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Abstract
Face processing undergoes a fairly protracted developmental time course but the neural
underpinnings are not well understood. Prior fMRI studies have only examined progressive
changes (i.e., increases in specialization in certain regions with age), which would be predicted by
both the Interactive Specialization (IS) and maturational theories of neural development. To
differentiate between these accounts, the present study also examined regressive changes (i.e.,
decreases in specialization in certain regions with age), which is predicted by the IS but not
maturational account. The fMRI results show that both progressive and regressive changes occur,
consistent with IS. Progressive changes mostly occurred in occipital-fusiform and inferior frontal
cortex whereas regressive changes largely emerged in parietal and lateral temporal cortices.
Moreover, inconsistent with the maturational account, all of the regions involved in face viewing
in adults were active in children, with some regions already specialized for face processing by 5
years of age and other regions activated in children but not specifically for faces. Thus,
neurodevelopment of face processing involves dynamic interactions among brain regions
including age-related increases and decreases in specialization and the involvement of different
regions at different ages. These results are more consistent with IS than maturational models of
neural development.

Beginning in infancy, the face is an important social stimulus. Infants show a preference for
the face versus other stimuli soon after birth (Cassia, Turati, & Simion, 2004) and, early on,
infants discriminate their mothers’ faces from those of strangers (Bushnell, Sai, & Mullin,
1989). However, typical face processing in infancy differs from typical face processing in
adulthood in terms of both perceptual and social information processing (Bhatt, Bertin,
Hayden, & Reed, 2005; Carver et al., 2003).

In addition, face processing improves with age in childhood (Pascalis & Slater, 2003) and
may not reach adult-like levels until well into adolescence (Carey, Diamond, & Woods,
1980; Ellis, Shepard, & Bruce, 1973). However, there is debate about the exact nature of the
developmental change (Carey & Diamond, 1994; McKone & Boyer, 2006; Mondloch,
Geldart, Maurer, & Le Grand, 2003; Pellicano, Rhodes, & Peters, 2006). Earlier studies
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suggested that children are more sensitive to facial features than to the spacing among
features (second-order structure) and that second-order processing takes more time to mature
(Carey & Diamond, 1994; Schwarzer, 2000). However, recent findings show that even
infants as young as five months of age are sensitive to second-order structure in faces (Bhatt,
Bertin, Hayden, & Reed, 2005). Moreover, when floor and ceiling effects are controlled,
young children do not show particular deficits in second-order processing (McKone &
Boyer, 2006). Although this debate continues, it is widely accepted that face processing
continues to develop throughout childhood. Therefore, the present study focuses on
developmental changes specifically in the time window of 5 to 12 years of age.

Recent functional magnetic resonance imaging (fMRI) studies on the development of face
processing (Grill-Spector, Golarai, & Gabrieli, 2008) have largely focused on age-related
changes in the fusiform face area (FFA; Kanwisher, McDermott, & Chun, 1997). Nearly all
of these studies report an increase in specialization of the FFA for faces from childhood to
adulthood (Aylward et al., 2005; Golarai et al., 2007; Passarotti, Smith, DeLano, & Huang,
2007; Scherf et al., 2007). Children younger than 7–8 years of age do not show strong
responses to faces in the FFA, and when the FFA is detected in younger children, it is
smaller than in adults or older children (Gathers, Bhatt, Corbly, Farley, & Joseph, 2004;
Golarai et al., 2007; Passarotti et al., 2003; Scherf, Behrmann, Humphreys, & Luna, 2007).
Importantly, some studies (Golarai et al., 2007; Scherf et al., 2007) report no increases in
specialization in other functionally defined brain regions like the occipital face area (OFA;
Rossion et al., 2003) or the lateral occipital complex (LOC; Malach et al., 1995), suggesting
that these regions already show a preferential response for the relevant category in
childhood. Nevertheless, because younger children do not appear to strongly activate the
FFA in response to faces, developmental fMRI studies should attempt to characterize the
entire set of brain regions or networks that are recruited in younger children for face
processing, rather than focusing only on the FFA. To address this, the present study
examines patterns of activation for face processing throughout the brain in younger and
older children and adults.

Examining an extended network for face processing can also help discriminate among
theoretical accounts of brain development, like the maturational and interactive
specialization (IS) accounts described by Johnson (2005). The major features of the two
views that are addressed in the present study are outlined in Table 1. In the maturational
account, the emergence of a specific cognitive function in a brain region depends on gene
expression in that region. Johnson notes that in the maturational view “circuits that support
components of the adult system are assumed to come ‘on-line’ at various ages” and that
“specific cognitive mechanisms are either present or absent at a given age” (p. 14). Johnson
also notes that the maturational view assumes a one-to-one correspondence between brain
region and cognitive function. With respect to face processing, the maturational view would
predict that regions specialized for face processing in adults emerge based on the combined
influence of gene expression and experience on cortical circuitry (Johnson, 2005, 2007),
with the influence of experience less emphasized by some authors (Kadosh & Johnson,
2007). In either case, the specialized function of particular brain regions emerges over time
in a linear, deterministic fashion, assuming the involved brain regions remain intact
throughout development.

Evidence for the maturational viewpoint is provided in a case study of a 16-year old boy
who suffered brain damage at one day of age in the occipital and occipito-temporal cortex
(Farah, Rabinowitz, Quinn, & Liu, 2000). The child never developed typical face
recognition capabilities despite years of experience with faces and otherwise normal
development. His object recognition capabilities, in contrast, were intact. Farah et al.
concluded that “the human genome contains sufficiently explicit information about faces
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and nonface objects [and] experience with these categories is not necessary for their
functional delineation and differential brain localization” (p. 117). This study supports one
aspect of the maturational viewpoint–that brain regions involved in face processing are
specified in the genome. If those regions are damaged, then even years of experience with
faces cannot override the original loss of integrity of that region. Hence, specialization for
faces will never develop.

Johnson (2005) notes that the maturational viewpoint has dominated much of the field in
terms of relating developmental changes in behavior to brain function. We note that
focusing only on regions like the FFA and not on large-scale activation patterns is also more
in line with the maturational view than with other accounts of brain development. In contrast
to the maturational view, the IS account posits that all regions of a network (e.g., the face
processing network) are at least partially activated early on and may initially serve as a
general purpose mechanism for processing many types of stimuli (de Haan, Humphreys, &
Johnson, 2002; Johnson, 2001). In addition, “different brain regions may be critical for the
same task at different ages” (Johnson, 2005, p. 11). According to the IS account, cortical
specialization results from activity-dependent interactions among regions as they “compete
with each other to acquire their role in new computational abilities” (Johnson, 2005, p. 16).
The IS account also predicts that the emergence of a new cognitive function will be the
result of changes in activity over numerous brain regions rather than only a few regions, as
in the maturational account.

As noted earlier, most studies have focused on developmental increases in specialization for
faces in specific circumscribed regions (e.g., FFA or OFA). This approach, however, does
not adequately test some critical assertions of the IS account. First, the IS account stresses
that specialization for certain cognitive functions is the result of the interaction of many
brain regions. With development, acquisition of a new cognitive computation involves
functional reorganization so that “ … the same behavior could potentially be supported by
different neural substrates at different ages during development” (p. 167; Johnson, 2005).
This implies that children could recruit different regions from adults for face-specialized
processing (Table 1, Prediction 4). Few developmental fMRI studies of face processing have
examined brain regions that are activated in children but not in adults (cf. Gathers et al.,
2004; Passarotti et al., 2003), yet this is a critical prediction of the IS account. The
maturational account assumes specialized cognitive functions unfold over time in one or a
few brain regions (Table 1, Prediction 2). Consequently, children would not recruit different
regions from adults in this view but may, instead, “have reduced versions of the adult mind”
(Johnson, 2005, p. 13).

Second, simply showing that a particular region like the FFA becomes more specialized
with age is also not a sufficient test of the IS account because the maturational account
would make the same prediction (Table 1, Prediction 1). One of the critical distinctions is
characterizing the response of the region prior to specialization in adulthood. If maturation
of a brain region occurs in the time window tested in a given study, the region might be
expected to show minimal or no activation in childhood prior to specialization in adulthood,
which would be consistent only with the maturational view (Table 1, Prediction 3). The IS
account would predict that a brain region is activated in some fashion, albeit non-
specifically, in childhood prior to specialization of the region in adulthood (Table 1,
Prediction 5). However, this outcome could also be supported by the maturational view if
maturation of the region was complete or nearly complete by the age of the youngest
participants in the study. Therefore, Prediction 5 in Table 1 would not necessarily
differentiate the two accounts, whereas Prediction 3 (i.e., no activation prior to
specialization) would only be consistent with the maturational view.
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We note that a specialization index (as used in some prior developmental studies) cannot
distinguish between non-specific and absence of activation in a region. A specialization
index of 0 (or close to 0) could reflect either outcome. Therefore, approaches are needed to
make the critical distinctions among (1) lack of activation in children, (2) non-specific but
significant activation in children, and (3) specialized activation in children (albeit less
specialized than in adults). The present study will make these critical distinctions.

The present goal is to offer operational definitions for specific assertions of the IS and
maturational accounts of brain development. To make the critical distinctions outlined
above, the present study will compare fMRI signal for each condition relative to every other
condition and relative to baseline. Specialization for faces is defined in two ways: “face-
preferential” and “face-specific.” With a “face-preferential” response, a brain region shows a
significantly greater response to faces than to either natural or manufactured objects and a
greater response relative to baseline. A preferential response, as used in the present study, is
most similar to the response measured by the first paper that defined the FFA (Kanwisher et
al., 1997) in which the FFA was determined by the contrast of faces versus non-face objects.
In addition to including this contrast, a “preferential” response, as presently defined, goes
one step further by eliminating voxels in which the face response does not yield a greater
response than the resting baseline condition (Joseph, Partin, & Jones, 2002).

On the surface, the present definition of face-preferential responses may not seem very
restrictive. However, Gathers et al. (2004) systematically explored different definitions of
specialized activation, including “preferential” activation. In these studies, “selective”
activation was defined as a greater response to faces than to all other categories tested and
baseline, and no differential response among the other categories and baseline. This very
stringent definition does not yield the FFA, even in adults (Joseph & Gathers, 2002).
Nevertheless, the present study will also explore a more restrictive definition of specialized
activation than face-preferential but less restrictive than face-selective activation. We term
this profile of activation “face-specific.” A face-specific response requires that faces activate
a region greater than baseline and greater than both natural and manufactured objects (cf.
face-preferential activation which requires activation greater than only one of the two non-
face categories). In the present study, the FFA does not show a face-specific response but
does show a face-preferential response in adults. Therefore, we use face-preferential
activation to isolate brain regions in all age groups because it is more inclusive and yields
regions like the FFA which can be investigated further with additional analyses. In addition,
using a “preferential” response to isolate regions provides a basis for more brain regions to
explore in children, who may not show the same degree of specialization as adults.

The present paper also explores activation profiles other than face-preferential and face-
specific. It is important to distinguish between “no activation” in a brain region versus “non-
specific” activation. We define “not activated” as absence of a statistically significant
response above baseline to any of the conditions in the study (face, natural or manufactured
objects). We also define two types of non-specific activation. “Conjoined” activation is
defined as statistically significant activation for faces, natural and manufactured objects
relative to baseline, but no statistically significant differences among faces, natural and
manufactured objects (Joseph & Gathers, 2002). Conjoined activation is necessarily
mutually exclusive with both face-specific and face-preferential activation because faces
must be greater than at least one other category with face-specific or face-preferential
activation but this cannot be the case for conjoined activation. A second type of non-specific
activation (which we will term “non-specific”) is defined as a response to any single
category (face, natural or manufactured objects) relative to baseline, but the activation does
not meet the stricter criteria for a face-preferential, face-specific or conjoined response. This
means that the brain region is activated in some fashion but not preferentially for faces and
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not equivalently for all categories. As an example, a region could show a response to faces
greater than baseline, but this would not qualify as a face-preferential or face-specific
response because the activation is not also greater than at least one other category.
Nevertheless, the brain region is activated in some fashion whereas with “not activated”
status, no condition activates the region greater than baseline.

Once the brain regions are characterized as face-specific, face-preferential, conjoined, non-
specific, or non-activated, we also will examine changes in specialization with age using a
specialization index similar to what has been used in other studies (Golarai et al., 2007). The
present analysis will extend previous findings by characterizing the changes across age as
either progressive or regressive. A progressive change means that the face-specialization
index in a brain region increases with age; a regressive change means that the face-
specialization index decreases with age. Most developmental fMRI studies of face
processing to date have only examined progressive changes, but observations in other
cognitive domains like lexical processing have noted that both progressive and regressive
changes occur across development (e.g., Brown et al., 2005). Most importantly, the
maturational account would predict a shift from minimal or no activation in childhood to
specialized activation in adulthood, or progressive changes in most brain regions recruited
for face processing (Table 1, Prediction 1). In contrast, the IS account would predict
significant reorganization from childhood to adulthood such that both progressive and
regressive changes might emerge in multiple brain regions, as a reflection of regions
competing to support specific cognitive functions. Within the time window of development
explored in the present study, progressive changes such as increases in myelination and
white matter occur (De Bellis et al., 2001; Giedd, 2004; cf. Nagel et al., 2006) and
regressive changes, such as decreases in gray matter volume or synaptic density, have also
been reported in certain brain regions (Gogtay et al., 2004; Sowell et al., 2004). Although
fMRI BOLD responses are not a direct measure of these cellular changes, it is important to
characterize large-scale brain activation changes throughout development to set the stage for
linking BOLD activation to potential underlying cellular events.

Many definitions of specialization have been used in the literature and conclusions about the
development of specialized neural substrates for face processing will depend heavily upon
the definition that is adopted. A specialization index typically reflects the difference in
percent fMRI signal change to faces and non-faces, scaled to the total response for faces and
non-faces (Golarai et al., 2007). In the present study, we will use a specialization index that
reflects the incremental difference in fMRI signal for faces versus non-faces and baseline
scaled to the average response for non-faces and baseline:

This formula uses mean intensity values rather than percent signal change values based on a
recent criticism of selectivity indices (Simmons, Bellgowan, & Martin, 2007) that points out
that when using percent signal change values (which can be negative), adjustments to
baseline are necessary to avoid inflated estimates of specialization. The present formula uses
mean intensity values, which are positive. In addition, the formula includes the baseline
response in the calculation, thereby addressing concerns of adjusting for baseline responses
(see Methods for validation of this formula)

This index can be likened to a percent signal change for faces versus all other conditions.
Consequently, an index of 0 would mean that faces are not activated greater than all of the
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other conditions and baseline combined. We note that the present index will only be applied
to regions that have already been defined as having a face-specific or face-preferential
response (in at least one age group) in the first analysis phase. Because none of the regions
in the present study showed a significantly greater response to a non-face category than to
faces, the present specialization index gives a measure of the degree of preferential response
to faces compared to all other conditions combined.

With all of these operational definitions in place, the main predictions are provided in Table
1. Outcomes that are consistent with either account are that specialization for faces in
regions like the FFA will increase with age (Prediction 1) and that earlier in development,
regions like the FFA could be partially or non-specifically activated (Prediction 5). For
Prediction 1, we expect an increase in the specialization index with age (progressive
changes) and for Prediction 5, children will show conjoined or non-specific activation for
regions that show face-preferential or face-specific responses in adulthood. Outcomes that
are consistent with the maturational account are that one or only a few regions will show
increased specialization for faces with age (Prediction 2) and a region specialized for faces
in adulthood could be non-activated in childhood (Prediction 3). Specifically, Prediction 3
would suggest that a region will show no activation greater than baseline for any condition
in childhood prior to showing face-preferential or face-specific activation in adulthood.
Outcomes that are consistent with the IS account are that multiple regions will show
specialization for faces throughout development (Prediction 4) and that different regions or
networks of regions could be more strongly activated in childhood than in adulthood–these
regions will show regressive changes and no longer be specialized for face processing by
adulthood (Prediction 6). Thus, Prediction 6 suggests that the specialization index will
decrease with age as an index of regressive changes. We will also explore the different types
of regressive change–do the regions that show face-preferential or face-specific responses in
childhood become obsolete for face processing in adulthood (i.e., are not activated in
adulthood), show partial activation (i.e., show non-specific or conjoined activation in
adulthood) or simply decrease in degree of specialization (i.e., could still show a face-
preferential or face-specific response but less than that observed in childhood)?

Method
Participants

Fifty-seven 5–12 year old children (31 males, mean age 8.8 years) and 43 adults (20 males,
mean age 26.9 years, 39 right-handed) with no significant medical histories or conditions
were compensated for their participation. Four children did not complete the study. Data
from six other children were omitted due to excessive head motion (see criteria below). Data
from the remaining 47 children (22 males, mean age of 9.3 years, 42 right-handed) were
divided into two age groups, based on the median age: older children (9.8–12 years; n=24)
and younger children (5–9.7 years; n=23). All children had normal visual acuity, were fluent
in English, with receptive and expressive language skills within normal age limits according
to the Peabody Picture Vocabulary Test (Dunn & Dunn, 1997) and the Expressive
Vocabulary Test (Williams, 1997). Children provided written assent accompanied by
parental consent and adults provided written consent in accord with the guidelines
established by the university’s Institutional Review Board.

Design
The 9-minute face localizer task consisted of nine task blocks (three each of human faces, F,
natural objects, N, and manufactured objects, M) interleaved with eight fixation blocks
(17.8s each). Within each task block, 30 randomly-ordered, gray-scale stimuli appeared for
1000 ms each followed by a fixation cross for 400 ms. Face stimuli were 30 photographs
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scanned from a high school yearbook. Photos of 30 natural and 30 manufactured objects
were acquired from different sources (Photodisc CD, Photodisc, Seattle, WA, MacMillan
Visual Dictionary, Corbeil & Archambault, 1992). Fixation stimuli consisted of a black
crosshair centered on a white background. Participants were isntructed to press a button with
their index finger each time they viewed a stimulus, but not to press the button during
fixation blocks. Stimuli were projected onto a screen using a high-resolution LCD projector
connected to a Dell computer running E-prime 1.0 (Psychology Software Tools, Pittsburg,
PA). Participants viewed the stimuli (visual angle of 6.74 degrees) through a mirror attached
to the head coil. Because the data used in the present analysis were pooled from previous
experiments, some of the participants performed an object-matching task in separate
functional runs in addition to the face localizer task (Gathers et al., 2004) whereas other
participants performed an additional face-matching and object-matching task (Joseph,
Gathers et al., 2006). However, only the data from the face localizer run were used in the
present analysis.

fMRI Data Acquisition
Data were collected using a Siemens Vision 1.5 Tesla magnet equipped with a quadrature
head coil and T2*-weighted gradient echo sequence. Seven brain volumes per task block
and three brain volumes per fixation block consisted of 46 axial slices acquired in ascending
order to allow for whole brain coverage (TR = 6000 ms, TE = 40 ms, flip angle = 90°, 64 ×
64 matrix, FOV = 228 × 228 mm2, thickness = 3mm, gap = 0.6 mm). High-resolution T1-
weighted MP-RAGE anatomical scans (150 sagittal slices 1 mm thick for adults and 76
sagittal slices 2 mm for the children, FOV = 256 × 256 mm2) were also collected for each
participant.

fMRI Data Analysis
Using FMRIB’s FSL package (http://www.fmrib.ox.ac.uk/fsl), images in each participant’s
time series were motion corrected and functional runs were discarded when uncorrected
head motion exceeded half a voxel (1.7 mm). As reported in the studies from which the
present data were pooled, corrected head motion did not differ between adults and children
(Gathers et al., 2004; Joseph, Gathers et al., 2006). Images in the data series were spatially
smoothed with a 3D Gaussian kernel (FWHM = 7.5 mm), and temporally smoothed using a
high-pass filter (360 seconds).

Customized square waveforms (on/off) representing each of the three conditions (F, Faces,
M, Manufactured, N, Natural) were convolved with a double-gamma hemodynamic
response function. Hemodynamic parameters were estimated for each explanatory variable
(F, M, N) and statistical contrast maps of interest (F>M, F>N, F>fixation, N>M, N>F,
N>fixation, M>N, M>F, M>fixation,) were generated. The six movement parameters (3
rotation values in radians and 3 translation values in millimeters) were added as covariates
of no interest to model the variance in the fMRI signal induced by the head motion. Contrast
maps were normalized into common stereotaxic space using linear registration before
mixed-effects group analyses were performed.

We conducted one group analysis for each of the three age groups. The group contrast maps
were then logically combined (Joseph et al., 2002) at the voxel level to yield face-
preferential regions of interest. Each of nine group statistical maps (Table 2) was
thresholded at an uncorrected probability of .05 for a one-tailed test, converted into binary
masks then combined using fslmaths. This yielded voxels in which faces elicited more
activation than fixation and faces showed greater activation than either natural objects or
manufactured objects or both. Cluster detection (Xiong, Gao, Lancaster, & Fox, 1995) was
then applied to the face-preferential maps in each age group such that parameter estimate
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(PE) values for faces versus fixation differed significantly from zero (p < 0.001, 2-tailed).
We only considered smaller regions if that region was part of the core or extended face
network (Fairhall & Ishai, 2007).

In each face-preferential ROI for each age group, mean intensity values for each condition
(face, manufactured, natural, and fixation baseline), were extracted for each participant. To
determine whether a given region’s response was best characterized as face-preferential,
face-specific, conjoined, non-specific or not activated, and whether these profiles differed
across age in a given region, pair-wise t-tests were conducted on mean intensity values. Note
that a face-preferential region defined in one age group could show a different profile in a
different age group and vice-versa. The alpha levels and relevant contrasts needed for each
profile of activation are outlined in Table 2. For the face-preferential profile, the F>fixation
and either the F>M or the F>N contrast had to be significant at a Bonferroni-corrected alpha
level of .025. This alpha level was determined by the fact that at least two of the three
relevant contrasts must be significant (alpha = .05/2). Face-specific activation was defined
as a significant difference for F>fixation, F>M, and F>N contrasts at an alpha level of .017
(alpha = .05/3). For conjoined activation the F>fixation, M>fixation, N>fixation contrasts all
had to be significant at an alpha level of .008 (alpha = .05/6) but the F>M, F>N, M>N
contrasts could not be significant at this same alpha level . For non-specific activation, at
least one of the contrasts versus baseline (F>fixation, M>fixation, N> fixation) was
significant at an alpha level of .025 but neither the F>N nor the F>M contrast was
significant at this level nor did the contrasts meet the criteria for face-preferential, face-
specific or conjoined. For a non-activated profile, none of the contrasts was significant at .
025.

In each region of interest, we also computed a specialization index as described in the
introduction. To validate the present formula, we compared the present selectivity index to a
baseline adjusted formula as proposed by Simmons et al. (2007) and to the formula that
(Golarai et al., 2007) used in their developmental fMRI study of face processing. We used
fMRI signal in the right FFA for this purpose. The present specialization index was
significantly correlated with the baseline adjusted formula proposed by Simmons et al. [r
(90) = .85, p < .0001] but was not correlated with the formula used by Golarai et al. [r (90)
= .15, p < .16]. Hence, the specialization index that we presently use is comparable to a
more appropriate baseline-adjusted formula.

Results
Behavioral Results

Although the fMRI task involved passive viewing, participants pressed a button at the onset
of each picture to indicate they were attending to the picture. An analysis of percent button
presses as a function of stimulus type (face, natural, manufactured) and age (adult, older,
younger) indicated that younger children (M = 97%, SD = 7%) performed as well as adults
(M = 97%, SD = 6%) with older children slightly lower (M = 94%, SD =21%). However,
none of the main effects or interactions was significant..

Face-preferential, Face-specific, Conjoined, Non-specific and No activation Profiles
The voxel-wise analysis of face-preferential activation in each age group revealed extended
networks of brain regions (Table 3), consistent with other studies (e.g., Blonder et al.,
2004;Fairhall & Ishai, 2007;Haxby, Hoffman, & Gobbini, 2000). These regions were used
as regions-of-interest (ROIs) in the remaining analyses. Each of the regions in Table 3
showed a face-preferential response for the age group in which it emerged, according to both
the voxel-wise analysis and the post-hoc t-tests conducted on mean intensity values. The
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general distribution of activation in each age group (Figure 1) shows that younger children
recruit left hemisphere regions more heavily than do older children and adults. Older
children show a distribution of activation more similar to adults than to younger children;
however, some features are similar in older and younger children.

The voxel-wise analysis alone reveals regions that show a face-preferential response in each
age group separately, but it does not reveal whether activation shifts from minimal or no
activation in childhood to specialized activation in adulthood, an outcome that would be
consistent with the maturational but not the IS account. The analysis below enabled us to
distinguish between no activation versus non-specific activation in childhood. In addition,
the regions that were defined as face-preferential were determined by combining group
activation maps but did not consider individual-subject face-preferential responses;
consequently, we also conducted the analyses described below to consider individual-subject
variability.

The percent signal change for each of the three experimental conditions (face, natural,
manufactured) relative to baseline was computed for each participant and each ROI, then
submitted to a two-way ANOVA with age (younger, older, adult) as a between-subjects
factor and condition as a within-subjects factor. These analyses were conducted to determine
whether a Condition × Age interaction occurred, because this interaction was not tested at
the voxel-level of analysis. This interaction indicates that the particular region’s preferential
activation for faces changes with age. Within ROIs that showed a significant Age ×
Condition interaction, pair-wise t-tests were then conducted on mean intensity values (see
Table 2) to determine whether different age groups showed different types of responses:
face-preferential, face-specific, conjoined, non-specific or non-activated.

This analysis (Table 3 and Figure 2) revealed main effects of age and, most importantly,
Age × Condition interactions in several regions. No brain regions showed a shift from being
non-activated in childhood to face-preferential or face-specific activation in adulthood;
therefore, within the developmental time window examined in the present study, a critical
prediction of the maturational account was not supported. Three brain regions, however,
revealed a change from non-specific activation in childhood to face-preferential activation in
adulthood–the left FFA, right middle temporal gyrus and right inferior frontal gyrus
(identified as face-preferential in adults). Whereas the left FFA showed a conjoined response
in both younger and older children, the right middle temporal gyrus and right inferior frontal
gyri showed either non-specific or conjoined responses in children (Figure 2A). Note that
the shift from non-specific to face-preferential or face-specific activation would be
consistent with either the maturational or IS accounts. The analysis using a specialization
index is critical for further differentiating the two accounts.

Right FFA Activation
Because the right FFA has been the focus of previous developmental studies, the response to
different categories in this region is illustrated in Figure 2A. This graph shows that only
adults yield a face-preferential response. However, the Age × Condition interaction did not
reach significance (p = .11); therefore, the preferential response to faces does not change
across the age range that we tested. Of note, the right FFA showed only a face-preferential
response but did not meet the criteria for the more restrictive face-specific response because
faces did not activate the FFA more than manufactured objects (also see Haxby et al., 2001).

We also examined face-preferential activation in individual participants in both native space
and standardized MNI space. In native space, 67% of adults, 30% of older children and 50%
of younger children showed face-preferential activation in the right FFA. In standard space,
61% of adults, 39% of older children and 41% of younger children showed activation in the
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right FFA. Because the two studies that tested children under 9 years of age show that this
age group does not robustly activate the right FFA (Gathers et al., 2004; Scherf et al., 2007),
we also examined the younger age group in more detail. Indeed, in native space, only 25%
of the children from 5 to 8 years of age showed a right FFA, but 65% of children from 8.3 to
9.7 years of age showed a right FFA. In standard space, the outcome was similar: 25% of 5-
to-8-year olds and 50% of 8.3-to-9.7-year olds showed right FFA activation.

We also analyzed right FFA cluster size in standard space as a function of age group.
Individuals who did not show activation in the right FFA or whose standardized cluster size
(z-score) was greater than 2.5 relative to their age group were treated as missing values
(only one adult was omitted as an outlier). In addition, three adults had very large clusters of
activation that were considered outliers–these were also treated as missing values. Although
the average cluster size was larger in adults (M = 205 voxels, SD = 309 voxels, N = 22) than
older children (M = 35 voxels, SD = 31 voxels; N = 9) and younger children (M = 40 voxels,
SD = 44 voxels, N = 9), the age effect did not reach significance [F(2, 40) = 2.3, p = .09].

Face Specialization Index
Within each face-preferential region in Table 3, the average mean intensity value for each
participant and each of four conditions (face, natural, manufactured, fixation) was used to
compute a specialization index. An ANOVA with age group as a between-subjects variable
was then conducted for the specialization index. Table 4 shows all the regions that showed a
significant main effect of age and whether the change in specialization was progressive (i.e.,
increased with age) or regressive (i.e., decreased with age).

All of the brain regions in adults that exhibited age effects showed progressive changes
(Figure 1A), including the right and left FFA, right OFA, bilateral middle occipital gyrus
and the right inferior frontal gyrus (opercular portion). Interestingly, the right FFA did not
show the biggest developmental change nor did it show the greatest specialization for faces
in adults. Instead, the right OFA (red line in Figure 1A) showed the greatest specialization
for faces in adults [t(42) = −2.17, p = .035 for the right FFA v. right OFA paired t-test] and
the greatest magnitude of change in specialization with age. The left FFA (green line in
Figure 1A) also showed a marked developmental increase in specialization (i.e., a significant
age effect on the specialization index). Finally, the right middle occipital gyrus (bright blue
line in Figure 1A) showed as much or more specialization for faces in adults compared to
the right FFA (as indicated by the higher values of the specialization index compared to the
right FFA).

In older children (Figure 1B), all of the visual processing regions showed increased
specialization with age, including the right FFA, right OFA, and left calcarine sulcus. The
right temporal pole and right inferior parietal cortex showed regressive changes – children
showed specialization for faces but adults did not.

Nearly all of the face-preferential regions in younger children exhibited regressive changes
with age except the left inferior occipital gyrus, which continued to become specialized for
faces with age (Figure 1C). The regressive changes were in the temporal lobe (right anterior
inferior temporal gyrus, left middle temporal gyrus), parietal lobe (left postcentral and left
angular gyrus) or frontal lobe (left precentral gyrus, right inferior frontal gyrus). Most
regressive changes occurred in the left hemisphere.

Importantly, many regions that showed progressive changes in terms of the face-
specialization index did not show an Age × Condition interaction in the analysis of percent
signal change (Table 3), indicating that a face-preferential response is present even in the
youngest age group but that specialization increases with age. This occurred in the right
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FFA, right OFA and bilateral middle occipital gyrus (Figure 1A). In contrast, other
components of the face network shift from non-specialized to specialized in the age range
we tested (the left FFA and right IFG-opercular portion). Previous studies that used a
specialization index would not have revealed the shift from non-specific activation in
childhood to specialized activation by adulthood in these two regions.

In addition, previous developmental fMRI studies of face processing have not examined
regressive changes with development. In other words, it is unknown whether any brain
regions show a specialized response for faces in children which then shifts toward non-
specific or no activation in adults. The present study revealed that bilateral inferior parietal
regions, left middle temporal cortex, right anterior inferior temporal gyrus, and right
temporal pole all showed regressive changes (Figures 2B and 2C).

Discussion
The present study evaluated maturational versus IS accounts of brain development (Johnson,
2005) by documenting brain networks underlying face processing in younger children, older
children, and adults. Although several brain regions showed increased specialization for
faces with development (consistent with prior studies), this outcome would be predicted by
both the IS and maturational accounts. When the differential predictions of the two accounts
are considered (Table 1), the results favored the IS account. First, multiple brain regions
(and not just the right FFA) showed increased specialization for faces with development.
This is in line with the idea that networks of regions are implicated in the development of
specialized cognitive capacities. Second, regions that show specialization for face
processing in adults were nonspecifically activated by non-face categories in children prior
to specialization. This idea is consistent with the IS account, but not the maturational
account, in that the mapping of a cognitive function to brain regions is fluid and dynamic
over development. Third, different brain networks were activated for faces in children and
adults and some regions that were active in children showed regressive changes with
development. This outcome is consistent with the proposal of the IS account that the same
behavior may be supported by different neural substrates at different ages during
development. Finally, the prediction of the maturational account that the specialization of
function in adulthood in a given brain region is preceded by minimal or no activation in
childhood was not confirmed. Consequently, the maturational view does not explain the
patterns of brain activation in the developmental time window examined in the present
study.

Many analyses were critical for testing these differential predictions, but prior studies have
not used such analyses. By focusing primarily on the right FFA, prior studies were not able
to test the assertion of the IS account that specialized capacities like face processing rely on
an extended network of regions that interact throughout development. The present study
showed that, indeed, an extended network of regions undergoes developmental change.
Also, prior studies on the development of face processing have relied on changes in a
specialization index with age. However, a specialization index alone cannot distinguish
between minimal/no activation in a region versus non-specific activation in a region prior to
specialization. The present analysis of mean intensity values was necessary to distinguish
between these two different outcomes. By using this analysis, the present study showed that
all regions specialized for face processing in adulthood are at least partly active in children.
Some regions are already specialized for faces by 5 years of age but other regions are non-
specifically activated and continue to be tuned for faces with development. Finally, no prior
study on the development of face processing has considered regressive changes with age,
although this has been explored in other cognitive domains (Brown et al., 2005). The present
findings indicate that many brain regions recruited in children for face processing show
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reduced specialization for faces by adulthood. Each of these findings is discussed in more
detail below.

Specialization of the right FFA with development
The main focus of prior developmental fMRI studies of face processing has been the
specialization of the FFA across development. The present analysis of the specialization
index confirms previous findings of an increase in the fine tuning of the FFA for faces with
development (Aylward et al., 2005; Golarai et al., 2007; Passarotti et al., 2007; Scherf et al.,
2007). In addition, the present findings also revealed that the FFA shows a preferential
response to faces in both adults and older children (Gathers et al., 2004; Golarai et al., 2007;
Passarotti et al., 2003). One point of departure, however, was that the younger children in
the present study showed activation in a region consistent with the right FFA whereas
Gathers et al. and Scherf et al. reported that the younger group of children in their studies
did not show FFA activation. However, the present individual-subject analysis clarifies this
issue–the youngest children in the study (8 years or younger) were less likely to show right
FFA activation than children more than 9 years of age or adults.

The analysis conducted on percent signal change (Table 3) showed that the Age × Condition
interaction in the adult right FFA fell short of significance, indicating that degree of
preference for faces does not change across age. However, inspection of Figure 2A reveals
that only adults seem to demonstrate a face-preferential response in the right FFA–neither
age group of children shows a greater response to faces than to at least one other category.
In fact, the pair-wise contrasts of conditions support this conclusion. The lack of an Age ×
Condition interaction on percent signal change in the right FFA is likely due to greater
variability among children than adults.

Consistent with some prior studies (Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999;
Hanson, Matsuka, & Haxby, 2004; Haxby et al., 2001; Joseph & Gathers, 2002), the right
FFA did not show exclusive activation for faces in adults; in fact, the preferential response
for faces was only relative to one object category but not both categories. Most studies that
localize the FFA compare faces with objects but not with different subclasses of objects, nor
do these studies require that faces produce a greater response than multiple subclasses of
objects. Although one study examined face responses to different classes of stimuli like
scenes, body parts and cars (Schwarzlose, Swisher, Dang, & Kanwisher, 2008) that study
did not compare faces to different subclasses of objects like natural and manufactured
objects. When such comparisons are made (e.g., Haxby et al., 2001), the FFA shows
responses to these non-face categories. Because such comparisons are necessarily more
restrictive in terms of the degree of specialization for faces, it is not surprising that the FFA
showed a less exclusive “face-preferential” response rather than a more exclusive “face-
specific” response. In fact, the finding that activation to faces in the right FFA was only
greater than one other category would be expected by accounts that posit distributed
representations of different classes of objects (including faces) in the ventral temporal lobes
(Hanson et al., 2004).

Progressive and regressive changes in specialization with development
The present analysis of extended brain networks for face processing in all age groups also
enabled us to examine both progressive and regressive changes. Prior studies have mostly
focused on progressive changes by restricting analyses to brain regions like the FFA that are
specialized in adults (which can only reveal, at best, progressive changes). The present study
showed that in addition to the right FFA, other regions also showed progressive changes,
including the right OFA, left FFA, bilateral middle occipital cortex and the right inferior
frontal gyrus. Few prior studies have examined brain regions that are specialized for faces in
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children that are not specialized in adults though regressive changes have been examined in
other tasks (Brown et al., 2005). Including such regions in the present analysis reveals
potential regressive changes in face processing development.

Regressive changes in cortical regions are as fundamental to the IS view as progressive
changes. The IS approach explains that cortical regions achieve specialization of function
through “competitive interactions” with other regions to reduce redundancy and promote
efficiency (Johnson, 2005). The struggle for specialization may involve cellular changes in
synaptic gain or loss. Findings of regressive changes support the idea that some areas of the
network may lose out, at a cellular and a functional level, to prevent duplication and
promote specialization. Although a direct neurobiological correlate of progressive and
regressive changes has not been established, some have suggested that regressive changes
may be driven by synaptic loss (Huttenlocher & Dabholkar, 1997), gray matter reduction
(Sowell et al., 2001), and selective pruning of synaptic contacts (Changeux & Dehaene,
1989). Progressive changes may reflect increased myelination with development which
continues to increase throughout childhood and adolescence in some brain regions (Gogtay
et al., 2004; Sowell et al., 2004).

In the present conceptualization, regressive changes are more fundamental to the IS than the
maturational account. However, according to Johnson (2005), the maturational viewpoint
would predict increases in intra-regional connectivity but the IS view would predict that
inter-regional connectivity increases can influence the intra-regional connectivity (Table
10.1; Johnson, 2005). In other words, regressive changes in the maturational view would
occur in the same brain regions as the progressive changes, but the IS view predicts that
some brain regions will show regressive changes whereas others will show progressive
changes. Hence, the present finding that some regions show regressive changes and others
show progressive changes is not consistent with the maturational viewpoint.

Regressive changes were indeed observed in the present study in the right and left parietal
lobe and left middle temporal gyrus. Parietal and middle temporal/superior temporal sulcus
activations are reported in other developmental fMRI studies of face processing (Aylward et
al., 2005; Joseph, Gathers et al., 2006; Passarotti et al., 2003; Passarotti et al., 2007; Scherf
et al., 2007) and these regions are considered part of the extended face network (Haxby et
al., 2001). Studies in adults have linked these regions to featural face processing (Joseph,
Gathers et al., 2006; Lobmaier, Klaver, Loenneker, Martin, & Mast, 2008; Maurer et al.,
2007), which is more likely to occur in children than adults (Rhodes, Brake, & Atkinson,
1993). However, this conclusion is largely speculative because the right OFA may be
involved in featural face processing (Pitcher, Walsh, Yovel, & Duchaine, 2007).
Differentiating among these possibilities awaits direct testing of featural and configural
processing changes across development.

Other regions in temporal, parietal and frontal cortex showed regressive changes with age
(Figure 2C) but all of the progressive changes for face processing emerged in occipital or
occipito-temporal regions, with the exception of the right inferior frontal gyrus (opercular
portion). The mirror neuron system (MNS), a subcomponent of the social brain, includes the
right IFG. Mirror neurons, which allow one to see and represent others actions in one’s own
mind, are linked to imitation, intention, and empathy (Iacoboni et al., 2005; Leslie, Johnson-
Frey, & Grafton, 2004). It is possible, then, that the emergence of the right opercular IFG for
face processing with development reflects processing of faces in a social context.

The regressive changes in children, however, may be linked to more general information
processing mechanisms that change with development. One possibility is that children were
not attending to the stimuli to the same extent that adults were. However, the analysis of
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button presses indicates no age differences in attending to the stimuli. Another possibility is
that children may require more resources to attend to the faces than would adults. This could
lead to the recruitment of additional brain regions (Cabeza, Anderson, Locantore, &
McIntosh, 2002). However, the younger children seem to recruit a qualitatively different
network of regions, primarily in the left hemisphere, rather than additional regions that
might be used in a compensatory manner. The speculation that left-hemisphere recruitment
reflects developmental changes in face processing, rather than related to other cognitive
mechanisms, will needed to be tested in future research.

Summary and Conclusion
The present study showed that the right FFA is not the only brain region to undergo
increases in specialization for face processing with age. The right OFA also showed marked
increases in specialization for faces with age. This finding is not surprising in light of other
studies that have underscored the importance of the right OFA in mature face recognition
(Pitcher et al., 2007; Rossion et al., 2003; Steeves et al., 2009). Also, a right opercular IFG
region shifts from non-specialized to specialized activation with development. This region is
considered to be part of the extended network of face processing (Fairhall & Ishai, 2007)
and both functional and anatomical connectivity studies have emphasized the importance of
right inferior frontal and right FFA connectivity in typical face processing (Fairhall & Ishai,
2007; Thomas et al., 2008). Finally, the present study revealed a combination of both
regressive and progressive changes among brain regions involved in face processing,
consistent with the IS account of brain development. Future studies may provide additional
support for the IS account by using functional or effective connectivity analyses that explore
the interaction of components of the face processing network across development. Another
future direction will be to compare the interplay of regressive and progressive
developmental changes across different domains of cognition and behavior.
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Figure 1.
Brain regions showing a face-preferential response in each age group: (A) Adults, (B) Older
Children, and (C) Younger Children (p < .001, uncorrected). In each age group, the regions
that showed a significant age effect for the face specialization index are circled and the color
of the circle corresponds to the age effect indicated in the graphs at the bottom. Error bars
are standard errors.
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Figure 2.
Percent signal change for each condition versus baseline for each region that showed a
significant Age × Condition interaction in the analysis of percent signal change values for
face-preferential regions in (A) adults, (B) older children and (C) younger children. In
adults, the right FFA region is shown because previous studies have focused on this region.
However, this region did not show a significant Age × Condition interaction.
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