
measure by sex per ROI) are also provided in the
tables.

Effect of Sample Size, Acquisition Site, and

Scanner

As described above, right FFA was selected as the test
ROI for evaluating the effect of sample size, acquisition
site, and scanner on the variability in the location and
magnitude of the BOLD response to faces.

The group size for sampling the population in this study
varies from 10 to 80 participants per acquisition site, with
an equal number of boys and girls (refer to Table I). De-
spite the fact that studies with more participants will yield
t-maps with higher statistical power, the fMRI response
fields should not vary significantly passing a certain sam-
ple size assuming that the effect of structural variability is
negligible after registering all participants’ images with the
same template.

The minimum sample size that would be sufficient to
preserve population characteristics in fMRI group analyses
was determined using the following procedure. The indi-
vidual (aligned) contrast images were combined, within a
given acquisition site, using a range of sample sizes start-
ing from 10 participants (5 boys and 5 girls) to the maxi-
mum of 80 participants (40 boys and 40 girls) with

Figure 8.

Distribution of the peak BOLD response (first column), mean

BOLD response (second column) and the number of active

voxels (third column) in a region-of-interest around the right

amygdala, which was extracted from the probability map for

the ambiguous face vs. control stimulus contrast. The four

rows display the three measures obtained, with the aid of the

probabilistic map, in the following four ways: (a) all voxels with

all range of probability values (i.e., 1 to 100%); (b) high proba-

bility voxels (i.e., 51 to 100%); (c) low probability voxels (i.e., 1

to 50%); and (d) similar to (a) except that voxel measure is

weighted by the corresponding probability value at each voxel.

The median of each distribution is shown with a solid black

line in each plot.
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increments of 10 participants (5 boys and 5 girls). The
location of the local maximum for the right FFA was
determined in t-maps of different sample sizes across all
eight sites.

The effect of the sample size on the variability in the
location of the FFA response was evaluated in two ways.
First, we conducted three separate one-way ANOVAs
evaluating the effect of the sample size on X, Y, and Z
coordinates of the local maximum in the right FFA region;
no significant effect was observed [X: F(7,56) ¼ 0.7, P ¼
0.7; Y: F(7,56) ¼ 0.6, P ¼ 0.8; Z: F(7,56) ¼ 0.9, P ¼ 0.5]. Sec-
ond, we calculated the Euclidean distance between the
location of the ‘‘reference’’ FFA (X ¼ 42, Y ¼ �48, Z ¼
�23; see above) and the local maximum of the BOLD
response in the right FFA (i.e., the voxel with the highest t
value) obtained in each group (see Fig. 14). One-way
ANOVA of the Euclidean distances revealed a significant
main effect of the sample size [F(3,636) ¼ 3.158, g2 ¼
0.024]. Post hoc comparisons (Sidak-corrected for multiple
comparisons to achieve a ¼ 0.05) showed a significant dif-
ference between sample sizes of 10 and 20 participants
versus those of 60 and 80 participants; there were no sig-
nificant differences between groups with 30 through 80

participants. We took this as an evidence for determining
the sample size n ¼ 30 as the minimum size of a sample
to yield reliable FFA location. We used this size for gener-
ating functional probabilistic maps described above.

To evaluate the effect of the acquisition site on the loca-
tion of the right FFA, we assessed the variability in X, Y,
and Z coordinates of the local maximum within right FFA
(extracted from t-statistics maps) in a fixed sample size of
n ¼ 80 per acquisition site across the eight acquisition
sites. The X coordinate was the same across all sites (X ¼
þ42), while the Y coordinate had two different values (Y
¼ �48: six sites; and Y ¼ �51: two sites). The most varia-
tion in the location was occurring along the z-axis (Z ¼
�18: one site; Z ¼ �21: three sites; and Z ¼ �24: four
sites). Furthermore, the mean�std of the Euclidean dis-
tance between every pair of the extracted local maximum
coordinates for the right FFA (from eight sites) was deter-
mined as 3.12 � 2.04 (range: [0,6] mm). Also, there was no
significant difference among four types of scanners (GE,
Philips, Bruker and Siemens) in terms of the Euclidean
distance error.

The effect of sample size on the magnitude of the BOLD
signal was determined using an ANOVA test on the t-

Figure 9.

Frequency of the location (top) and the value (bottom) of the

peak voxel in the right fusiform face area, which was extracted

from the probability map for the ambiguous face vs. control

stimulus contrast, as a function of its probability. The gray line

presents the mean of the peak PBSC within the population.

Figure 10.

Frequency of the location (top) and the value (bottom) of the

peak voxel in the right amygdala, which was extracted from the

probability map for the ambiguous face vs. control stimulus con-

trast, as a function of its probability. The gray line presents the

mean of the peak PBSC within the population.
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statistics value at the peak activation foci in the right FFA
region, which were identified by the group analyses with
different sample sizes ranging from 10 to 80. As expected,
there was a significant effect of the sample size [F(7,56) ¼
10.1, g2 ¼ 0.000*]. Further post hoc comparisons (Sidak-
corrected for multiple comparisons, a ¼ 0.05) showed a
significant difference between different sample sizes
according to the following order (high to low): 80 > 70, 60
> 50, 40 > 30, 20, 10.

The effect of the acquisition site and scanner on the mag-
nitude of the fMRI response was evaluated by conducting
one-way ANOVA on the three measures described above
(Peak PBSC, Mean PBSC, and number of active voxels),
which were calculated for a ROI defined around the refer-
ence FFA (X ¼ 42,Y ¼ �48, Z ¼ �23; ROI size 5 � 5 � 5
voxels) for all individuals within the sample size 80 (40 boys
and 40 girls) per site and across all eight sites. As seen in
Figure 15, for the acquisition site (eight levels), ANOVA did
not reveal any significant effects of the site on the peak and
mean PBSC. There was a significant main effect of the acqui-
sition site on the number of active voxels [F(7,632) ¼ 2.1, g2

¼ 0.044]. Further post hoc comparisons (Sidak-corrected for
multiple comparison, a ¼ 0.05) showed a significant differ-
ence between two acquisition sites (Sites 4 and 5). For the
scanner (four levels: GE, Philips, Siemens, and Bruker),
ANOVA analysis revealed a significant main effect of the
scanner on all three measures [peak PBSC: F(3,636) ¼ 3.5, P
¼ 0.02; mean PBSC: F(3,636) ¼ 3.4, P ¼ 0.02; number of
active voxels: F(3,636) ¼ 4.1, P ¼ 0.007]. Post hoc compari-
sons showed a significant difference between Bruker (Site 4)

and Philips for peak PBSC (Bruker < Philips), Bruker with
Philips and Siemens for mean PBSC (Bruker < Philips,
Bruker < Siemens), and Bruker with Siemens (Bruker < Sie-
mens) for the number of active voxels.

DISCUSSION

Using a large dataset of fMRI images acquired in typically
developing adolescents in the context of a multi-center
study (IMAGEN), we were able to construct probabilistic
maps of the neural network engaged consistently by the am-
biguous or angry faces. These maps specify the likelihood of
the neural response to the face stimulus at every voxel
throughout the brain. We have also been able to address
several methodological issues associated with multi-site
fMRI studies, to compare three different measures of the
BOLD response and, finally, provide the initial description
of sex differences in the brain response to faces. We will
now address these topics in the text below.

Probabilistic maps presented here are based on fMRI data
acquired in 840 adolescents (420 girls and 420 boys) who
viewed the same videoclips of ambiguous and angry faces
and were scanned using the same MR protocol imple-
mented at eight acquisition sites. In this way, these maps
differ from the ALE maps, which are based on a meta-
analysis of multiple fMRI studies acquired with different
behavioral paradigms and different MR sequences at multi-
ple geographical locations. Furthermore, typical ALE maps
do not incorporate study-specific differences in sample size

Figure 11.

Distribution of the mean PBSC with respect to the threshold

value extracted from the probability map for the ambiguous face

vs. control stimulus contrast for the region of right FFA. (*) indi-

cates a significant difference in post hoc comparisons. The gray

line presents the group mean PBSC.

Figure 12.

Distribution of the mean PBSC with respect to the threshold

value extracted from the probability map for the ambiguous face

vs. control stimulus contrast for the region of right amygdala. (*)

indicates a significant difference in post hoc comparisons. The

gray line presents the group mean PBSC.
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and in the actual magnitude and extend of the fMRI
response at a given location; all these parameters are consid-
ered when constructing probabilistic maps described here.
Let us briefly compare our probabilistic maps with the ALE
maps based on a meta-analysis of 105 fMRI studies of face
processing carried out by Fusar-Poli et al. [2009]. This analy-
sis included a total of 1,600 healthy participants; the number
of participants per study varied between 5 and 40, with a
mean of 15.2 participants. To compare the two datasets, we
have transformed the X, Y, and Z coordinates reported in
Fusar-Poli et al. [2009] to the MNI coordinate frame using
the transformation provided by Lancaster et al. [2007], and
calculated Euclidean distance between the two sets of loca-
tions. For the ambiguous (or neutral) faces, the location of
the right FFA is very similar (ROI 12 in Table II; Euclidean
distance of 5.4 mm, with 93% probability of the Fusar-Poli
FFA in our probabilistic map). This is also true for the left
amygdala (ROI 20 in Table II; Euclidean distance of 3.7 mm,
with 86% probability of the Fusar-Poli FFA in our probabil-
istic map). On the other hand, the location of a local maxi-
mum in the right mid-dorsolateral frontal cortex differs
across the two studies (ROI 04 in Table II; Euclidean dis-
tance of 11.6 mm, with 71% probability of the Fusar-Poli
FFA in our probabilistic map). For the angry faces, there is

very little overlap between the ALE map and our map, with
the exception of the left amygdala (ROI 21 in Table II), right
posterior STS (ROI 10 in Table II) and the left cerebellum
(ROI 17 in Table II). Thus, the two sets of probabilistic maps
provide somewhat different picture of the ‘‘face network’’
both in qualitative (presence/absence of certain brain
regions) and quantitative (exact location of a region) terms.
This is not surprising given the large variety of stimuli and
contrasts that are, by definition, included in any meta-
analysis and the uniformity of the face paradigm used in
the IMAGEN study. One can argue that the two approaches
are complementary in that the ALE-based approach pro-
vides a survey of all brain regions ‘‘activated’’ by many
kinds of face stimuli while the IMAGEN-based probabilistic
maps provide precise definitions of the face network
engaged by a particular set of face stimuli. This precision
may be of critical importance when one wishes to use such
probabilistic maps to define regions of interest to analyze
fMRI data obtained in independent studies.

The nature of the current dataset, namely its large size
and multi-site acquisition, allowed us to evaluate some of
the basic sources of variability in the location and magni-
tude of the fMRI response to ambiguous and angry faces.
As pointed out by others [Costafreda et al., 2007], one of

Figure 13.

Sex differences (Cohen’s d; 592 girls, 518 boys) in the number of active voxels within 21 ROIs of

the PM13. Positive and negative values represent higher number of active voxels for girls than

boys and vice versa.
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the main sources of variability is the individual partici-
pant. Therefore, the first question we addressed was the
consistency of the ‘‘peak’’ location as a function of number
of participants. Comparing different sizes of samples avail-
able at all acquisition sites, from the smallest sample of 10
adolescents to the largest one of 80 adolescents per site,
we have observed no significant variations in the location
of the right FFA when comparing each of the three coordi-
nates (X, Y, and Z) independently. We found, however, a
subtle but significant effect of sample size on Euclidean
distance: the smallest two samples (n ¼ 10 and n ¼ 20)
were different from the larger ones. The between-sample
difference in the Euclidean distance at the sample-size
‘‘boundary’’ (i.e., n ¼ 20 vs. n ¼ 30) was about 2 mm.
Although rather small, such a shift in the ‘‘centre-of-grav-
ity’’ of a region-of-interest can influence, for example, com-
parisons of two groups of participants vis-à-vis their fMRI
response in what is presumed to be the same functional
region. In this context, it should be noted that the majority
of previous fMRI studies of face processing acquired data
in about 15 participants per study (Range: 5 to 40 partici-
pants; 25th and 75th quartiles of 10 and 18 participants,
respectively; Mean: 15.2; Standard Deviation: 7.1; Median
¼ 13; from Fusar-Poli et al. [2009]). Given that such studies
are used in meta-analyses carried out, for example, with
ALE, one needs to be aware of the possible imprecision of
ALE-derived probabilistic maps.

One of the main reasons for multi-centre neuroimaging
studies is the relative efficiency with which one can collect
large number of MRI datasets; in the IMAGEN project, the

1,110 adolescents have been scanned in less than two
years. But as pointed out by others [e.g., Costafreda et al.,
2007; Friedman et al., 2006, 2008; Zou et al., 2005], acquir-
ing data at several acquisition sites and using scanners

Figure 14.

Euclidean distances for the different sample sizes (from 10 to 80

participants) calculated across the eight acquisition sites per

sample. For each sample, we calculated the distance between

the location of the right fusiform face area (FFA) obtained in

this sample and its ‘‘reference’’ location. The ‘‘reference’’ loca-

tion of the right FFA was defined as the median across the eight

acquisition sites for the largest sample size of 80 participants

(MNI coordinate: X ¼ þ42, Y ¼ �48, Z ¼ �23).

Figure 15.

Functional MR response to ambiguous faces in the right fusiform

face area. (a) Peak percent BOLD signal change; (b) mean percent

BOLD signal change; and (c) normalized number of active voxels.

Site indicates the eight acquisition sites (in no particular order).

(*) indicates a significant difference in post hoc comparisons.
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made by different manufacturers can hamper pooling data
across the sites. In the case of the FFA response to ambigu-
ous (or emotionally ‘‘neutral’’) faces, these undesirable
sources of variance are rather small. First of all, we found
very little variations in the location of the FFA across sites
and scanners. Second, the only significant effect of acquisi-
tion site was observed for only one of the fMRI measures,
namely the number of active voxels, and—based on post
hoc statistical comparisons—this difference was significant
only when comparing Site 4 vs. Site 5. It should be pointed
out that, overall, the effect of site and scanner on the mag-
nitude of the fMRI response in the right FFA explains only
up to 2% of total variance. The effect of acquisition site is
most likely related to the fact that data at Site 4 were
acquired with a Bruker scanner; the effect of scanner is
significant for most fMRI measures, with the post hoc sta-
tistical comparisons clearly indicating that the scanner
effect is driven by differences between the Bruker scanner
and both the Philips and Siemens scanners. This may be
due to a slightly lower signal-to-noise ratio of the Bruker
scanner, when compared with a Siemens scanner. Such a
scanner effect is not surprising; it has been identified in
the majority of multi-center studies as the main source of
between-site variance [e.g., Friedman et al., 2006, 2008].
This effect can be minimized at the time of data analysis;
for example, one can mean-center the dependent variables
at each acquisition site before pooling the data across sites.
Overall, there are numerous sources of variation among
individuals in functional neuroimaing studies [see Van
Horn et al., 2008, for a review]. Here we described only
the ones that may hamper uncovering sources of biological
variance, namely the acquisition site and scanner manufac-
turer. Note that we have minimized inter-individual differ-
ences in brain structure by using nonlinear registration of
the individual brains (T1-weighted images) to a common
template, and prevented any possible confounding effects
of age and sex (on the effect of acquisition site and/or
scanner) by including an equal number of boys and girls
(of the same age) per acquisition site.

There are many possible ways to characterize the ‘‘magni-
tude’’ of the fMRI response to a stimulus in a particular
brain region. Here, we compared three such measures,
namely Peak and Mean BOLD response and the normalized
number of ‘‘active’’ voxels. The first measure indicates the
maximum response found anywhere in the ROI, the second
averages the response across all voxels constituting the ROI,
and the third one indicates the extent of ‘‘activation’’ across
a given ROI. When comparing the three measures in charac-
terizing the fMRI response to ambiguous faces in the right
FFA, we clearly see that the Peak voxel is found most often
in the part of the FFA showing the highest probability of
activation, as determined by the probabilistic map. How-
ever, when the peak voxel is located in low-probability parts
of the FFA, the magnitude of the Peak BOLD response is not
different from that at the high-probability location. This
finding might reflect residual inter-individual variability in
the structural and functional localization of a given region

and/or in the location of draining venules. Not surprisingly,
the mean BOLD and especially the relative number of active
voxels vary as a function of the population-based probabil-
ity of activating a given set of voxels (e.g., low vs. high prob-
ability; see Figs. 7 and 8). As shown in Figures 7 and 8, the
use of probabilistic maps can reduce noise in the individual
values of the Mean BOLD by weighing this measure at each
voxel by its probability of activation in the entire popula-
tion. In this manner, the probabilistic map functions as a
‘‘spatial filter’’ injecting prior knowledge into a given analy-
sis. Reduction in the ‘‘noisiness’’ of the BOLD measures in
each individual may be particularly important for relating
the brain response (to faces) to other variables, such as psy-
chopathology and personality, or when exploring genetic
and environmental underpinnings of a given brain
response.

Focusing on brain regions known to be engaged
robustly by a given stimulus simplifies the interpretation
of the observed effects of exposures. For this reason, a priori
definition of regions of interest is of particular value in
large-scale studies where a well-defined brain phenotype
is a condition sine qua non for subsequent integration
with clinical and genetic data. One possible way of achiev-
ing this goal is the use of a probabilistic map to restrict
the ‘‘search space’’ to a relevant neural network. If we
threshold the two probabilistic maps generated here at
50% probability, we identify 21 brain regions that are
‘‘activated’’ with this (or higher) probability at least in one
of the two contrasts, namely ambiguous vs. control and
angry vs. control (Table II). The three key components of
the face network are: the FFA, the posterior part of the
STS and the amygdala; ambiguous faces appear to ‘‘acti-
vate’’ these three regions with 100% probability (except for
the left amygdala: 96%). Based on lesion literature, the
three regions likely contribute to different aspects of face
processing. For example, lesions involving FFA result in
deficits in face recognition [e.g., Tranel et al., 2009]; those
involving STS are associated with deficits in the perception
of gaze direction [Akiyama et al., 2006]; lesions of the
amygdala disturb the recognition of emotions in faces
(e.g., perceiving fear by moving the observer’s gaze to the
eye region of the face [Adolphs, 2008]). Furthermore, the
ambiguous faces engage several regions in the frontal lobe
with high probability as well, including the mid-dorsolat-
eral and mid-ventrolateral frontal cortex, pre-SMA and the
dorsal premotor cortex. These regions may be part of a
neural circuit believed to ‘‘resonate’’ with observed actions
[Rizzolatti et al., 2001]. In this context, it is interesting to
note significant engagement of the putamen and cerebel-
lum. At a global level, brain regions revealed by the two
probabilistic maps suggest significant hemispheric differ-
ences in the expected direction [R > L; Benton, 1990] and
the more likely engagement of the face network by ambig-
uous (vs. angry) faces.

Using the sex-tailored probabilistic maps, we have been
able to compare female and male adolescents in their neu-
ral response to faces in the 21 high-probability ROIs. Two
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main findings emerged: (1) When viewing ambiguous
faces, girls engage most of the regions to a greater extent
than boys. This sex difference appears somewhat stronger
when the number of ‘‘active’’ voxels is used to characterize
the BOLD response in each ROI; and (2) When viewing
angry faces, most of the sex differences are greatly
reduced (when compared with the ambiguous condition)
and, importantly, a subtle but significant reversal occurs in
that boys show a stronger response (than girls) to angry
faces in the amygdala. The latter sex differences appears
somewhat stronger when the weighted peak BOLD is
used as a measure. Overall, the effect sizes of these sex
differences vary between ‘‘medium’’ (�0.5) and ‘‘small’’ (�
0.2). Overall, these findings support the possibility of
female advantage in decoding the face [Hall et al., 2009].
In an eye-tracking study, for example, Hall et al. [2009]
showed that women looked longer and more often into
the eyes when compared with men. They also report that
women were faster and more accurate in recognition of
face expression when compared with men and that the
dwell time and the number of fixations on the eyes was
positively correlated with the accuracy and speed of facial-
expression recognition [Hall et al., 2009]. Thus, female
adolescents might have engaged in deeper processing of
the ambiguous faces, when compared with male adoles-
cents. On the other hand, the slightly (Cohen’s d � 0.2)
stronger response to angry faces observed in the amygdala
of male (vs. female) adolescents suggests greater sensitiv-
ity of the male brain to a threatening (social) stimulus.
Note that this is the case despite a stronger concurrent
engagement of the fusiform face area in girls compared
with boys in this condition. This dissociation between sex
differences in cortical (FFA) and subcortical (amygdala)
parts of the face network during the processing of angry
faces is intriguing and, to some extent, inconsistent with
previous fMRI studies that found stronger amygdala
response to static pictures of angry faces in women than
men [e.g., McClure et al., 2004]. In the McClure study, how-
ever, an explicit task was used that required the participant
to rate how threatening the face is, thus directing her/his
attention to the relevant features. Given the functional heter-
ogeneity of the amygdala [e.g., threat detection vs. stress
response: McEwen and Gianaros, 2010], future studies are
needed to disentangle the exact nature of the sex differences
in the neural response to angry faces observed here.

Future analyses of this dataset will likely shed light on
the possible clinical relevance of such and other differen-
ces in this face network, and will identify environmental
and genetic underpinning of inter-individual differences in
engaging the different nodes of this network.
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