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interest in the development of the functional organization of VTC 
and the role of experience in shaping it (Kanwisher, 2000; Tarr and 
Gauthier, 2000).

Recent studies indicate that some category selective regions in 
the VTC undergo a prolonged development that continues at least 
through the fi rst decade of life (Gathers et al., 2004; Aylward et al., 
2005; Golarai et al., 2007; Scherf et al., 2007; Peelen et al., 2009). 
Accumulating evidence suggests that the volume of the right FFA 
(rFFA) is substantially larger in adults compared to children, but 
not the overlapping object selective (lateral occipital complex) 
region (Golarai et al., 2007; Scherf et al., 2007) or the body-part 
selective extra-striate region (Peelen et al., 2009; Pelphrey et al., 
2009)]. rFFA volume also correlates with behavioral improvements 
in recognition memory for faces (Golarai et al., 2007). However, 
the endpoint of this development is not known, as previous fMRI 
studies report inconclusive results. For example, one study reported 
no difference between adolescents’ (ages 11–14 years) and adults’ 
FFA volume based on group analyses (Scherf et al., 2007). Another 
study reported larger FFA size in adults compared to the combined 
data from both children and adolescents (Peelen et al., 2009). A 
third study found that adolescents’ FFA size was at an intermediate 
level between children and adults, but these between group differ-
ences did not reach statistical signifi cance (Golarai et al., 2007). 
Nevertheless, behavioral studies suggest a prolonged development 
of face recognition memory profi ciency, consistently reporting 

INTRODUCTION
Functional magnetic resonance imaging (fMRI) studies of the ven-
tral temporal cortex (VTC) have revealed a consistent functional 
organization in adult humans. One aspect of this organization 
is characterized by regions that respond more strongly to some 
types of visual stimuli than to others. These include face selec-
tive regions which respond more to faces than to other objects or 
scenes, including a region in the fusiform gyrus referred to as the 
fusiform face area (FFA, Kanwisher et al., 1997) which is impli-
cated in face recognition (Tong et al., 1998; Golby et al., 2001; Grill-
Spector et al., 2004; Ranganath et al., 2004; Nichols et al., 2006). 
Other regions respond more strongly to objects than to scrambled 
images of objects (Malach et al., 1995), including an object selective 
region along the posterior fusiform gyrus and occipito-temporal 
sulcus (pFus/OTS, Vinberg and Grill-Spector, 2008). Place selec-
tive regions respond more strongly to scenes and buildings than 
objects and faces, including a region along collateral sulcus and 
the parahippocampal gyrus known as the parahippocampal place 
area (PPA, Epstein and Kanwisher, 1998). Category-selectivity also 
manifests as distinctly distributed responses to specifi c categories 
across the entire VTC (Haxby et al., 2001), including voxels with 
weak or no selectivity. Indeed, faces, objects and places each evoke 
reproducible and distinct patterns of distributed responses across 
the VTC (Haxby et al., 2001; Cox and Savoy, 2003; Grill-Spector 
et al., 2006). These observations in adults have generated much 
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 substantial improvements in face recognition memory during 
adolescence (Diamond and Carey, 1977, 1986; Carey et al., 1980; 
Golarai et al., 2007). Thus, one hypothesis is that VTC’s activation to 
faces undergoes a particularly prolonged development that contin-
ues into adolescence, which may have been previously undetected, 
perhaps due to methodological limitations. Alternatively, the entire 
VTC may undergo a prolonged development during adolescence, 
involving developmental changes in activations to faces, objects 
and places. A third hypothesis is that the VTC reaches an adult-like 
state before adolescence, and the face selective improvements in face 
recognition memory performance are due to general mnemonic 
and/or other cognitive developments that occur outside the VTC. 
To test these alternative hypotheses, we used fMRI in 14 adolescents 
(ages 12–16 years) and 11 adults (18–40 years) and examined each 
subject’s VTC responses to faces, places and object stimuli, as well 
as their recognition memory for images from these categories.

We fi rst asked how developmental changes during adolescence 
might manifest in the fMRI measurements. We considered three 
possibilities that are not mutually exclusive. First, adolescent devel-
opment may involve age-related increases in the volume of face 
selective activations in the VTC, analogous to previous fi ndings of 
larger FFA in adults compared to children (Aylward et al., 2005; 
Golarai et al., 2007; Scherf et al., 2007; Peelen et al., 2009). Second, 
development might manifest as age-related changes in the mag-
nitude or selectivity of responses to specifi c stimuli in function-
ally defi ned regions, as previously reported in the developing FFA 
(Scherf et al., 2007; Peelen et al., 2009). Third, development may 
change the distributed response patterns to stimulus categories 
across the entire VTC, affecting the within-category reproducibility 
of distributed responses and/or the between-category distinctness. 
To our knowledge no previous study has examined the development 
of these distributed response patterns in the VTC of children or 
adolescents. Finding any one or a combination of these changes 
only in the response profi le to faces would support the fi rst hypoth-
esis, positing a particularly prolonged development of the neural 
mechanisms of face processing in the VTC. In contrast, fi nding uni-
form developmental changes across the entire VTC to faces, places 
and objects would be consistent with the alternative hypothesis 
of a general development of the VTC during adolescence. Finally, 
fi nding no age-related changes in VTC would support the third 
hypothesis that the face selective behavioral improvements in face 
recognition memory in adolescence are mediated by the develop-
ment of brain regions outside the VTC.

We also asked if developmental changes in VTC responses to 
faces depend on the age of face stimuli. Some behavioral studies 
suggest better face recognition memory performance when observ-
ers view faces of their own- versus other-age groups (Anastasi and 
Rhodes, 2005; Perfect and Moon, 2005), leading to the possibility 
that a similar own-age advantage may be evident in brain responses. 
Thus, VTC responses to faces may be stronger in adults when view-
ing adult faces than when viewing faces of children and adolescents, 
while the opposite may be found in adolescents. Such fi ndings 
would also suggest that previous reports of smaller FFA volume 
during development may be explained by the presentation of adult 
faces to subjects in those studies, predicting relatively similar face 
responses in the VTC of adolescents and adults if the age of observer 
and face stimuli were similar.

Finally, we asked if developmental changes in face selective 
responses during adolescence specifi cally relate to improvements 
in face recognition memory performance or instead refl ect general 
improvements in recognition memory for non-face stimuli or 
other cognitive abilities. Therefore, in the same subjects, we meas-
ured visual recognition memory performance for faces, places 
and objects and used a battery of behavioral tests to evaluate 
each participant’s performance on several perceptual and cogni-
tive tasks.

To address these questions, we performed fMRI while adoles-
cents and adults viewed blocks of images of children’s faces, adults’ 
faces, abstract sculptures, cars, indoor and outdoor scenes and 
scrambled images that appeared in pseudo-random order. Subjects 
were instructed to fi xate on a central crosshair and indicate if 
two consecutive images were identical (1-back task). Outside the 
scanner, each subject also participated in a battery of behavioral 
tests including (i) a recognition memory test for faces, objects 
and scenes; (ii) a perceptual discrimination test for face identity 
(Benton et al., 1978); (iii) a facial affect recognition test (NEPSY-
II); and (iv) an abbreviated IQ test (WASI). For each participant, 
we functionally defi ned their face-, object- and place selective 
regions in the VTC to examine the spatial extent of these regions, 
and determined the amplitude and selectivity of their responses 
to visual stimuli from an independent data set. We also measured 
the distributed multivoxel patterns (MVP) of responses across 
the entire VTC to face and non-face stimuli. We quantifi ed the 
within-category reproducibility and across-category distinctness 
of MVPs to determine if there are between age group differences 
that extend beyond functionally defi ned ROIs. We related these 
measures to the age of subject and age of face stimuli. Importantly, 
we controlled for non-specifi c face selective confounds that may 
affect fMRI measurements (Grill-Spector et al., 2008), such as 
greater motion, lower performance during scan, or less variance 
explained by the general linear model in adolescents versus adults. 
Finally, we related our fMRI results to behavioral measures in the 
same subjects.

MATERIALS AND METHODS
SUBJECTS
Fourteen adolescents ages 12–16 years (7 females), and 11 adults 
ages 18–40 years (6 females) participated in these experiments. 
Subjects had normal or corrected vision with no past or cur-
rent neurological or psychiatric conditions. Adolescents were 
recruited from the Palo Alto school districts through adver-
tisements in school newspapers. Adult subjects were university 
affi liates. Informed consent was obtained according to the require-
ments of the Panel on Human Subjects in Medical Research at 
Stanford University.

Adolescents were invited to a practice session to exercise motion 
control in a simulated scanner environment. All subjects were accli-
mated to the scanning environment for fMRI by participating on 
a previous day in an anatomical scanning session.

SCANNING
Brain imaging was performed on a 3 Tesla whole-body General 
Electric Signa MRI scanner (General Electric, Milwaukee, WI, USA) 
at the Lucas Imaging Center at Stanford University.
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neither age group has extensive prior experience, and enable 
us to relate the present study to our previous report (Golarai 
et al., 2007).

Indoor scenes of buildings were mostly of empty rooms and 
 corridors, devoid of furniture. Outdoor scenes were of natural set-
tings that were (with a few exceptions) devoid of buildings. All 
scenes were devoid of people, animals or salient objects.

Stimuli were presented in 12 s blocks followed by 12 s of a blank 
screen with a fi xation at a rate of 1 Hz. Subjects participated in 
two 396-s runs with different images. Images were presented once, 
except for image pairs that were randomly repeated within a block 
(∼17% of images). Subjects were instructed to fi xate and press a 
button using their right thumb, whenever they detected identical 
images appearing successively (referred to as a 1-back task), which 
occurred on ∼17% of the images per block. We report subjects’ 
accuracy during performance of the 1-back task (corrected for 
guessing) using the following formula: 

Accuracy [%]
Hit Rate False Alarm Rate

1 False Alarm Ra
= × −

−
100

tte
.

Behavioral response during scans
There were no signifi cant between age group differences across 
categories in performance accuracy for the 1-back task (F

1,20 
= 0.05, 

P = 0.82). There were signifi cant effects of category between age 
groups (F

6,120
 = 4.3, P = 0.001), but there was no signifi cant inter-

action between age group and category (F
6,120

 = 1.7, P = 0.13, 
Figure 1A). Adolescents’ response times on hit trials were signifi -
cantly slower than adults’ (F

1,20
 = 3.2, P = 0.05, one-tailed), but there 

was no age group by category interaction (F
6,120

 = 0.31, P = 0.93, 
Figure 1B).

Data analysis
All imaging data were analyzed using MATLAB and our in-house 
software, mrVista2.

Structural MRI
High-resolution anatomical whole brain images from each subject 
from four scans were averaged into one volume. Using an in-house 
version of ITK-SNAP2, white and gray matter were segmented. For 
each subject, the cortical surface was grown to include 4 mm of gray 
matter, creating a uniform whole brain gray matter thickness in all 
subjects. The total volume of this gray matter in the right hemi-
sphere was signifi cantly higher among adolescents than in adults 
(Figure 2E, right: t

23
 = 2.16, P = 0.04, left: t

23
 = 1.62, P = 0.13), sug-

gesting a higher surface area in adolescents, which is consistent with 
several reports of gray matter decrease during this period of devel-
opment (Sowell et al., 2002), especially in the prefrontal cortex. In 
contrast, the gray matter volume in an anatomical ROI of the VTC 
was similar among age groups (Ps > 0.6, Figure 2D, see below).

Preprocessing
In-plane anatomical images were aligned to the high-resolution 
3D whole brain images using a rigid body transformation, and 
the same transformation was applied to the functional images. 

STRUCTURAL MRI
We acquired four whole brain anatomical scans (total scan time 
∼15 min; high-resolution 3D Fast SPGR: 166 sagittal slices, 
0.938 mm × 0.938 mm, 1.5 mm slice thickness, 256 × 256 image 
matrix) using a birdcage headcoil.

FUNCTIONAL MRI
We acquired functional images using a surface coil and a T2*-
 sensitive gradient echo spiral pulse across 32 slices oriented per-
pendicular to the calcarine sulcus and extending from the occipital 
pole to the anterior temporal lobe (TR = 2000 ms, TE = 30 ms, 
fl ip angle = 76°, fi eld of view = 200 mm, 3.125 mm × 3.125 mm in-
plane resolution). Applying the same slice prescription, we acquired 
anatomical T1-weighted images used to co-register each subject’s 
functional data to the subject’s whole brain anatomy.

STIMULI
Images were projected onto a mirror mounted on the MRI coil 
(visual angle ∼ 15°). Images were presented and responses were 
recorded via a Macintosh MacBook Pro computer using Matlab 
(Mathworks, Natick, MA, USA) and Psychtoolbox extensions1.

EXPERIMENT 1: fMRI
During fMRI, subjects viewed gray-scale images of the following 
types: faces of male children and adolescents (ages 6–16 years), 
faces of male adults (ages 18–40 years), abstract sculptures, cars, 
indoor scenes, outdoor scenes, and scrambled images (created by 
randomly scrambling pictures into 225, 8 × 8 pixel squares). We 
exclusively used male faces in order to reduce potential gender 
effects, as some behavioral studies suggest that females’ advan-
tage in face recognition memory performance over male subjects 
is mostly explained by their better recognition memory for female 
faces than male faces (Lewin and Herlitz, 2002). The exclusive use 
of male faces also enabled us to relate present results to our pre-
vious fi ndings (Golarai et al., 2007). We used a range of ages for 
each type of face stimulus (as opposed to matching the age stimuli 
across subjects, which would introduce between-subject stimulus 
effects, and potentially increase between-subject variability in fMRI 
results). Furthermore, we reasoned that if face responses refl ect 
years of prior experience with faces, this prior experience might 
be best refl ected in adolescents’ responses to faces of younger chil-
dren. Thus, boy faces consisted of both children and adolescents, 
while man faces consisted of adult faces only [albeit ranging across 
22 years (18–40)] and matched the age range of the adult partici-
pants. Faces of boys and men were presented in separate blocks 
in order to test for interactions between age of stimuli and age of 
subjects. All face images were collected from advertising web sites 
for models, and were matched for distinctiveness and attractiveness 
by four adult observers.

Cars were of various modern makes, mostly in 3/4 frontal 
views. We use cars as common objects, with which both children 
and adult subjects had extensive experience, and have name-
able parts that share a typical fi rst order confi guration. We used 
abstract objects as they are relatively novel stimuli with which 

1www.psychtoolbox.org 2white.stanford.edu/software
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Functional images were motion corrected and motion parameters 
were estimated for each participant. The participants’ motion was 
typically less than a voxel and there was no signifi cant difference in 
total within-scan motion across adults and adolescents (t

23
 = 0.28, 

P = 0.8, Figure 2A). Data were then detrended using a temporal 
high-pass fi lter with a 1/20 Hz cutoff. The time course of each voxel 
was converted to percent signal change by dividing the response 
amplitude at each TR by the mean amplitude of blanks. Data were 
not spatially smoothed.

General linear model
Standard general linear model (GLM) analyses were used to create 
voxel-by-voxel activation maps (Figures 3, 6A and 7A). Predictors 
were the stimulus conditions convolved with the hemodynamic 
impulse response function (HRF) used in SPM23. We estimated 
the BOLD response amplitudes for each stimulus category by 
computing the beta coeffi cients from a GLM applied to the 

FIGURE 1 | Behavioral data during scan. (A) Accuracy and (B) response times in a 1-back task during the scan. Light gray: adolescents ages 12–16 years; Black: 
adults ages 18–40 years. Error bars show standard error of mean (SEM) for each age group. Asterisk indicates signifi cantly higher accuracy in adolescents than adults 
(P < 0.05, t-test).

FIGURE 2 | Measurements of BOLD-related confounds and anatomical size 

of VTC and total hemispheric gray matter across age groups. (A) Motion 
during scan for each age group. (B) Average variance explained by the GLM 
model in the anatomical ROI of ventral temporal cortex (VTC) as shown in 
(C). The variance explained was measured for each voxel and then averaged 
across the ROI and across subjects. (C) Representative VTC ROI in an 

adolescent, OTS: occipito-temporal sulcus; CoS: collateral sulcus. (D) Average 
volume of the VTC in each age group. (E) Average volume of the total gray 
matter in each hemisphere for each age group. All bars represent the average 
across each age group (11 adults and 14 adolescents), error bars show standard 
error of the mean (SEM) for each age group. Asterisk indicates signifi cantly 
higher volume in adolescents than adults (P < 0.05, t -test).

3http://www.fi l.ion.ucl.ac.uk/spm/

http://www.fil.ion.ucl.ac.uk/spm/
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 preprocessed time course. We calculated three separate GLMs: 
(i) GLM of data concatenated from both runs (ii) GLM of run 1 
alone and (iii) GLM of run 2 alone.

ROI creation
Three types of ROIs: anatomical, functional-cluster, functional-
non-cluster were created for each subject. (1) Anatomical ROIs 
of the right and left VTC were defined as a region between the 
lateral border of the occipito-temporal sulcus (OTS), the medial 
border of the parahippocampal gyrus and the anterior edge of 
the retinotopic regions V1 to V4. Measuring from this caudal 
border, the ROI extended in the anterior direction to include 
approximately 2/3 of the remaining extent of the temporal 
lobe’s ventral surface. This ROI was restricted to include only 
regions with substantial mean BOLD signals (raw scanner val-
ues > 1000) in order to exclude regions of signal drop off due 
to susceptibility artifacts behind the ear canal (Figure 2C). 
Anatomical ROIs were created by GG and evaluated by two 
other observers (KGS, AL). There were no between age group 
differences in the volume of the right or left VTC (Ps > 0.7, 
Figure 2D). The size of the left VTC was larger among males 
than females (left VTC: F

1,21
 = 4.12, P < 0.03 one-tailed), but 

there were no interactions between factors of age and gender 
(P = 0.99). (2) Functional Cluster ROIs were based on a GLM 
applied to data from run 1 and run 2 and were defined in each 
subject as one or more contiguous supra-threshold voxels as 
follows: (a) Face selective ROIs were defined along the fusi-
form gyrus, often overlapping with the OTS. Three separate 

face selective ROIs were defined using each of the following 
contrasts: (i) FFA: man and boy > cars and abstract objects, 
P < 10–3; (ii) Man faces > cars and abstract objects, P < 10–3; (iii) 
Boy faces > cars and abstract objects, P < 10–3. Two additional 
ROIs were created to determine the non-overlapping regions 
of the latter two ROIs. (b) pFus/OTS: An object selective region 
overlapping the posterior fusiform gyrus and OTS was defined 
as cars and abstract objects > scrambled, P < 10–3. (c) PPA: A 
place selective ROI overlapping the collateral sulcus and the 
parahippocampal gyrus was defined as indoor and outdoor 
scenes > cars and abstract objects, P < 10–3. (3) Functional Non-
cluster ROIs were based on a GLM applied to data from run 1 
and included all supra-threshold voxels (regardless of cluster-
ing) within the VTC for the contrast of interest at five statistical 
thresholds (10–2 < P < 10–6).

Measure of BOLD-related noise and goodness of fi t
We estimated the percentage variance of the time course explained 
by the GLM (from concatenated runs 1 and 2) in each voxel as: 

Variance Explained [%]
residual Error= × −100 1

V iance
V ia
ar ( )
ar nnce( )

.
time course

⎡
⎣⎢

⎤
⎦⎥

We then calculated the mean variance explained across the ana-
tomical ROI of VTC (Figure 2B) in each subject. There were no 
between group differences in the variance explained by the GLM 
across age groups (Figure 2B) indicating that our hemodynamic 
model is adequate for both adult and adolescent data.

FIGURE 3 | Face selective activations in the right fusiform gyrus for each 

of the 25 subjects. Face selective activations for the contrast man and 
boy > cars and abstract objects, P < 10–3, uncorrected, are projected on 
the infl ated cortical surface of each individual from the right hemisphere for 
all subjects in the study. Brain images show the posterior aspect of the 

ventral surface of the right hemisphere as indicated by the inset in a sample 
brain on the right. Numbers indicate subjects’ age in years. The boundaries 
of the FFA are shown in black. Compass orients to anterior (A), posterior (P), 
right (R) or left (L). Top two rows show males’ and bottom rows show 
females’ brains.
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Mean response across ROIs
To provide an unbiased estimate of response amplitudes we used 
data from run 1 to defi ne the ROI and data from run 2 to estimate 
response amplitudes. Using run 1 data, we defi ned functional non-
cluster ROIs within the VTC as all the voxels in the VTC that passed 
the threshold of P < 10–3 for each of the following contrasts: (1) Man 
and boy > cars and abstract objects (Figure 5). (2) Cars and abstract 
objects > scrambled (Figure 8). (3) Indoor and outdoor > cars and 
abstract objects (Figure 9). Using run 2 data, we calculated the 
percent signal change based on the beta estimates from the GLM 
for each condition relative to the blank baseline from the supra-
threshold voxels.

Mean category selectivity across ROIs
To provide an unbiased estimate of category selectivity, we used 
data from run 1 to defi ne face-, object- and place selective func-
tional ROIs (see above), and data from run 2 to estimate the mean 
t-value for the relevant GLM contrast across the supra-threshold 
voxels (Figure 5B).

Multivoxel pattern (MVP) analyses
We determined the multivoxel distributed pattern (MVP) of response 
to each stimulus type in the anatomical ROI of VTC by calculating at 
each voxel the relative response amplitude to the stimulus type (i) as 
Z i-sco e

/ df
r = −β

σ
E( ) ,β  where β

i
 is the beta coeffi cient from the GLM for 

the i-th stimulus, E(β) is the mean of all βs, σ is the square-root of 
the residual variance of the GLM and df is the degrees of freedom. 
No thresholding or spatial smoothing was applied. Using Z-scores 
minimizes between-voxel effects. That is, the MVP refl ects differ-
ences in category selectivity in each voxel, rather than amplitude 
differences across voxels. For each stimulus type, MVPs were gener-
ated across the anatomical ROI of VTC, separately for data from run 
1 and run 2 (Figure 10A). Each MVP was represented as a vector 
of length n, where n is the number of voxels in each subject’s VTC. 
For each subject we calculated the Pearson correlation (r) between 
these vectors from run1 vs. run 2 for each pairing of categories. 
Within-stimulus type correlations represent the reproducibility of 
the MVPs between run 1 and run 2 (which used different stimuli): 
r

w
(i) = correlation [MVP

i
(run1), MVP

i
(run2)], where MVP

i
 is the 

vector representing the Z-scores across VTC voxels in response to 
stimulus type i. Between-stimulus correlations were calculated in 
a similar manner: r

b
(i,j) = correlation [MVP

i
(run1), MVP

j
(run2)], 

and refl ect the degree of similarity between MVP of different cat-
egories. Positive values (r

b
 > 0) indicate similar MVPs, and nega-

tive values (r
b
 < 0) indicate distinct activations for different stimuli. 

Within- and between-stimulus type correlations were calculated 
for all combinations of stimuli in each subject, and averaged across 
subjects from each age group (Figures 10B–D).

Analysis of inter-subject similarity of correlation matrices
Each subject’s MVP correlation matrix showing the correlations 
between MVPs in run 1 and 2 (as in Figure 10B, but for each sub-
ject) was transformed to a vector of length 36 (number of elements 
in the MVP correlation matrix). We then calculated the correlation 
between each pair of subjects’ vectors. This inter-subject correla-
tion refl ects the degree of similarity between the MVP correlation 
matrices across subjects.

EXPERIMENT 2
Subjects participated in several behavioral tasks outside the scan-
ner, usually on a different day from the fMRI session. The memory 
recognition task was most often administered within ∼2 weeks of 
fMRI (often prior to fMRI and during the scanner simulator ses-
sion). The other behavioral tests were administered after fMRI (on 
average 96 days later).

Recognition memory task
During encoding, subjects viewed eight images (never seen 
before) of the same types used in the fMRI experiment: faces of 
men and boys, cars and abstract sculptures, and scenes. All stim-
uli were gray-scale images similarly prepared as in Experiment 
1 and presented in random order. Subjects were instructed to 
perform a one-back task while viewing the images. Subjects 
performed an unrelated visual task for approximately 5 min by 
viewing a black and white rotating wedge, while fixating on a 
central point and responding when the fixation point changed 
color. Next, during a surprise self-paced subsequent recogni-
tion memory test, subjects were presented with all the images 
from the encoding session plus an equal number (eight) of new 
images per category. Image categories and old and new pictures 
were randomly presented. Subjects were instructed to indicate 
whether or not they had seen the image before by pressing one 
of two buttons, as accurately and quickly as possible. In the few 
cases where the recognition memory task was administrated 
after fMRI, subjects were informed that none of the images were 
from the previous fMRI session. Accuracy for the subsequent 
recognition memory task was calculated separately per image 
category and subject: 

Correct [%]
Hit Rate Correct Rejection Rate

2= × +
100 .

Benton Facial Recognition Task (Psychological Assessment 
Resources, Inc.)
This test measured subjects’ profi ciency in perceptual recogni-
tion of facial identity and had no memory component. Subjects 
were presented with one target photo and six comparison photos 
simultaneously. We asked subjects to make a perceptual judgment 
based on the identity of the individual in the target photo. All 
stimuli were black and white photographs of adults of both gen-
ders. The task became progressively harder as the viewing angle 
or lighting was manipulated in the six comparison photographs. 
Subjects received one point for each correct match (54 total pos-
sible points). We report the percentage of total correct trials for 
each subject. No age or education correction was used. Adults per-
formed signifi cantly better than adolescents on this task (P < 0.001, 
t-test, Table 1).

NEPSY-II Affect Recognition Task (Harcourt Assessment, Inc.)
This test is designed to measure profi ciency in perceptual rec-
ognition of facial affect using children’s faces. Subjects were 
shown color photographs of child faces and asked to make a 
judgment based on the emotional expression of the individual 
in the target photo, ignoring identity. Photographs included both 
genders and several races. This task included both perceptual 
and memory components, in which subjects were asked either 
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Table 1 | Subject demographic information and behavioral task performance: Data are split by age group. Sample size (N) is indicated for each measure 

(mean ± standard deviation).

Averages Age IQ Block  Matrix  Affect  Benton  Visual recognition

   design reasoning recognition % correct memory % correct

   % correct % correct % correct

       Face Scene Objects

Adolescents 15 ± 2 126 ± 9 81 ± 18 86 ± 6 86 ± 7 82 ± 6 70 ± 10 76 ± 11 66 ± 14

 N = 14 N = 11 N = 11 N = 11 N = 13 N = 13 N = 13 N = 13 N = 13

Adults 28 ± 7 130 ± 8 89 ± 5 89 ± 9 85 ± 6 92 ± 3 81 ± 10 75 ± 11 72 ± 10

 N = 11 N = 7 N = 7 N = 7 N = 9 N = 9 N = 10 N = 10 N = 10

to match  photographs based on emotion, or to remember an 
emotion and subsequently (∼5 s later) match test images to the 
remembered emotion. Subjects received a point if they correctly 
matched all affect photos per trial (35 total possible points). The 
total  percentage of correct trials was reported for each subject. 
There were no differences in performance between adults and 
adolescents (P > 0.97, Table 1).

Wechsler Abbreviated Scale of Intelligence (WASI, Harcourt 
Assessment, Inc.)
This test was used to measure IQ and compare groups. Subjects 
received three IQ scores (Full Scale IQ, Performance IQ, and Verbal 
IQ) based on four subtests: Vocabulary, Block Design, Similarities, 
and Matrix Reasoning. Each of the four subtests tested a different 
component of intelligence (i.e. verbal knowledge, spatial reasoning, 
etc.) and was normalized by age. Performance IQ was calculated 
using the Performance Scale, which was composed of Block Design 
and Matrix Reasoning scores. Verbal IQ was calculated using the 
Verbal Scale, which was composed of Vocabulary and Similarities 
scores. There were no differences in Full-Scale IQ (P > 0.36), 
Performance IQ (P > 0.11), or Verbal IQ (P > 0.96) between adults 
and adolescents.

Statistical methods for between age group comparisons
Subjects’ data were averaged for each of the age groups. Between 
group differences were evaluated by a two-tailed ANOVA, repeated 
measures ANOVA and t-tests, unless otherwise noted.

For between group comparisons of the size of the functional or 
anatomically defi ned ROIs, we used one- or two-way ANOVAs with 
the factors of age and (in some cases) gender. For between group 
comparisons of the size of the functional ROIs, subjects who showed 
no activations fulfi lling the defi nition of the particular functional 
ROI were assigned zero for the size of the ROI and included in the 
analysis. When there was a signifi cant between group difference in 
the estimates of variance, we report the adjusted T and P values and 
indicate “non-equal”. For between group comparisons of BOLD 
responses to the various image categories within ROIs, we used a 
GLM, with responses across categories as the within-participant 
repeated measure and report the relevant F and P values (Figures 
5A, 8B and 9B). Where we found a signifi cant interaction between 
the factors of group and stimulus type, we used subsequent t-tests 
to determine which stimulus types were signifi cantly different 
between groups.

RESULTS
THE VOLUME AND RESPONSE AMPLITUDES OF THE FUSIFORM FACE 
AREA (FFA) IN ADOLESCENTS AND ADULTS
To examine the hypothesis that the FFA continues to develop during 
adolescence, we measured the volume of the FFA across adults and 
adolescents (see Materials and Methods). We defi ned the FFA in 
each subject as clusters of voxels within the fusiform gyrus (some-
times overlapping the OTS) that responded more to faces than to 
objects (man and boy > cars and abstract objects, P < 10−3, uncor-
rected). We found the FFA in 11/11 adults and 14/15 adolescents 
(see Figure 3). The right FFA’s volume was signifi cantly larger in 
adults than in adolescents by about 1.7 fold (t

15
 = 2.47, P = 0.028, 

non-equal variance; Figure 4A) and was correlated with subjects’ 
age (r = 0.55, P = 0.004, Figure 4B). There was a similar trend in 
the left FFA (lFFA), but between age group differences were not 
signifi cant (t

23 
= 1.28, P = 0.21, Figure 4A). Nevertheless, there was 

a signifi cant correlation between lFFA’s volume and age (r = 0.41, 
P = 0.04, Figure 4B).

We asked if age-related changes in FFA volume varied with sub-
jects’ gender. The rFFA volume was signifi cantly larger in females 
than males in both age groups (rFFA: t

19 
= 2.78, P = 0.01, unequal 

variance). Thus, rFFA volume was determined by each of the fac-
tors of gender (F

1,24
 = 8.74, P = 0.008) and age (rFFA: F

1,24
 = 7.65, 

P = 0.012), but there was no signifi cant age by gender interaction 
(P = 0.65). Furthermore, rFFA volume was signifi cantly correlated 
with age within each of the gender groups (in females: r = 0.69, 
P = 0.009; in males: r = 0.76, P = 0.004, Figure 4B). The lFFA was 
also larger among females than males (lFFA: t

18 
= 1.78, P = 0.04, 

one-tailed t-test, unequal variance). However, there were no signifi -
cant effects of age (P = 0.23) or interaction between age and gender 
(P = 0.9). Although the correlation between lFFA volume and age 
was signifi cant when all subjects were included, this correlation did 
not reach signifi cance in either gender when examined separately 
(Ps > 0.08, Figure 4B). Thus, the spatial extent of the rFFA increased 
with age from adolescence to adulthood in both genders.

Next, we tested if adolescents’ smaller rFFA refl ected less cluster-
ing of face selective voxels, or depended on threshold. We measured 
the total volume of face selective activations regardless of voxel 
contiguity at fi ve different thresholds (10–6 < P < 10–2, uncorrected) 
in an anatomical ROI of the ventral temporal cortex (VTC, see 
Materials and Methods). In the right VTC, the total volume of 
face selective activation was signifi cantly higher in adults than 
in adolescents (F

1,23
 = 5.8, P = 0.02; repeated measures ANOVA 
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FIGURE 4 | FFA volume as a function of age and gender. (A) The volume of 
the FFA (man and boy > cars and abstract objects, P < 10–3, uncorrected) as a 
function of age and gender. Bars show the volume of the FFA, as defi ned in 
Figure 3, averaged across 14 adolescents (ages 12–16 years, light red) and 11 
adults (18–40 years, dark red). Error bars show group SEM. Asterisks indicate 
signifi cantly smaller volume than adults (P < 0.05, t-test across age groups). (B) 
The correlation between age and FFA volume among males and females in each 
hemisphere (rFFA vs. age in females: r = 0.69, P = 0.009; in males: r = 0.76, 

P = 0.004; lFFA vs. age in females: r = 0.48, P = 0.09; in males: r = 0.52, 
P = 0.08). Open triangles: males, n = 12; Filled circles: females n = 13. (C) The 
total volume of face selective voxels in VTC, defi ned as man and boy > cars and 
abstract objects at fi ve different statistical thresholds (minus logarithm base 10). 
Volumes are measured irrespective of voxel contiguity. Light red: adolescents 
(ages 12–16, n = 14); dark red: adults (ages 18–40, n = 11). Error bars show 
group SEM (11 adults and 14 adolescents). Large asterisk indicates signifi cantly 
larger volume in adults, P < 0.02, repeated measures ANOVA).

Figure 4C), and at every threshold tested (P < 0.033, t-test). In the 
left VTC, however, between age group differences in the overall 
volume of face selective activations did not reach statistical sig-
nifi cance (F

1,23
 = 2.60, P = 0.12; Figure 4C). Thus, the total vol-

ume of face selective activations was signifi cantly higher in the 
right VTC of adults than in adolescents, regardless of clustering 
or statistical threshold.

RESPONSE AMPLITUDES OF FACE SELECTIVE ACTIVATIONS IN VTC
We asked if in the face selective regions of VTC, response ampli-
tudes to visual stimuli varied with age group. For each subject, 
we defi ned the face selective voxels (man and boy > cars and 
abstract objects, P < 10−3) in the VTC using data from run 1 
and measured response amplitudes from run 2 data (Figure 5A, 
see Materials and Methods). Face selective voxels were found in 
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run 1 in the right and left hemisphere of all subjects except the 
left hemisphere of one adolescent. In both age groups, response 
amplitudes revealed face selectivity, namely higher responses 
to faces than other stimuli (Figure 5A). The overall response 
amplitudes in face selective voxels of the right VTC were not 
signifi cantly different between age groups (F

1,21
 = 1.4, P = 0.24) 

or genders (F
1,21

 = 1.8, P = 0.2). However, there was a signifi cant 
interaction between age and condition (F

1,23
 = 9.37, P = 0.006), 

as responses to faces were higher in adults than in adolescents 
(t

23
 = 1.7, P = 0.05, one-tailed). There were no interactions 

between age-of-subject and age-of-face stimuli (F
1,21

 = 1.29, 
P = 0.27). Importantly, there were no signifi cant differences 
between age groups in response amplitudes to non-face stimuli 
(Ps > 0.13), indicating that between age group differences were 
specifi c to responses to faces.

In the left VTC, the response amplitudes of face selective vox-
els were not signifi cantly different across age groups (F

1,20
 = 0.32, 

P = 0.58) or genders (F
1,20

 = 0.00, P = 0.99), and there was no sig-
nifi cant interaction between factors of age and gender (F

1,20
 = 0.02, 

P = 0.88, Figure 5A).

The between age group differences in the response magnitude 
to faces suggests that face selectivity may be higher in adults than 
in adolescents. To test this possibility, we measured each subject’s 
mean selectivity to faces using run 2 data from the face selective 
voxels defi ned by run 1 data, as above. The mean selectivity was 
defi ned as the mean t-value across all face selective voxels for the 
contrast man and boy > cars and abstract objects in run 2. The 
mean t-value was higher in adults (right: 3.7 ± 1.3, left: 3.7 ± 1.2, 
mean selectivity ± std deviation) than in adolescents (right: 
2.3 ± 1.98, left: 2.64 ± 2, mean selectivity ± std deviation). These 
differences reached statistical signifi cance in the right hemisphere 
(right: t

23
 = 2.1, P = 0.02; left: t

23
 = 1.5, P = 0.07, one-tailed test). 

Furthermore, there was a signifi cantly positive correlation between 
subjects’ age and the mean face selectivity in both hemispheres 
(right: r = 0.49, P = 0.01; left: r = 0.47, P = 0.02, Figure 5B). In 
sum, development of face selective activations during adoles-
cence manifests as an increase in the total volume of face selec-
tive regions, as well as increased response amplitude to faces (but 
not non-faces) in face selective voxels and consequently, increased 
face selectivity.

FIGURE 5 | Average response to different stimuli and face selectivity within 

face selective regions of fusiform gyrus. (A) Average responses to different 
image categories (relative to the blank baseline) of face selective voxels during 
run 2. Data are averaged across 14 adolescents and 11 adults in the right 
hemisphere and 13 adolescents and 11 adults in the left hemisphere. Face 
selective voxels were independently defi ned using run 1 data with the contrast: 
man and boy > cars and abstract objects, P < 10–3, uncorrected. Error bars 

indicate SEM across subjects. Small asterisks indicate responses that are 
signifi cantly less than faces (P < 0.05, t-test across subjects) and are corrected 
for multiple comparisons using Bonferroni correction. Large asterisk indicates 
signifi cantly lower responses to faces in adolescents than adults (P < 0.05, t-test 
across subjects). (B) Face selectivity is plotted as a function of age. Each point 
represents a subject’s mean t-value for the contrast faces vs. objects from run 2 
data across all face selective voxels in VTC as in (A).
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FIGURE 6 | Volume of face selective activations defi ned using either man or 

boy faces. (A) Activation maps for boy selective voxels (boy faces > cars and 
abstract objects, P < 10–3), red, man selective voxels (man faces > cars and 
abstract objects, P < 10–3), green, and overlapping voxels (yellow). Data are 
shown for a representative adolescent brain. (B) Average volume of the cluster 
of voxels defi ned by the same contrasts as in (A). Error bars show group SEM. 

(C) The volume of all man selective or boy selective voxels in the VTC regardless 
of contiguity at fi ve different statistical thresholds (10–2 to 10–6, uncorrected). 
Light red: adolescents (ages 12–16 years, n = 14); dark red: adults (ages 18–
40 years, n = 11). Error bars show group SEM. Large asterisks indicate 
signifi cantly larger volume in adults vs. adolescents (P < 0.02, F-test repeated 
measures ANOVA).

RIGHT FFA IS SMALLER IN ADOLESCENTS REGARDLESS OF AGE OF 
FACE STIMULI
We asked if the smaller FFA volume in adolescents depends on the 
choice of face stimuli. In each subject we redefi ned face selective 
ROIs, once as the clusters of voxels that responded more to faces of 
boys than to objects (boy > car and abstract objects, P < 10−3, uncor-
rected) and separately using men faces (man > car and abstract 
objects, P < 10−3, uncorrected, Figure 6A). Both contrasts detected 
face selective voxels in the fusiform gyrus and OTS with signifi cantly 
larger rFFA volumes in adults than in adolescents (F

1,23
 = 4.84, 

P = 0.04, repeated measures ANOVA, Figure 6B). However, there 

was no signifi cant effect of age of face stimulus (P = 0.62) and 
no interaction between age of face stimulus and age of subject 
(P = 0.77). Results were similar when we measured the total vol-
ume of all supra-threshold voxels in the right VTC across various 
thresholds (man > cars and abstract objects: F

1,23
 = 4.6, P = 0.04; 

boy > cars and abstract objects: F
1,23

 = 6.58, P = 0.02, repeated 
measures ANOVA Figure 6C). In contrast, between age group 
differences in lFFA volume did not reach statistical signifi cance 
(F

1,23
 = 2.22, P = 0.15), regardless of the face stimulus used to defi ne 

the ROI (Figures 6B,C). The lFFA volume was larger when defi ned 
by faces of boys rather than men, across all subjects (F

1,23
 = 6.49, 
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P = 0.02, Figure 6B). However, there was no interaction between 
age of face stimulus and age of subject (P = 0.96). Thus, age of face 
stimuli did not determine between age group effects on the volume 
of face selective activations in VTC.

THE SPATIAL OVERLAP BETWEEN FFA REGIONS SELECTIVE FOR FACES 
OF BOYS OR MEN
We asked if the boy and man face stimuli activated spatially seg-
regated regions in the fusiform gyrus, perhaps to varying degrees 
depending on the subjects’ age. We examined the extent of the 
spatial overlap between the two ROIs that were separately defi ned 
as clusters of activation by faces of men vs. objects (man > cars and 
abstract object, P < 10−3, uncorrected) or faces of boys vs. objects 
(boy > cars and abstract objects, P < 10−3, uncorrected). There 
was approximately 50% overlap between the two ROIs in both 
age groups (see Figure 6A). Importantly, there was no interaction 
between age of subject and the size of the non-overlapping vol-
ume that responded more to man faces than objects (but not boy 
faces than objects) and vice versa, in either hemisphere (Ps > 0.7). 
Likewise, response amplitudes from these non-overlapping regions 
showed no signifi cant interactions between age of subject and age 
of stimulus (P > 0.14). Thus, we found no evidence that the spa-
tial extent, response amplitudes, or spatial location of selectivity 
depended on the age of face stimuli.

THE VOLUME AND RESPONSE AMPLITUDES OF OBJECT SELECTIVE 
ACTIVATIONS
We asked if developmental changes in the VTC are specifi c to face 
selective regions, or refl ect a more general process involving other 
regions that are selective for non-face categories such as objects and 
scenes (Figure 7A). Thus, we measured the volume (Figures 7B 
and 8A) and response amplitudes of object selective activations 
in the VTC (Figure 8B).

We defi ned an object selective region along the posterior 
fusiform gyrus, often extending into the occipito-temporal sul-
cus referred to as pFus/OTS (see Materials and Methods). The 
volume of the right pFus/OTS was signifi cantly larger in females 
than in males (F

1,23
 = 6.39, P = 0.02), but there were no between 

age group  differences (P > 0.22, Figure 7B), and no interactions 
between the factors of age and gender in either hemisphere 
(P > 0.31). Similarly, there were no signifi cant between age group 
differences in the total volume of object selective activations 
(cars and abstract objects > scrambled) at fi ve different thresh-
olds (10–6 < P < 10–2, uncorrected) in either the right or left VTC 
(Ps > 0.22). Additionally, we did not fi nd signifi cant between age 
group differences in activation volumes in either hemisphere when 
we separately defi ned the activations for abstract objects versus 
scrambled images or cars versus scrambled images at fi ve different 
thresholds (Ps > 0.15).

FIGURE 7 | Face-, object- and place selective activations in ventral cortex. 

(A) Face (red), object (blue) and place (green) selective activations in a 
representative 14-year-old subject. All activation maps are plotted at the P < 10–3 
threshold, uncorrected. Overlapping face and object activations are shown in 
magenta. The spatial relation among face, object and place selective activations 

and also their location relative to anatomical landmarks were similar across 
adults and adolescents. (B) The volume of FFA, PPA and pFus/OTS averaged 
across 11 adults (light bars) and 14 adolescents (dark bars). Error bars indicate 
between subjects SEM. Asterisks indicate signifi cantly larger volume in adults 
than in adolescents (P < 0.05, t-test).
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right hemisphere, this mean t-value among the supra- threshold 
object selective voxels was not statistically different across age 
groups (mean selectivity in adults: 2.3 ± 1.5, in adolescents: 
1.6 ± 1.1, t

23
 = 1.2, P = 0.24). Furthermore, there were no signifi -

cant correlations between age and magnitude of object-selectivity 
among the supra-threshold object selective voxels in the right or 
left VTC (rs < 1.7, Ps > 0.42), in contrast to the positive correlation 
between age and face selectivity among the supra-threshold face 
selective voxels in VTC.

THE VOLUME AND RESPONSE AMPLITUDES OF PLACE SELECTIVE 
ACTIVATIONS
We examined place selective activations in the VTC (Figure 7) 
to test if the volume and selectivity of place selective activations 
increase during adolescence in tandem with the development of 
face selective activations.

Response amplitudes were generally higher for objects, faces and 
scenes compared to scrambled images, and there were no signifi cant 
effects of age (right VTC: F

1,21
 = 0.64, P = 0.43; left VTC: F

1,21
 = 0.03, 

P = 0.86, Figure 8B) or interaction between age and response 
amplitude to image categories (P > 0.19) in either hemisphere.

Response amplitudes were signifi cantly higher among females 
than males in the right VTC (right VTC: F

1,21
 = 6.31, P = 0.02; left 

VTC: F
1,21

 = 0.46, P = 0.51), but there was no interaction between 
age and gender in either hemisphere (Ps > 0.13), or between either 
factors of age or gender and image category (Ps > 0.2).

The degree of selectivity among the object selective voxels in 
VTC was measured as the mean t-value for the contrast cars and 
abstract objects > scrambled in run 2. This selectivity was higher 
in the left hemisphere of adults (2.5 ± 1.3, mean selectivity ± std 
 deviation) than in adolescents (1.7 ± 1.1, mean selectivity ± std 
deviation, t

23
 = 1.7, P = 0.05, one-tailed test). In contrast, in the 

FIGURE 8 | Volume and response amplitudes of object selective activations 

in VTC. (A) The total volume of activated voxels for cars > scrambled, or abstract 
objects > scrambled at fi ve different thresholds (10–2 to 10–6, shown as minus 
logarithm base 10, uncorrected). Light red: adolescents (ages 12–16 years, 
n = 14); dark red: adults (ages 18–40 years, n = 11). (B) Percent signal change 
for object selective voxels. We defi ned in each subject object selective voxels in 
the VTC using the contrast: cars and abstract objects > scrambled, P < 10–3, 

from run 1 data. Object selective voxels were found in all subjects from run 1 
data. Signal amplitudes were extracted from these voxels in run 2 data. We 
calculated the average response across each subject’s voxels and then averaged 
across subjects. Error bars show group SEM (11 adults and 14 adolescents). 
Asterisks indicate signifi cantly higher than scrambled (P < 0.05, t-test across 
subjects) and are corrected for multiple comparisons using 
Bonferroni correction.
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FIGURE 9 | The volume and response of place selective activations in the 

ventral temporal cortex. (A) The total volume of place selective activations for 
indoor and outdoor scenes > cars and abstract objects at fi ve different 
thresholds (10–2–10–6, uncorrected, shown in minus log base 10 of p). Light red: 
adolescents (ages 12–16 years, n = 14); dark red: adults (ages 18–40 years, 
n = 11). (B) Response amplitudes to visual stimuli across place selective VTC 

voxels. Place selective voxels in the VTC were defi ned by the contrast 
scenes > objects, P < 10–3, in run 1. Percent signal changes were extracted from 
run 2 (mean and SEM). Asterisks indicate responses that signifi cantly less than 
response to indoor and outdoor scenes (P < 0.05, t-test across subjects) and are 
corrected for multiple comparisons using Bonferroni. Error bars refl ect SEM 
across subjects.

We defi ned the PPA as a scene selective region along the para-
hippocampal gyrus, often extending into the collateral sulcus 
(indoor and outdoor scenes > cars and abstract objects, P < 10–3, 
Figure 7A). The PPA volume in both hemispheres was similar 
across age (Ps > 0.58) and gender groups (Ps > 0.70, Figure 7B). 
Likewise, there were no between age group differences in the volume 
of place selective activations in the VTC at fi ve different thresholds 
(right: F

1,23
 = 0.10, P = 0.75; left: F

1,23
 = 0.64, P = 0.43; Figure 9A), 

suggesting that the PPA reaches its adult volume by adolescence 
and earlier than the FFA.

Response amplitudes of place selective voxels in the VTC were 
higher for scenes than all other categories (Figure 9B). There 
were no signifi cant effects of age (right VTC: F

1,21
 = 0.36, P = 0.56, 

left VTC: F
1,21

 = 0.02, P = 0.91), gender (right VTC: F
1,21

 = 0.42, 
P = 0.52; left VTC: F

1,21
 = 1.74, P = 0.20), or interaction between 

these factors (Ps > 0.17).
The degree of selectivity among the place selective voxels in 

VTC, as measured by their mean T value, was similar in adults 
(right: 3.7 ± 1.0, left: 3.7 ± 1.2, mean selectivity ± std deviation) and 
adolescents (right: 3.1 ± 1.4; left: 3.2 ± 1.3, mean selectivity ± std 
deviation) and not signifi cantly different in either hemisphere 
(Ps > 0.27). Despite some trends, the correlation between subjects’ 
age and the magnitude of place-selectivity among place selective 
voxels did not reach statistical signifi cance in either hemisphere in 
the VTC (rs < 0.35, P > 0.08).

DISTRIBUTED RESPONSES TO OBJECT CATEGORIES IN VTC ACROSS 
AGE GROUPS
We asked if the development of face selectivity in the VTC also 
manifests as changes in the spatial pattern of its distributed 
responses. It is well documented that category information is 
also present in the distributed responses across the VTC, as 
 different categories elicit distinct distributed response patterns 
(Haxby et al., 2001; Cox and Savoy, 2003). In other words, the 
correlation between MVP of responses across different catego-
ries is typically lower than the correlation between MVPs for 
the same category. Thus, MVP analysis is a useful approach for 
measuring any age-related changes in the distributed response 
patterns. Specifi cally, our fi ndings of fewer face selective voxels in 
the adolescent VTC, lower response amplitudes elicited by faces 
(but not objects or scenes) and lower face selectivity suggests 
that fewer voxels in the adolescent VTC differentially respond to 
face versus object stimuli. Consequently, face MVPs may be less 
distinct than non-face MVPs (i.e. more positively correlated) in 
adolescents than in adults.

MVPs for different categories across the VTC are shown in 
Figure 10A from one representative adolescent subject. In general, 
the spatial pattern of response was similar across adolescents and 
adults. For the stimuli presented in our experiment, face MVPs 
showed responses above the mean in the lateral VTC (red and yel-
low in Figure 10A) and below the mean in the medial VTC (blue 
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FIGURE 10 | Multivoxel pattern (MVP) analysis of distributed responses to 

categories across the right VTC. (A) Visualization of the MVP to stimulus 
categories in run1 and run2 in a representative 14-year-old adolescent. (B) Group 
averaged Pearson correlations within and between categories from run1 versus 
run2. The on-diagonal components indicate the within-category reproducibility of 
the MVPs across runs, using different exemplars of the same stimulus category. 

Off-diagonal components indicate between-category correlations. (C) Summary 
of within-category correlations from (B). (D) Across-category correlations from 
(B) between faces and non-faces and between scenes and objects. Light grey: 
adolescents n = 11, ages 12–16 years; Dark grey: adults, n = 11, ages 18–40 years. 
Asterisks indicate signifi cantly different correlations in adults vs. adolescents 
(P < 0.02, t-test across subjects). Error bars denote SEM across subjects.

and cyan in Figure 10A). Scene MVPs showed the opposite spatial 
pattern. The MVPs of responses to cars and abstract objects were 
more diffuse in both age groups.

We calculated the Pearson correlation between MVPs across all 
pairings of stimuli across runs 1 and 2 in each subject and then 
averaged across subjects in each age group.

Results are summarized in a correlation matrix (Figure 10B). 
The diagonal of this correlation matrix shows the within-category 
reproducibility of MVPs across the two runs for each of the stim-
ulus categories. In both adults’ and adolescents’ within-category 
correlations for all stimulus types were signifi cantly positive (all 
ts > 4, Ps < 0.001). Within-category correlations were particularly 
high for faces and places (mean r

w
 > 0.6, Figure 10C-left), with 

lower but signifi cantly positive within-category correlations for 
objects (mean r

w
 > 0.3, Ps < 0.001). Thus, within-category MVPs 

were highly reproducible between runs. Critically, there were no 
between age group differences in the reproducibility of the MVPs 
(Ps > 0.1, ts < 1.7). Furthermore, the between-category correlations 

between MVPs for different face types (man vs. boy, Figure 10C) 
were similar to the within-category correlation for the same face 
types (man vs. man or boy vs. boy, adults: r

b 
= 0.65, adolescents: 

r
b 
= 0.57, t

48 
= 1.6, P = 0.11). Thus, there was no evidence for an age 

of stimulus by age of subject interaction.
Next, we compared the between-category correlations for face 

vs. non-face MVPs in each subject (Figure 10C). In adults, the cor-
relations between face MVPs and non-face MVPs (cars, abstract 
objects and scenes) were either close to zero (in case of cars), or 
negative (in case of abstract objects and scenes, Figure 10C), sug-
gesting distinct spatial patterns of response to face and non-face 
stimuli. Similarly, in adolescents, the correlation between face and 
non-face MVPs were signifi cantly lower than the within-category 
correlation among face MVPs (Figure 10C), indicating that these 
MVPs were distinct in this group as well. However, the degree of 
this distinctness was signifi cantly lower in adolescents compared to 
adults. Specifi cally, the mean correlation between face vs. car MVPs 
was near zero in adults, but signifi cantly positive in  adolescents 
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(between group difference, t-test, P < 0.02). Likewise, the between-
category correlations for face vs. abstract object MVPs, and also 
across face vs. scene MVPs were signifi cantly less negative in ado-
lescents (Ps < 0.02). Thus, face MVPs become more distinct from 
non-face MVPs across the VTC with age.

To test the category specifi city of these developmental changes, 
we examined the correlations between the MVPs to scenes and 
objects across age groups. In both age groups there were highly 
positive correlations between indoor scene MVPs and outdoor 
scene MVPs. In both age groups the correlation between scene 
MVPs and car MVPs were negative, showing distinct patterns 
of response to scenes versus cars across the VTC (Figure 10C). 
However, the correlation between MVPs for scenes vs. abstract 
objects was signifi cantly more negative in adolescents than in 
adults (Figure 10C). Thus, the distributed responses to scenes vs. 
abstract objects were less distinct in the VTC of adults compared 
to adolescents, contrasting the more distinct pattern of face vs. 
object responses in adults.

Finally, we asked if there are age group differences in the inter-
subject variability of MVP correlations. Thus, we calculated the 
inter-subject correlation between MVP correlation matrices across 
all pairs of subjects (see Materials and Methods). In each age group, 
inter-subject correlations were high (adult-adult: r = 0.91 ± 0.04; 
adolescent-adolescent: r = 0.91 ± 0.03), indicating highly similar 
correlation matrices and low between-subject variability within each 
age group. Importantly, the mean inter-subject correlation between 
pairings of adult and adolescents’ matrices was also high (adoles-
cent-adult, r = 0.9 ± 0.04), indicating that, overall, the correlations 
among category MVPs were highly similar across the age groups, 
despite the face- and scene- specifi c differences that we found.

RELATING THE DEVELOPMENT OF RFFA TO IMPROVEMENTS IN FACE 
RECOGNITION MEMORY
To determine how our fMRI fi ndings relate to visual recognition 
performance, we fi rst asked if there were age-related improvements 
specifi cally in face recognition memory performance, or more 
generally for non-face categories as well. Face recognition memory 
was signifi cantly higher in adults than in adolescents (t

23
 = 2.75, 

P = 0.01). In contrast, recognition memory performance for non-

face stimuli was not different across age groups (P > 0.3). Females 
were signifi cantly better than males at recognition memory for 
indoor and outdoor scenes (P = 0.001), but there was no inter-
action between factors of age and gender for any of the stimu-
lus categories (P > 0.73). Thus, age-related recognition memory 
improvements during adolescence were specifi c to faces.

Next, we asked if rFFA volume is correlated with face recogni-
tion memory performance. Notably, face recognition memory per-
formance was signifi cantly correlated with rFFA volume (r = 0.54, 
P < 0.008, signifi cant after Bonferroni correction for multiple 
comparisons, Figure 11) with similar trends in the lFFA (r = 0.52, 
P < 0.01). In contrast, place and object recognition memory was 
not correlated with either the right or left FFA volume (Figure 11, 
Table 2). Furthermore, there were no signifi cant correlations 
between face recognition memory and the volume of either the 
pFus/OTS or the PPA (despite a trend for the lPPA, which was not 
statistically signifi cant after Bonferroni correction, Table 2).

We also asked if performance on other face tasks outside the 
 scanner were correlated with rFFA volume. We used the Benton face 
recognition task to assess perceptual face discrimination, and an affect 
perception task to examine recognition of facial expressions of emo-
tion. Performance on the Benton task was signifi cantly better among 
adults than adolescents, but there were no between group differences 
in their performance on the affect task (Table 1). Furthermore, FFA 
volume did not predict performance on either of these tasks (Table 2). 
These fi ndings suggest a substantial degree of specifi city in the FFA’s 
role in the development of recognition memory for face identity.

DISCUSSION
We found evidence for development of face selectivity in the VTC 
during adolescence. This development manifested as an age-related 
growth of the rFFA volume, increased rFFA response amplitudes 
and selectivity for faces, and increased differentiation between 
distributed patterns of activations to face versus non-face stimuli 
in the VTC of adults compared to adolescents. Importantly, rFFA 
size was correlated with subjects’ performance on a face recogni-
tion memory task, but not recognition performance for objects or 
places. In contrast to the rFFA, the volumes and response ampli-
tudes of object- and place selective activations in the VTC were 

FIGURE 11 | Correlations between rFFA volume and recognition memory performance for faces (Red), objects (Blue) and places (Green). Diamonds: 
adolescents, n = 14 ages 12–16 years; Squares: adults, n = 11, ages 18–40 years.
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similar across age groups. Our fi ndings demonstrate that the devel-
opment of the rFFA continues during adolescence, after the PPA 
and pFus/OTS have reached their adult size.

We addressed several methodological factors that may produce 
non-specifi c face selective differences and potentially confound 
comparison of fMRI results across age groups (Grill-Spector et al., 
2008). First, we based our functional analyses on individually 
defi ned ROIs without spatial normalization in order to avoid con-
founds due to possible between group differences in brain shape. 
This approach precluded direct between group comparisons of the 
location of the FFA, but our subject-by-subject analysis suggests 
that such differences are likely to be subtle. Second, we improved 
the spatial resolution of our study relative to previous reports by 
prescribing smaller voxels during scanning and by avoiding any 
spatial smoothing of the data. Previous studies of adolescent VTC 
which employed spatial smoothing (Golarai et al., 2007) and nor-
malization (Scherf et al., 2007) did not fi nd signifi cant differences 
between adult and adolescent FFA size, despite some trends (Golarai 
et al., 2007). Thus, the improved spatial precision of our study 
was likely a critical factor in our ability to detect developmental 
changes in the FFA of adolescents. Third, subjects across different 
age groups were matched on several factors that could potentially 
affect BOLD signals. These include performance on a 1-back task 
during scan, total motion during the scan, and the percentage of 
variance across the time-course data that is explained by the GLM. 
Fourth, we examined whether the functional differences were by-
products of between age group differences in the anatomical size of 
the VTC. Although we found evidence for a larger right hemisphere 
in adolescents than in adults, the size of the anatomical ROI of 
the VTC (to which we restricted most of our analyses) was similar 
across age groups. Thus our functional results in the VTC cannot 
be explained by between group differences in anatomical size. Our 

methods involved reconstructing the gray matter by including a 
uniform gray matter thickness across the whole brain in all subjects. 
Thus, our measurements are proportional to the surface area of 
the gray/white matter boundary and preclude direct assessment 
of any potential between group differences in gray matter volume 
that might arise from variations in gray matter thickness. However, 
previous studies suggest that gray matter thickness in the VTC 
is relatively stable during childhood to adulthood (Sowell et al., 
2002), consistent with our anatomical measurements. Fifth, we 
examined the volume of face-, object- and place selective activations 
across a range of statistical thresholds and found consistent results 
across this range, indicating that our fi ndings are not dependent 
on the choice of the statistical threshold on contrast maps or voxel 
clustering. Sixth, we examined the reproducibility of distributed 
responses to visual categories in the VTC across two independent 
runs, and found them to be highly reproducible in both adults and 
adolescents, suggesting that our fMRI data were equally reliable 
across age groups. Thus, neither between age group differences in 
performance during the scan, BOLD-related confounds, size of the 
anatomical VTC, nor data reliability can account for our results.

The rFFA volume was substantially larger in adults compared to 
adolescents across several analyses. Our results are consistent with 
previous fMRI studies that found evidence for a prolonged develop-
ment of the rFFA among children ages 7–11 years (Golarai et al., 2007; 
Scherf et al., 2007; Peelen et al., 2009). However, previous studies did 
not clarify whether or not this development continued through ado-
lescence. Specifi cally, in our previous report (Golarai et al., 2007), we 
found a trend for smaller rFFA size in adolescents versus adults (using 
a different group of subjects), which was inconclusive, perhaps due 
to the lower spatial resolution in that study. Another study found a 
positive correlation between age vs. size or selectivity of rFFA among 
a group of subjects ranging from age 7–17, however children and 
adolescents were not separately compared to adults (Peelen et al., 
2009). In contrast, a third study found no between group differences 
in the size or response amplitudes of the rFFA when comparing adults 
and adolescents (Scherf et al., 2007). The methodological improve-
ments in our current study enabled us to detect substantial devel-
opmental changes in rFFA size and face specifi c responses during 
adolescence. The smaller rFFA size in adolescents was coupled with 
lower responses to faces (but not objects) and lower face selectivity 
in this region. These data are consistent with our previous fi ndings 
of lower responses to faces (but not objects) in a penumbral region 
adjacent to the nascent FFA (Golarai et al., 2007).

The development of face selective activations in the VTC was 
evident in both males and females, although FFA size was larger 
among females than males in both age groups. This latter effect of 
gender might be due to our choice of male face stimuli, although 
previous behavioral studies suggest that females’ better face rec-
ognition memory performance is only apparent for female faces 
(Lewin and Herlitz, 2002). Thus, full characterization of gender 
effects on the size of the FFA will require presentation of both 
male and female faces in future experiments. Nevertheless, our data 
show that the rFFA undergoes a substantial development during 
adolescents in both genders.

Some behavioral studies suggest better face recognition memory 
performance when older adult observers view faces of their own-age 
group compared to faces of younger adults (Anastasi and Rhodes, 

Table 2 | Correlations between ROI volumes, subject’s age and 

behavioral measures of visual processing. Right and left hemisphere are 

indicated by (r) and left (l) respectively. Face selective fusiform face area 

(FFA), object selective pFus/OTS region (pFus), parahippocampal place area 

(PPA). Bold entries indicate signifi cant correlation after Bonferonni correction 

for multiple comparisons.

 Age Affect  Benton Visual recognition memory

  recog-

  nition Face Scene Objects

rFFA R = 0.55 R = 0.31 R = 0.39 R = 0.54 R = 0.23 R = 0.22

 P = 0.004 P = 0.16 P = 0.08 P = 0.008 P = 0.3 P = 0.3

lFFA R = 0.41 R = 0.41 R = 0.42 R = 0.51 R = 0.3 R = 0.2

 P = 0.045 P = 0.06 P = 0.05 P = 0.01 P = 0.17 P = 0.37

rpFus R = −0.21 R = 0.36 R = 0.02 R = −0.16 R = 0.01 R = −0.21

 P = 0.31 P = 0.1 P = 0.94 P = 0.48 P = 0.98 P = 0.33

lpFus R = −0.05 R = 0.01 R = −0.39 R = −0.36 R = −0.24 R = −0.28

 P = 0.81 P = 0.98 P = 0.08 P = 0.1 P = 0.28 P = 0.2

rPPA R = −0.09 R = 0.15 R = 0.06 R = 0.16 R = 0.1 R = −0.07

 P = 0.69 P = 0.51 P = 0.8 P = 0.47 P = 0.66 P = 0.77

lPPA R = −0.01 R = 0.01 R = 0.23 R = 0.41 R = 0.24 R = 0.2

 P = 0.95 P = 0.98 P = 0.31 P = 0.05 P = 0.28 P = 0.37
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2005; Perfect and Moon, 2005). These fi ndings have led to the pos-
sibility that own-age faces may produce stronger brain responses 
than faces of other age groups, analogous to the differential FFA 
responses to faces of other races (Golby et al., 2001). However, we 
found no evidence for an own-age bias. First, the volume of face 
selective activations was larger in adults than adolescents whether 
we defi ned them using both types of faces, or only men or boy faces. 
Second, response amplitudes to faces of men and boys were similar 
in both age groups, whether we defi ned face selective activations by 
one or both face stimuli. Third, there was no interaction between 
the age of subject and size of the non-overlapping activations elic-
ited by man or boy faces alone. Fourth, the distributed patterns of 
activations across the VTC for faces of men and boys were highly 
correlated in both age groups, suggesting that our fi ndings are not 
limited to discrete regions of the VTC, and our current measure-
ments do not distinguish between patterns of responses to faces 
of men or boys across the VTC.

We did not precisely match the age of face stimuli with the age 
of participants. Although such a precise matching could increase 
our sensitivity to potential effects of age of face stimuli, it would 
also involve perceptual variability across the stimulus sets and 
potentially introduce additional unwanted variability in the fMRI 
signals across subjects, rendering data interpretation more diffi -
cult. Thus, we chose to minimize this later source of variability 
by using a single set of stimuli from a range of ages, so that men 
faces overlapped the age range of the adult subjects and boy faces 
overlapped the age range of the adolescent subjects and included 
younger age groups as well. We reasoned that if the FFA size refl ects 
years of prior experience with faces, then adolescents’ response 
to children’s faces would refl ect this relatively recent experience 
with children’s faces, and bias our experiment towards fi nding a 
more adult-like FFA size in this group (i.e. opposite to our results). 
Given the absence of any trends towards an own-age bias in our 
data, it is highly unlikely that age of face stimuli could explain the 
substantially smaller rFFA size in adolescents.

Developmental changes in the VTC were specifi c to the face 
selective region of FFA, as place- and object selective regions were 
similar in their volume and response properties across age groups. 
We previously reported that the left PPA also undergoes a prolonged 
development during the fi rst decade of life and is larger in adults than 
children (ages 7–11 years). In the previous study we found no signifi -
cant differences between adults and adolescents’ PPA volumes, but 
adolescent PPA volumes were intermediate between child and adult 
volumes. Here, we found that the size of the PPA and its response 
profi le to visual stimuli were similar across adults and adolescents. 
Our present fi ndings are consistent with (Scherf et al., 2007) who 
reported no differences in place selective activations in 11–14 year 
olds compared to adults using a group analysis. Here we extend those 
fi ndings as we measure volumes of activations in individual subjects 
as well as perform independent analyses of response amplitudes and 
selectivities, which were not performed in previous studies.

Similarly, we found no age-related differences in the size or 
response properties of an object selective region (pFus/OTS), 
which is anatomically close to (and sometimes overlaps) the FFA. 
Thus, it is unlikely that our fi nding of a smaller rFFA in adolescents 
is due to anatomical or BOLD-related confounds in the vicinity 
of the rFFA. Consistent with this interpretation, a recent study 

found evidence for substantial age-related increases in the rFFA 
size, but stable size of a nearby body-part selective region in the 
fusiform gyrus (fusiform body area, FBA) in the same subjects 
(Peelen et al., 2009). Furthermore, our results are consistent with 
previous reports that the volume and amplitude of object selective 
responses across the entire lateral occipital complex are adult-like by 
the age of 7 years (Golarai et al., 2007; Scherf et al., 2007). Here, we 
extend previous fi ndings by showing that the lack of development 
of object selective responses was independent of the level of prior 
familiarity with the choice of object category in our study, as we 
found similar results when we separately examined object selective 
activations to cars (a familiar object category with identifi able parts 
and a common confi guration of those parts) or abstract sculptures 
(varied exemplars of novel objects). These fi ndings do not pre-
clude the possibility that the PPA and pFus/OTS might show age- 
or experience- dependent changes, if probed with more sensitive 
designs such as fMRI- adaptation (Grill-Spector and Malach, 2001). 
Nevertheless, our fi ndings underscore the differential development 
of face selective activations as compared to nearby object- or place 
selective activations during adolescence.

We found developmental changes in the distributed pattern of 
responses to faces across the VTC. Importantly, the distributed pat-
terns of responses to faces vs. non-face stimuli were more distinct 
in adults than adolescents. This observation is consistent with our 
fi ndings of fewer supra-threshold face selective voxels and lower face 
selectivity of these voxels in adolescents. Whether the results of our 
pattern analyses refl ect wide spread changes in face selectivity across 
the entire VTC or a region localized to the vicinity of the nascent FFA 
remains to be determined in future studies. Our previous fi nding 
of lower face responsiveness and selectivity in a region surround-
ing the nascent FFA in children (Golarai et al., 2007) suggests that 
our current fi ndings may refl ect localized changes in the vicinity 
of the nascent FFA. Future studies are needed to determine how 
anatomically widespread or restricted the age-related changes in the 
distributed VTC responses are. Nevertheless, our fi ndings reveal that 
developmental changes in the VTC responses during adolescence are 
refl ected in the distributed patterns of responses to faces, and are not 
limited to a modular view of the VTC’s functional organization.

The age-related increase in the distinctness of the MVPs was 
specifi c to faces vs. objects, as the overall spatial organization of 
the distributed responses were highly consistent within and across 
age groups, and the increased distinctness was not a general trend 
in the VTC for all categories. For example, the between-category 
correlations for scenes versus most other stimuli were similar 
across age groups. Meanwhile, the between-category correlation 
of scenes vs. abstract objects was less distinct in adults than adoles-
cents. Given that we found no differences in the size or selectivity 
of the PPA across age groups, one interpretation of these fi ndings 
is that with age, more (sub-threshold) VTC voxels outside the 
PPA respond similarly to scenes and abstract objects. Thus, the 
age-related decrease in the distinctness of distributed responses 
for scenes vs. abstract objects was opposite to the increased dis-
tinctness of responses to faces vs. objects. Whether or not these 
opposite shifts are causally related remains to be determined. 
However, our fi ndings emphasize the specifi city of the develop-
mental increases in the distinctness of the distributed patterns 
of responses to faces vs. objects.
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The age-related increases in rFFA size were associated with 
 behavioral improvements in face recognition memory, consistent 
with our previous fi ndings (Golarai et al., 2007). Face recognition 
memory performance was correlated with rFFA volume, but not 
with the size of object- or place selective regions, and rFFA size was 
not correlated with recognition performance for objects and places. 
It is unclear how larger rFFA size subserves better face recognition 
memory. Nevertheless, we can speculate that, if a larger FFA contains 
more face selective neurons which are tuned to more face-exemplars, 
it may produce a better cortical representation of the range of human 
faces, which in turn may improve face recognition memory. Future 
studies utilizing concurrent measurements of FFA responses and 
face recognition performance, using both familiar and non-famil-
iar faces may provide important new insights into the relationship 
between FFA volume and face recognition  performance. Likewise, 
examination of recognition performance with simultaneous fMRI 
and electrophysiological recordings in animal models (Tsao et al., 
2006) will be essential in elucidating the specifi c relationship between 
development of face selective regions and behavioral performance.

An important question is why face selectivity in particular under-
goes such a prolonged development during adolescence. One intrigu-
ing possibility is that this refl ects the ongoing  experience-dependent 
neural changes that accompany  encoding and recognition of newly 
encountered faces, which most socially active adolescents frequently 
experience. Developmental theories often refer to faces as a special 
type of visual stimulus, partly due to the early onset of face processing 
shortly after birth (Johnson et al., 1991). Our fi ndings complement 
this notion by suggesting that the particularly prolonged develop-
ment of face selective responses in the VTC may be an additional 
special feature of face processing, providing a basis for continued 
plasticity at least throughout the second decade of life. Alternatively, 

this prolonged plasticity may be a more widespread characteristic 
of the VTC, which may be evident also after expert learning of new 
visual categories (Gauthier et al., 1999, 2000). An intriguing possibil-
ity is that the fusiform gyrus remains plastic across the entire life span 
as individuals continuously encounter new faces throughout their 
lives and recognize them later. These possibilities are not mutually 
exclusive and could be addressed in future studies.

In conclusion, we found evidence for a prolonged  development 
of face selective activations in the right VTC through adoles-
cence that was associated with increases in the size of face selec-
tive regions, increases in responsiveness and selectivity for face 
stimuli, greater differentiation of distributed responses to face 
and object in the VTC, and behavioral improvements in face 
recognition memory. This development occurred in both male 
and female participants and was not dependent on the age of 
face stimuli. Our fi ndings of differential development across the 
VTC provide important constraints for developmental theories 
of high-level vision, suggesting that development of face rec-
ognition occurs over a surprisingly long time, and is likely to 
require extensive experience. These fi ndings set the stage for 
understanding the neural basis of developmental disorders in 
face processing.

ACKNOWLEDGMENTS
Thanks to Sungin Hong for help with experimental preparations 
and scanning, Rory Sayers for software support, Kathleen Ojeda for 
help with brain segmentation, Ted Kelly and Brittany Wheelock for 
help with whole brain volume measurements, Nathan Witthoft for 
help with MVP analysis and Anders Greenwood for useful com-
ments on the manuscript. This work was supported by NSF grant 
BCS-0617688 and NIH R21EY017741 grants to KGS.

REFERENCES
Anastasi, J. S., and Rhodes, M. G. (2005). 

An own-age bias in face recognition 
for children and older adults. Psychon. 
Bull. Rev. 12, 1043–1047.

Aylward, E. H., Park, J. E., Field, K. M., 
Parsons, A. C., Richards, T. L., Cramer, 
S. C., and Meltzoff, A. N. (2005). Brain 
activation during face perception: evi-
dence of a developmental change. J. 
Cogn. Neurosci. 17, 308–319.

Benton, A. L., Sivan, A. B., Hamsher, K. D., 
Varney, N. R., and Spreen, O. (1978). 
Benton Facial Recognition Lutz. 
Florida, Psychological Assessment 
Resources, Inc.

Carey, S., Diamond, R., and Woods, B. 
(1980). The development of face rec-
ognition- a maturation component? 
Dev. Psychol. 16, 257–269.

Cox, D. D., and Savoy, R. L. (2003). 
Functional magnetic resonance imag-
ing (fMRI) “brain reading”: detecting 
and classifying distributed patterns of 
fMRI activity in human visual cortex. 
Neuroimage 19, 261–270.

Diamond, R., and Carey, S. (1977). 
Developmental changes in the 

 representation of faces. J. Exp. Child. 
Psychol. 23, 1–22.

Diamond, R., and Carey, S. (1986). Why 
faces are and are not special: an effect 
of expertise. J. Exp. Psychol. 115, 
107–117.

Epstein, R., and Kanwisher, N. (1998). 
A cortical representation of the local 
visual environment. Nature 392, 
598–601.

Gathers, A. D., Bhatt, R., Corbly, C. R., 
Farley, A. B., and Joseph, J. E. (2004). 
Developmental shifts in cortical 
loci for face and object recognition. 
Neuroreport 15, 1549–1553.

Gauthier, I., Skudlarski, P., Gore, J. C., and 
Anderson, A. W. (2000). Expertise for 
cars and birds recruits brain areas 
involved in face recognition. Nat. 
Neurosci. 3, 191–197.

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

Golarai, G., Ghahremani, D. G., Whitfi eld-
Gabrieli, S., Reiss, A., Eberhardt, J. L., 

Gabrieli, J. D., and Grill-Spector, K. 
(2007). Differential development of 
high-level visual cortex correlates with 
category-specifi c recognition memory. 
Nat. Neurosci. 10, 512–522.

Golby, A. J., Gabrieli, J. D., Chiao, J. Y., and 
Eberhardt, J. L. (2001). Differential 
responses in the fusiform region to 
same-race and other-race faces. Nat. 
Neurosci. 4, 845–850.

Grill-Spector, K., Golarai, G., and Gabrieli, 
J. (2008). Developmental neuroimag-
ing of the human ventral visual cor-
tex. Trends Cogn. Sci. (Regul. Ed.) 12, 
152–162.

Grill-Spector, K., Knouf, N., and 
Kanwisher, N. (2004). The fusiform 
face area subserves face perception, not 
generic within-category identifi cation. 
Nat. Neurosci. 7, 555–562.

Grill-Spector, K., and Malach, R. (2001). 
fMR-adaptation: a tool for studying 
the functional properties of human 
cortical neurons. Acta Psychol. (Amst) 
107, 293–321.

Grill-Spector, K., Sayres, R., and Ress, 
D. (2006). High-resolution imag-
ing reveals highly selective nonface 

 clusters in the fusiform face area. Nat. 
Neurosci. 9, 1177–1185.

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

Johnson, M. H., Dziurawiec, S., Ellis, H., 
and Morton, J. (1991). Newborns’ 
preferential tracking of face-like 
stimuli and its subsequent decline. 
Cognition 40, 1–19.

Kanwisher, N. (2000). Domain specifi -
city in face perception. Nat. Neurosci. 
3, 759–763.

Kanwisher, N., McDermott, J., and Chun, 
M. M. (1997). The fusiform face area: 
a module in human extrastriate cor-
tex specialized for face perception. J. 
Neurosci. 17, 4302–4311.

Lewin, C., and Herlitz, A. (2002). Sex   in face 
recognition–women’s faces make the 
difference. Brain Cogn. 50, 121–128.

Malach, R., Reppas, J. B., Benson, R. R., 
Kwong, K. K., Jiang, H., Kennedy, W. 
A., Ledden, P. J., Brady, T. J., Rosen, 
B. R., and Tootell, R. B. (1995). 



Frontiers in Human Neuroscience www.frontiersin.org February 2010 | Volume 3 | Article 80 | 19

Golarai et al. Development of adolescent ventral stream

Object-related activity revealed 
by functional magnetic resonance 
imaging in human occipital cor-
tex. Proc. Natl. Acad. Sci. U.S.A. 92, 
8135–8139.

Nichols, E. A., Kao, Y. C., Verfaellie, M., 
and Gabrieli, J. D. (2006). Working 
memory and long-term memory for 
faces: evidence from fMRI and glo-
bal amnesia for involvement of the 
medial temporal lobes. Hippocampus 
16, 604–616.

Peelen, M. V., Glaser, B., Vuilleumier, 
P., and Eliez, S. (2009). Differential 
development of selectivity for faces 
and bodies in the fusiform gyrus. Dev. 
Sci. 12, F16–F25.

Pelphrey, K. A., Lopez, J., and Morris, 
J. P. (2009). Developmental con-
tinuity and change in responses 
to social and nonsocial categories 
in human extrastriate visual cor-
tex. Front. Hum. Neurosci. 3:25. 
doi:10.3389/neuro.09.025.2009.

Perfect, T. J., and Moon, H. (2005). The 
own-age effect in face recognition. In 
Measuring the mind: Speed,  control, 
and Age, J. Duncan, L. Phillips, and 
P. McLeod eds (Oxford, Oxford 
University Press), pp. 317–340.

Ranganath, C., DeGutis, J., and D’Esposito, 
M. (2004). Category-  specifi c modu-
lation of inferior temporal activity 
 during working memory encoding 
and maintenance. Brain Res. 20, 
37–45.

Scherf, K. S., Behrmann, M., Humphreys, 
K., and Luna, B. (2007). Visual 
 category-selectivity for faces, places 
and objects emerges along different 
developmental trajectories. Dev. Sci. 
10, F15–F30.

Sowell, E. R., Thompson, P. M., Peterson, 
B. S., Mattson, S. N., Welcome, S. E., 
Henkenius, A. L., Riley, E. P., Jernigan, 
T. L., and Toga, A. W. (2002). Mapping 
cortical gray matter asymmetry pat-
terns in adolescents with heavy 

 prenatal alcohol exposure. Neuroimage 
17, 1807–1819.

Tarr, M. J., and Gauthier, I. (2000). FFA: a 
fl exible fusiform area for  subordinate-
level visual processing automatized by 
expertise. Nat. Neurosci. 3, 764–769.

Tong, F., Nakayama, K., Vaughan, J. T., 
and Kanwisher, N. (1998). Binocular 
rivalry and visual awareness in 
human extrastriate cortex. Neuron 
21, 753–759.

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

Vinberg, J., and Grill-Spector, K. (2008). 
Representation of shapes, edges, and 
surfaces across multiple cues in the 
human visual cortex. J. Neurophysiol. 
99, 1380–1393.

Conflict of Interest Statement: The 
authors declare that the research 

was  conducted in the absence of any 
 commercial or fi nancial relationships that 
could be construed as a potential confl ict 
of interest.

Received: 06 September 2009; paper pend-
ing published: 07 October 2009; accepted: 
30 December 2009; published online: 22 
February 2010.
Citation: Golarai G, Liberman A, 
Yoon JMD and Grill-Spector K (2010) 
Differential development of the ventral 
visual cortex extends through adoles-
cence. Front. Hum. Neurosci. 3:80. doi: 
10.3389/neuro.09.080.2009
Copyright © 2010 Golarai, Liberman, 
Yoon and Grill-Spector. This is an open-
access article subject to an exclusive 
license agreement between the authors 
and the Frontiers Research Foundation, 
which permits unrestricted use, distribu-
tion, and reproduction in any medium, 
provided the original authors and source 
are credited.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


