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Differential development of high-level visual cortex
correlates with category-specific recognition memory

Golijeh Golarai**, Dara G Ghahremanil-?, S Whitfield-Gabrieli’-3, Allan Reiss*>, Jennifer L Eberhardt!,
John D E Gabrieli">* & Kalanit Grill-Spector!»

High-level visual cortex in humans includes functionally defined regions that preferentially respond to objects, faces and places. It
is unknown how these regions develop and whether their development relates to recognition memory. We used functional magnetic
resonance imaging to examine the development of several functionally defined regions including object (lateral occipital complex,

LOC)-, face (‘fusiform face area’, FFA; superior temporal sulcus, STS)- and place (‘parahippocampal place area’, PPA)-selective
cortices in children (ages 7-11), adolescents (12-16) and adults. Right FFA and left PPA volumes were substantially larger in
adults than in children. This development occurred by expansion of FFA and PPA into surrounding cortex and was correlated
with improved recognition memory for faces and places, respectively. In contrast, LOC and STS volumes and object-recognition
memory remained constant across ages. Thus, the ventral stream undergoes a prolonged maturation that varies temporally across
functional regions, is determined by brain region rather than stimulus category, and is correlated with the development of

category-specific recognition memory.

Functional magnetic resonance imaging (fMRI) studies of human
occipitotemporal cortex have revealed a consistent organization that
is characterized by regions that preferentially respond to different
types of visual stimuli. These regions include the LOC, which responds
more to a wide range of objects than to scrambled images'; a region
in the fusiform gyrus, the FFA, which responds more to faces than to
other objects or scenes’ and is involved in face perception®* and
memory>~; and a region in the parahippocampal gyrus (PHG), the
PPA3, which responds more to scenes than to faces or objects and is
involved in scene memory”®19, Discovery of these functionally defined
regions has generated debate about the nature of functional specializa-
tion in the ventral visual stream and the role of experience in shaping
it''"14, Despite a plethora of research, surprisingly little is known
about how these regions develop in the human ventral stream, or
how their development relates to proficiency in object, face or scene
recognition memory.

Here, we used fMRI to examine the development of the LOC, FFA
and PPA from age 7 to young adulthood, relating brain development to
recognition-memory ability for objects, faces and scenes. We consid-
ered three hypotheses regarding the development of functional regions
in the ventral stream. First, these regions may develop early. Accord-
ingly, specialized face processing is evident from early infancy!>'7.
Second, extensive experience with objects, faces and scenes may be
necessary for the development of these cortical regions!®!°. Indeed,
face-recognition memory reaches adult levels late in development,

around age 16 (refs. 20,21). Thus, the entire ventral stream may
approach maturity only in adolescence, in tandem with recognition-
memory proficiency. Third, there may be distinct developmental
trajectories, in which more category-selective regions such as the FFA
and PPA may mature later than less category-selective regions such as
the LOC. Furthermore, it is important to determine whether the timing
of development is specific to visual categories or cortical regions. For
example, do face-selective responses in the STS develop in tandem with
the FFA or differentially?

We also asked how the development of these regions manifests in
fMRI measurements. One possibility is that the spatial extent of the
LOC, FFA and PPA is similar in adults and children. Maturation
and experience-dependent gains in perceptual proficiency and
memory may be reflected in the response amplitude to objects, faces
or scenes. Indeed, adult FFA response amplitudes vary with subjective
perception and subsequent memory for faces>”. A second possibility
is that selectivity in the ventral cortex emerges slowly during child-
hood with accumulated experience. This hypothesis predicts smaller
selective regions in children (as compared with adults) that increase
in size with age and improved perceptual skills, analogous to the
expansion of somatosensory representations with training?2. A third
possibility is that weaker visual proficiency in children is associated
with a larger spatial extent of activation and less efficient processing
in children than in adults. Thus, experience may lead to more focal
and selective regions for processing specific stimuli in adults, analogous
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to greater activation of primary auditory cortex in non-musicians than
in musicians?,

None of these possibilities has yet been eliminated, as the few
imaging studies of occipitotemporal cortex development vary in their
findings. A PET study found greater responses to faces than to geo-
metric shapes in the ventral occipitotemporal cortex of 2-month-old
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Figure 1 Behavioral data during scan. Accuracy (a) and response times
(b) in a one-back task during the scan, for faces, abstract sculptures,
scenes and textures (scrambled objects). Light gray, children ages 7-11;
dark gray, children ages 12-16; black, adults. Error bars show s.e.m. for
each age group.

infants?4, but other studies have reported the absence of face-selective
responses (relative to objects or houses) in the fusiform gyri of children
5-8- (ref. 25) and 8—10-years old (ref. 26). These studies did not localize
the LOC or PPA or relate cortical maturation to recognition-memory
improvements. Furthermore, these studies did not consider possible
confounds in comparing activations across age groups—including age-
related differences in anatomical size (for example, the fusiform gyrus)
or in blood oxygenation level-dependent (BOLD) signals that index
neural activity in fMRIL

To characterize the development of cortical specialization for faces,
places and objects, we used a combination of fMRI and behavioral
methods with children (ages 7-11), adolescents (ages 12-16) and
adults. In Experiment 1, we performed fMRI while subjects viewed
blocks of faces, scenes, abstract sculptures and textures. For each
individual, we functionally defined the FFA, STS, LOC and PPA. We
examined the relation between age and the spatial extent, magnitude
and selectivity of activations in these regions, while controlling for
possible age-related confounds. In Experiment 2, we measured recog-
nition memory for faces, novel objects and scenes in the same subjects
outside the scanner, and related recognition-memory performance to
the fMRI results.

RESULTS

FMRI of face-, object- and place-selective cortex

In Experiment 1 during fMR], subjects viewed blocks of images of faces,
abstract sculptures, scenes and textures (created by scrambling object
images, Fig. 1), and pressed a button when an image was presented
twice successively (14% of images, occurring randomly). Accuracy was
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Figure 2 Face-selective acFivations in the fusiform gyrus as a fupction gf age. (@) The FFA E 6,000 - 6,000
was defined as faces > objects (P < 1073, uncorrected). Blue lines point to the rFFA in ® 4000 4000
coronal, sagittal and horizontal views from a representative adult subject. (b) Same as a, but E, 2’ 2’
data are from a representative 8.8-year-old child. (c) Left, IFFA volume; right, rFFA volume. S 20001 000 1
Bars show the volume of the FFA, as defined in (a,b), averaged across 20 children aged 0- 0-
7-11 (light gray), 10 adolescents aged 12-16 (dark gray) and 15 adults (black). Error bars
show group s.e.m. Red bars show data from groups that were matched for BOLD-related ) .
confounds (Supplementary Note 1), and include 10 children, 9 adolescents and 13 adults. € Total activated voxels in mFG
* Children < adults; P < 0.02. (d) The volume of anatomically defined mFG. Bars © 7-11-year-olds
represent data as in c. (e) The total number of face-selective voxels (faces > objects) within 2 40 .| 12-16-year-olds 40
the anatomically defined left or right mFG (anatomical ROls in d), regardless of contiguity, 8 ZO —A Adults :’0
were plotted against the minus logarithm (base 10) of six statistical thresholds (10! to s 12 12
1078, uncorrected) for a subset of subjects, who were matched for BOLD-related confounds 2

in mFG in each age group. Circles, children (ages 7-11, n = 10); squares, adolescents 0 1
(ages 12-16, n = 9); triangles, adults (n = 13). Error bars show s.e.m for each age group.
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as in (c), but centered on the rFFA peak. Three
additional concentric shell ROls were created as
the region in Child excluding 3P (ROI 3), Adult
excluding Child (ROI 5) and 150% excluding
Adult (ROI 7). Yellow arrow: face selectivity was
significantly lower among children (n = 10) than
among adults (n = 13), in the shell representing
the penumbral region of the rFFA in children (ROI
5, P < 0.05). (e) Percent BOLD amplitude for
faces and objects versus fixation baseline in the
penumbral region of rFFA in children (ROI 5,
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presented as in (a). Error bars show group s.e.m.
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high during this ‘one-back’ task (>90%) across age groups and image
categories (Fig. 1a), showing no significant effects of age (F, 4, = 0.29,
P =0.74), age x image-category interaction (Fs g4 = 0.51, P = 0.61) or
image category (excluding textures, F, 4, = 0.14, P = 0.7). Response
times were longer for children (ages 7-11) than for adolescents
(ages 12 -16, t)g = 4.6, P < 0.0001) or adults (f33 = 5.67,
P < 0.0001; Fig. 1b). Response times showed no significant effects
of image category (Fs g4 = 0.09, P = 0.8) and no interactions between
age and image category (Fg 126 = 0.91, P = 0.4).

Smaller fusiform face area (FFA) in children than adults

The FFA was defined in each subject as a contiguous cluster of voxels
peaking in the fusiform gyrus that responded more to faces than to
objects (P < 1073, uncorrected, Fig. 2a,b). The FFA was detected more
reliably in adults (right FFA: rFFA, 15/15 subjects; left FFA: IFFA, 14/15)
and adolescents (rFFA, 10/10; IFFA, 8/10) than in children (rFFA, 17/
20; IFFA, 14/20). The rFFA increased in size with age (F,4, = 5.63,
P < 0.007), and was 3.3-fold larger in adults than in children
(t33 = 3.34, P < 0.002; Fig. 2c). There were nonsignificant trends
toward larger rFFA size in adults than in adolescents (3 = 1.72,
P = 0.09, one-tailed) and larger 1FFA size in adults compared with
children (f33 = 1.98 P = 0.07, one-tailed; Fig. 2c).

These results may indicate age-dependent differences in cortical
selectivity for faces. Alternatively, they may reflect any combination
of the following in children: (i) larger BOLD-related confounds?”%%,
(ii) smaller anatomical size of the fusiform gyrus, (iii) less clustering of
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face selective voxels in the fusiform gyrus and (iv) lower response
amplitudes. We examined each of these alternatives.

In each subject, we quantified several BOLD-related confounds:
subject motion, BOLD fluctuations during baseline (%cv_BOLD)
and residual error (%Res) from the general linear model (GLM,
Methods and Supplementary Note 1 online). Higher BOLD-related
confounds in children could potentially compromise the detection of
selective voxels using the GLM. In general, BOLD-related confounds
were higher in children than in adults, but only %cv_BOLD in the left
mid fusiform gyrus (mFG) and subject motion were significantly
higher in children than in adults (Supplementary Table 1 online).

To test whether children’s smaller rFFAs were due to between-group
differences in BOLD-related confounds, we compared rFFA size across
a subset of subjects that were matched across age groups for these
confounds (Supplementary Note 1 and Supplementary Table 1). In
this subset of subjects, the rFFA was significantly larger in adults than in
children (t,; = 241, P < 0.02; Fig. 2¢). Thus, the smaller rFFA in
children was not due to BOLD-related confounds.

There were no significant differences across age groups in whole
brain volumes (F, 4, = 1.16, P = 0.32, data not shown) or volume of
the right or left mFG (Fig. 2d), despite a trend toward larger average
mFG size in children than in adults (right mFG: t33 = 1.50, P = 0.07,
one-tailed; left mFG: t33 = 1.50, P = 0.09 one-tailed).

We also examined whether children’s smaller rFFAs reflected less
clustering of face-selective voxels by counting, regardless of contiguity,
the number of voxels in the mFG that activated more strongly for faces
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Figure 4 Face-selective activations in the STS as a function of age. (a) The STS was defined in the posterior aspect of the superior temporal sulcus, as

a cluster of contiguously activated voxels that responded more strongly to faces than to objects (P < 1073, uncorrected). Blue lines point to the rSTS in
activation maps from the same representative adult subject as in Figure 2a. (b) Analogous to a, but data are from the same 8.8-year-old child as in Figure 2b.
(c) Average volume of the functionally defined STS (as in a and b) across children (n = 20), adolescents (n = 10) and adults (n = 15). (d) Average BOLD
response amplitudes in STS across stimuli and age groups. Bar graphs represent age groups as in Figure 1. Error bars show group s.e.m.

than for objects, at six different thresholds ( 10° < P < 107},
uncorrected). The number of face-selective voxels in the right mFG
was lower in children than in adults at every threshold tested (subjects
matched for BOLD-related confounds: P < 0.05, corrected for multi-
ple comparisons; Fig. 2e; all subjects P < 0.05, corrected for multiple
comparisons, data not shown).

FFA response amplitudes and selectivity

There were no significant differences in FFA response amplitudes
among age groups (rFFA: F, 39 = 1.24, P = 0.30; IFFA: F, 33 = 0.38,
P = 0.69) or interaction between age and stimulus type (rFFA: Fg 1}, =
1.23, P = 0.30; IFFA: Fg96 = 0.87, P = 0.43; Fig. 3a,b). Results were
similar for subjects matched for BOLD-related confounds (amplitude,
rFFA: F, 57 = 0.70, P = 0.50; IFFA: F, 54 = 0.26, P = 0.79; interaction
age X stimulus type, rFFA: Fg 75 = 0.09, P = 0.91; IFFA: Fs 7, = 0.91,
P = 0.40; Fig. 3a,b).

Our finding of a smaller rFFA in children predicts a smaller face-
selective cortical region surrounding the peak of the rFFA. Accordingly,
in subjects matched for BOLD-related confounds, we calculated a face
selectivity index (face — object)/(face + object) in an expanding series of
regions of interest (ROIs), from the peak FFA voxel to an ROI that was
150% of the adult FFA size. We repeated this analysis by two inde-
pendent methods, one using constant-sized ROIs (Methods, Fig. 3¢,d)
and another using shape-preserved ROIs (Methods, Supplementary
Fig. 1 online). Face selectivity was significantly lower in children than
in adults in the right hemisphere in the ROI matched to the average
adult rFFA size (constant-sized: t;; = 1.90, P < 0.04, one-tailed,
Fig. 3d, ROI 6; shape-preserved: t;; = 2.69, P < 0.012, Supplementary
Fig. 1). Furthermore, in the region between the two ROIs, one matched
in size to the average child rFFA and one to the average adult rFFA, only
adults showed face selectivity. Accordingly, face selectivity in this region
was significantly lower in children than in adults (constant-sized:
) = 2.1, P < 0.05; Fig. 3d, ROI 5; shape-preserved: t,; = 3.9,

P < 0.001; Supplementary Fig. 1). Thus, a region immediately
surrounding the nascent rFFA in children is less selective for faces
than the corresponding region (falling in the rFFA) in adults.

Children’s lower face selectivity in this region was associated with
significantly lower responses to faces in children than in adults
(constant-sized: tp; = 1.89, P < 0.04, one-tailed, Fig. 3e; shape-
preserved: t;; = 1.73, P < 0.05, one-tailed, Supplementary Fig. 1),
but there were no between-group differences in responses to objects
(1 = 0.97, P = 0.3; Fig. 3e; shape-preserved: t;; = 0.92, P = 0.9,
Supplementary Fig. 1). Thus, maturation of the rFFA involves a
specific increase in face selectivity and responsiveness in a region
immediately surrounding children’s rFFA.

No age-related changes in the size of STS or LOC

We defined a face-selective region in each subject’s STS (faces >
objects, P < 1073, uncorrected; Fig. 4a,b). This region was detected
in children (right STS: rSTS, 18/20; left STS: ISTS, 15/20), adolescents
(rSTS: 8/10; ISTS: 8/10) and adults (rSTS: 14/15; ISTS 12/15). Unlike
the rFFA, there were no significant differences among age groups in the
size of the STS face-selective region (rSTS: F, 4, = 0.55, P = 0.57; ISTS:
F, 4, = 0.07, P = 0.93, Fig. 4c). Similarly, there were no differences in
response amplitudes across age groups (rSTS: F3;, = 0.25, P = 0.78;
ISTS: F5,, = 0.02, P = 0.97, Fig. 4d) or interaction between age and
stimulus category (rSTS: F3;, = 0.10, P = 0.90; ISTS: Fs,, = 0.20,
P = 0.81). Thus, the smaller rFFA in children is not associated with
generally smaller or less responsive face-selective regions.

The LOC was defined in each subject (objects > textures, P < 1072,
uncorrected, Fig. 5a,b) and was detected in children (right LOC: rLOC,
20/20; left LOC: 1LOC, 19/20), adolescents (rLOC: 10/10; ILOC: 9/10)
and adults (rLOC: 15/15; ILOC 15/15). There were no significant
differences between groups in LOC size (rLOC: F,4, = 0.1,
P =0.81;1LOC: F, 4, = 0.07, P = 0.93, Fig. 5¢) or response amplitudes
(I'LOC! F2’42 = 031, P = 073, ILOC F2,40 = 002, P = 097,
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