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Abstract
Ventral-visual activity in older adults has been characterized by dedifferentiation, or reduced
distinctiveness, of responses to different categories of visual stimuli such as faces and houses, that
typically elicit highly specialized responses in the fusiform and parahippocampal brain regions
respectively in young adults (Park et al., 2004). In the present study, we demonstrate that age-related
neural dedifferentiation applies to within-category stimuli (different types of faces) as well, such that
older adults process less distinctive representations for individual faces than young adults. We
performed a functional magnetic resonance imaging adaptation experiment while young and older
participants made same-different judgments to serially presented face-pairs that were Identical,
Moderate in similarity through morphing, or Different. As expected, older adults showed adaptation
in the fusiform face area (FFA), during the Identical as well as the Moderate conditions relative to
the Different condition. Young adults showed adaptation during the Identical condition, but minimal
adaptation to the Moderate condition. These results indicate that older adults’ FFA treated the
morphed faces as Identical faces, reflecting decreased fidelity of neural representation of faces with
age.
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INTRODUCTION
There is compelling evidence that with age, the neural function of highly specialized cortical
areas become less selective or “dedifferentiated”. In particular, in the ventral-visual cortex of
young adults, the fusiform region typically responds maximally to faces but is less responsive
to other categories, such as houses (Kanwisher, McDermott, & Chun, 1997). Similarly, the
parahippocampal region responds preferentially to houses but relatively little to faces or other
categories (Epstein & Kanwisher, 1998). In older adults, however, this differentiation of
responses to faces and houses in these regions is reduced, suggesting that the distinctiveness
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of underlying neural representations for these cross-category stimuli diminishes with age (Park
et al., 2004).

Thus far, the evidence for dedifferentiation with age rests on how strongly cortical regions that
respond preferentially to one category of visual stimuli (e.g. faces) responds to another category
(e.g. houses), utilizing relatively crude measures of differences in mean activation of a
population of voxels to these different visual categories (Park et al., 2004). Single-neuron
recordings in primate aging studies on the primary visual cortex have shown, however, that
there is an age-related reduction in selectivity of neural response tuning for specific exemplars
within a single category of visual stimuli (Leventhal, Wang, Pu, Zhou, & Ma, 2003;
Schmolesky, Want, Pu, & Leventhal, 2000; Wang, Zhou, Ma, & Leventhal, 2005; Yang, Liang,
Li, Wang, Zhou, & Leventhal, 2008; Yu, Wang, Li, Zhou, & Leventhal, 2006) that may be the
underlying mechanism for dedifferentiation of ventral visual activity. In these studies, visual
neurons of older animals showed less inhibition with more spiking activity to a greater range
of different line orientations whereas in young animals, neurons only responded to a narrow
range of orientations. In other words, in older animals, the same neurons responded to various
line orientations while in young animals, different neurons responded uniquely to specific
orientations, even when the orientation differences were minimal. The net result of such
reductions in neural selectivity in older animals is a loss of distinctiveness between functional
responses to different types of stimuli – a dedifferentiation of neural responses to different
stimuli with aging.

In the present study, we assessed such differences in neural selectivity within a single category
of visual stimuli, faces, in young and older human adults using a functional magnetic resonance
imaging (fMRI) adaptation paradigm (Grill-Spector et al., 1999; Grill-Spector & Malach,
2001; Grill-Spector, Henson, & Martin, 2006; Henson, 2003), which allowed us to approach
the issue of within-category dedifferentiation with age much like the animal studies.

fMRI adaptation refers to a decrease in neural activation in response to a repetition of identical
or similar stimuli relative to novel stimuli. Although the specific mechanism of fMRI
adaptation is still not entirely clear, it is generally thought that this decrease in neural response
may be due to the involvement of fewer neurons or lower activity of a neuronal population
when processing stimuli that are repeated (Grill-Spector et al., 2006; Henson, 2003).
Importantly, the degree to which a population of neurons processes two serially encountered
stimuli as “same” will be reflected as a more attenuated response to the second stimulus.
Moreover, if a brain region has high selectivity it would engage different neuronal populations
when representing two slightly different stimuli, and thus show less attenuation. In contrast, a
dedifferentiated brain region would use a similar population of neurons to represent two
different stimuli, resulting in an adapted response to the second stimulus because the neurons
are not able to process the difference. Essentially, the magnitude of an adaptation response in
the ventral visual cortex measures whether a brain region processes differences among
exemplars of related stimuli, making this paradigm ideally suited to the study of neural
selectivity differences with age for within-category stimuli such as faces.

We reasoned that if dedifferentiation is a general phenomenon in older adults, we should be
able to demonstrate reductions in neural selectivity for within-category exemplars that differ
from each other by varying degrees (e.g. different facial identities), mirroring findings from
the animal studies. We focused on the particular difficulty older adults have with face
processing (Bartlett & Leslie, 1986; Bartlett, Leslie, Tubbs, & Fulton, 1989; Habak, Wilkinson,
& Wilson, 2008; Owsley, Sekuler, & Boldt, 1981; Smith & Winograd, 1978) and examined
the adaptation responses in the fusiform face area (FFA; Kanwisher et al., 1997) of young and
older adults to face stimuli that differed slightly from earlier-presented faces. Note that while
face-processing involves other areas apart from the FFA (Haxby et al., 2001; Kriegeskorte,
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Formisano, Sorger, & Goebel, 2007), we focused on this region due to its robust selectivity
demonstrated across many studies (Kanwisher & Moscovitch, 2000; Kanwisher & Yovel,
2006). We hypothesized that young adults would show a differentiated and selective response
to subtle face differences but older adults would not. Additionally, we hypothesized that
reduced selectivity for faces in the FFA, as measured by the adaptation response, would also
be associated with poorer behavioral ability to discriminate between faces; linking age-related
brain changes with changes in behavior.

Several studies have used the fMRI adaptation paradigm to evaluate face processing in young
adults and have shown that neural adaptation in the FFA is generally sensitive to the degree of
similarity or distinctiveness between different face stimuli (Gilaie-Dotan & Malach, 2007;
Henson, Shallice, Gorno-Tempini, & Dolan, 2002; Jiang et al., 2006; Kadosh et al., 2009;
Rotshtein et al., 2005; Winston et al., 2004). In particular, in Jiang et al.’s (2006) study,
participants viewed serial pairs of face stimuli that were morphed to different levels of
similarity and were required to detect a target face that intermittently appeared during the fMRI
adaptation experiment, as an incidental task. The study showed that, in the FFA, moderately
similar face pairs elicited intermediate adaptation magnitudes and completely identical face
pairs resulted in greatest adaptation, relative to face pairs that were clearly distinct. In addition,
during a separate behavioral face discrimination test in the same study, participants’ were less
likely to detect differences between face pairs the more similar the faces were. In another
similar adaptation experiment with morphed faces, Gilaie-Dotan & Malach (2007) also showed
that adaptation magnitude was greater when face stimuli within a trial were more similar, while
participants directly performed a face discrimination task in the scanner. Critically in this study,
the authors showed that participants’ in-scanner face discrimination performance directly
tracked FFA adaptation magnitude such that the probability of detecting face differences
decreased with increasing adaptation magnitude.

Buttressing our argument is evidence from fMRI adaptation studies on a patient with acquired
prosopagnosia. Schiltz et al. (2006) and Dricot et al. (2008) studied the same patient, PS, who
had lesions in the left fusiform and right occipital regions but intact right fusiform region. In
both studies, PS’s responses to novel and repeated faces were equally attenuated in the FFA
whereas control participants showed attenuated responses only to repeated faces but
significantly higher activity (recovery from adaptation) to novel faces. Importantly, PS could
not discriminate individual faces despite preserved object discrimination, suggesting that the
non-differentiated FFA response to novel and repeated faces in PS reflected less distinctive
representations of face stimuli in the FFA. Taken together with the adaptation findings in
normal young adults, these studies indicate that greater adaptation in the FFA is associated
with less distinctive neural representations of faces that may in turn be associated with
behavioral performance.

In this study, we expected that age-related dedifferentiation of neural responses in the FFA
would be associated with less distinctive neural coding of faces in older adults relative to young.
Hence, there would be greater FFA adaptation in older adults to face pairs that were somewhat
different from one another, relative to clearly distinct face pairs. Using the fMRI adaptation
paradigm, we presented young and older participants with pairs of unfamiliar faces that were
either different, moderately different (40% morph difference), or identical, and measured the
BOLD responses to these three face-pair conditions in the FFA while participants performed
a same-different face discrimination task on the stimuli. We also obtained an individual
measure of face discrimination thresholds in order to relate adaptation in the FFA during the
moderate condition with a specific behavioral outcome. We hypothesized that individuals with
greater adaptation would evidence higher discrimination thresholds related to their reduced
ability to detect difference among faces. Finally, we also considered that older adults would
engage greater neural resources than young adults in order to correctly perform the face
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discrimination judgments. Thus, we expected that older adults would show greater activity
than younger adults in frontal brain regions sensitive to task difficulty (Barch et al., 1997;
Jonides et al., 1997; Klingberg, O’Sullivan, & Roland, 1997; Rypma, Prabhakaran, Desmond,
Glover, & Gabrieli, 1999), consistent with previous literature on increased frontal recruitment
with aging (Cabeza et al., 1997; Cabeza, Anderson, Locantore, & McIntosh, 2002; Davis,
Dennis, Daselaar, Fleck, & Cabeza, 2008; Grady et al., 1994; Madden et al., 1997, 1999; Park
& Reuter-Lorenz, 2009; Reuter-Lorenz & Lustig, 2005; Reuter-Lorenz & Cappell, 2008).

METHODS
Participants

20 young (mean age 24.7 yrs, range 19 to 32 yrs; 9 males, 11 females) and 20 older adults
(mean age 66 yrs, range 61 to 72 yrs; 10 males, 10 females) gave informed consent for
participation in this study, which was approved by the University of Illinois at Urbana-
Champaign institutional review board (IRB). Participants were healthy, right-handed
individuals with no counter-indications for scanning, and were remunerated for their
participation (performance in the Mini-Mental State Exam in older adults ≥ 27). Visual acuity
in the scanner was corrected to 20/20 on the Snellen Scale and participants with cataracts and
macular degeneration were not included in this experiment.

Procedural Overview
There were two components to the experimental procedure. The imaging component consisted
of an fMRI adaptation session involving an in-scanner face discrimination task followed by a
localizer session to locate the FFA in each participant. The out-of-scanner component occurred
after the imaging component and was purely behavioral. This component involved another
similar face discrimination task but with adaptive adjustments to the stimuli that allowed us to
determine individual thresholds for detecting differences in faces with greater sensitivity.

fMRI Adaptation Session Stimuli and Procedure
For the adaptation session, photographs of 144 unique faces, balanced for age (young, old) and
gender (male, female), were used from the Minear and Park (2004) face database to constitute
the stimuli for the in-scanner face discrimination task. Face stimuli were prepared using Matlab
scripts and Adobe Photoshop so that they were rendered in grayscale, equated for luminance,
and sized to fit a fixed black oval frame in order to hide each person’s hair, ears, and neck
(Figure 1). The 144 unique faces formed 72 pairs of matched faces with members of each pair
from the same age group and gender. These face-pairs were then pseudo-randomly assigned
to three conditions (24 per condition with age and gender equated across conditions): Identical
Condition (0% difference between the two members of each pair), Moderate Condition (40%
difference), and Different Condition (100% difference). To create the face-pairs for the
Moderate condition, the two faces in the pair were morphed together using computer software
(Sqirlz Morph: www.xiberpix.com) to produce a new face that consisted of 60% of the first
face, and 40% of the other face. The original face always preceded the new morphed face in
each Moderate condition trial.

During a trial, the two faces in each pair were presented serially and in rapid sequence so that
each face lasted for 800 ms, separated by a 300 ms fixation, a design used successfully to study
adaptation in other studies (e.g. Epstein, Graham, & Downing, 2003; Jiang et al., 2006). In
each of four functional runs (each 218 s long) of this session, trials were separated by fixation
intervals that varied between 4, 6, and 10 s. Each run was preceded by a 30 s fixation interval
and another 30 s fixation interval at the end of each run. There were 6 trials of each face-pair
condition per run for a total of 18 pairs, with no face-pairs repeated across the experiment.

Goh et al. Page 4

Neuroimage. Author manuscript; available in PMC 2011 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Face-pair stimuli in the scanner were presented using E-Prime software. Images were back-
projected onto a screen behind the MRI scanner, and participants viewed the stimuli using a
mirror mounted on the head coil and indicated their responses with a button press. Faces
subtended a visual angle of approximately 5.2° × 4.3°. Participants were instructed to decide,
for each face-pair, whether or not the second face was exactly the same as the first face, and
indicate their judgment with button presses.

Localizer Scan Stimuli and Procedure
In order to localize the FFA for each individual participant, we also performed a separate
blocked design functional localizer scan session, similar to those used in several other studies
for localization purposes (Epstein & Kanwisher, 1998; Epstein et al., 2003; Grill-Spector,
Knouf, & Kanwisher, 2004; Jiang et al., 2006; Kanwisher et al., 1997). Participants passively
viewed 60 Faces, 60 Houses, and 60 Phase-Scrambled images in the scanner. All stimuli were
presented in grayscale and equated for luminance. All stimuli occupied the same visual viewing
angle, which was approximately 4.6° × 6.3°. There was one functional run (370 s long), with
4 blocks each of the Face, House, and Scrambled conditions. 15 pictures were presented per
block with stimulus duration of 2 s, with the order of conditions randomized across participants,
who were instructed to simply view the stimuli.

Imaging Protocol
All brain imaging data were acquired using a 3.0T Siemens Allegra scanner (Siemens,
Erlangen, Germany) with a single-channel head coil. Functional scans were acquired with 32
axial slices oriented along the anterior and posterior commissural axis, slice thickness of 4 mm
(0.4 mm gap), 3 × 3 mm in-plane voxel sizes, and 64 × 64 matrix, giving an in-plane FOV of
192 × 192 mm; TR was 2000 ms and echo-time 32 ms. For each participant, 109 functional
scans were acquired for each of the 4 runs of the adaptation session and 185 functional scans
were acquired for the localizer session. Co-planar structural T2 images were also acquired to
register and overlay the functional images to a 3D-MPRAGE T1 structural image in Talairach
space. Imaging data were processed using BrainVoyager QX version 2.0 (Brain Innovation,
Maastricht, The Netherlands) and in-house Matlab scripts. Motion and slice-time corrections
were applied to the functional data, along with a Gaussian smoothing kernel with full-width at
half maximum of 8 mm. A temporal high-pass filter with cut-off at 3 cycles within the data
time course for each run was also applied.

Localizing Individual FFAs
For each participant’s functional data from the localizer session, a general linear model (GLM)
was applied to each voxel. The model consisted of a design matrix with Face, House, and
Scrambled condition onset predictors convolved with the canonical hemodynamic response
function (HRF) to obtain response estimates for each condition (note, the Scrambled condition
is not utilized in this current experiment and is left out of subsequent analyses). To isolate
individual FFA regions-of interest (ROIs) for each participant, we first identified the peak voxel
that responded most significantly to Faces in contrast to Houses on the left and right fusiform
regions in each participant. The identified voxels on each side had a minimum threshold of p
< . 05 (uncorrected). This lenient threshold was used so that nearly all participants’ FFA could
be identified and contributed to the later analyses of the fMR-A session data. Participants with
no identifiable peak in the FFA even at this low threshold were excluded from the individual
ROI based analyses for that hemisphere (right: 3 young and 2 older participants were excluded;
left: 3 young and 1 older participants). Next, for each of the participants’ left and right FFA
peaks, we selected the 10 most face selective voxels as defined by the Face > House contrast,
within a 20 mm cube around each peak (Park et al., 2004; Spiridon & Kanwisher, 2002). These
top 10 most face selective voxels in the left and right FFA constituted the FFA ROIs for each
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participant that were used to extract responses to the three face-pair conditions of the face
discrimination task from the fMR-A session data. This method involved minimal assumptions
about where the FFA is located in each individual, and allowed us to compare age differences
in selectivity within brain regions that are already selective at the individual level. We
performed the same analyses using the top 15 and 20 voxels and found similar results for
significance tests, thus, only the analysis of the top 10 voxels are reported in this article.

fMRI Adaptation Data Analysis
For each participant’s functional data from the adaptation session, we modeled the
hemodynamic response in each brain voxel using a GLM consisting of finite impulse response
(FIR) functions. This FIR model consisted of nine time point predictors (delta-functions),
convolved with the stimulus onsets for each of the three face-pair conditions of the face
discrimination task (Identical, Moderate, Different), as well as an additional six predictors that
further accounted for possible motion not captured during the motion correction step (33
predictors per participant in total). Note that in keeping with this rapid sequential adaptation
design, the responses to the two faces in each trial were modeled as the linear summed response
for that trial rather than as two separate events (Boynton et al., 1996; Dale & Buckner, 1997;
Epstein et al., 2003; Goh et al., 2004; Jiang et al., 2006).

The FFA ROIs of each participant identified from the localizer session data were then applied
to each participant’s estimated adaptation session GLM data. From these ROIs, we extracted
the nine FIR estimates constituting the response time course for each of the three face-pair
conditions in the left and right FFA of each participant. In each participant, the peak of the FIR
time course typically occurred within 6 to 10 s from stimulus onset, corresponding to the 4th

to 6th time points. The estimates from the maximum peak time point from each participant
were then used to compute the adaptation magnitudes to each condition in the ROI. Adaptation
magnitudes were defined as the amount of response reduction for both the Moderate condition
(Different response – Moderate response) and the Identical condition (Different response –
Identical response), relative to the Different condition, for each participant. Corresponding
repeated-measures analysis of variance (ANOVA) with age (young, old) and condition
(Identical, Moderate, Different) as factors, and planned comparisons were then performed on
these FIR peak time points and computed adaptation magnitudes.

We also isolated frontal regions sensitive to task difficulty by performing a multi-subject
whole-brain conjunction analysis on the FIR time course peaks from the adaptation data.
Specifically, frontal group-level ROIs were obtained using a conjunction of two contrasts: the
Moderate > Identical contrast, and the Moderate > Different contrast, at a threshold of p < .
005 and cluster size > 10. This conjunction analysis identified voxels that showed significantly
more activity during the Moderate condition (the most difficult condition for face
discrimination) compared to both the Identical and Different conditions (the easier conditions).
We defined the ROIs as contiguous significant voxels within a 30 mm cube around the peak
voxels to capture all significant voxels resulting from this contrast. We then evaluated age
differences in recruitment of these frontal ROIs using ANOVA and planned comparisons of
the peak FIR responses to the face-pair conditions from each participant.

Face Discrimination Thresholds
We also conducted an out-of-scanner adaptive testing experiment to determine behavioral face
discrimination thresholds for each participant, after the scanning sessions. Another 40 sets of
faces were obtained and morphed as previously described for use in this behavioral component.
Participants were presented with trials of face-pairs in succession using Psychtoolbox for
Matlab. Stimulus presentation parameters and participants’ task were the same as those in the
in-scanner face discrimination task except that the inter-trial interval was fixed at 3000 ms and
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the degree of face-pair morph difference in each trial was adaptively adjusted based on
participants’ responses in the previous trial. For example, if the face-pair of a current trial was
at 30% morph difference, and a participant responded “same”, the program would present a
face-pair morphed at a higher level in the next trial (e.g. 45% morph difference). If the
participant responded “different”, however, the program would present a more similar pair in
the next trial (e.g. 15%). During a single adaptive testing session, the amount of morph
adjustment became progressively smaller across trials to calibrate the discrimination threshold.
The face discrimination threshold for a single test session was defined as the percentage morph
level about which participants fluctuated between a “same” or “different” response the most
(the mode) during that session. Participants underwent 6 sessions of 40 trials each, and the
individual discrimination threshold was obtained as the mean mode of these sessions.

RESULTS
In-Scanner Face Discrimination Performance

Repeated measures ANOVA with age and condition as factors were computed for the in-
scanner face discrimination task performance. The analysis showed a significant linear trend
in the accuracy of detecting face-pair differences such that the probability of responding
“different” increased with the level of morph difference of the face-pair stimuli from the
Identical, to Moderate, to Different conditions [F(1, 38) = 1703.38, p < .01, η2 = .98; Figure
2a]. There was no effect of age and no interaction. This nearly identical behavioral performance
across age groups in the scanner further excludes the possibility of age differences in neural
response due to visual acuity. Analysis of response times showed a significant quadratic effect
of condition [F(1, 38) = 73.75, p < .01, η2 = .66; Figure 2b] that confirmed the difficulty of the
Moderate condition. Specifically, participants took significantly longer in the Moderate
condition compared to the Identical [t(39) = 6.69, p < .01] and the Different [t(39) = 8.17, p
< .01] conditions, with no difference between the Identical and Different conditions. Again,
there was no effect of age and no interaction, with only a somewhat longer response time in
older adults than young adults for the Moderate condition [t(38) = 1.73, p < .05].

Greater FFA Adaptation to Moderately Different Face-Pairs in Older Adults
The right and left FFA peaks of individual young and older participants are displayed on axial
slices in Figure 3. Mean Talairach locations of FFA peaks across all participants for the right
FFA [Mean (s.d.) x, y, z coordinates in mm: 39 (3.4), −42 (6.1), −17 (4.9)] and left FFA [−39
(3.4), −45 (8.5), −17 (3.5)] were consistent with previous reports (Kanwisher et al., 1997).

The mean FIR time course responses in the right and left FFA ROIs individually defined from
the peaks (see Methods) are shown in Figure 4(a–d) for the Identical, Moderate and Different
face-pair conditions, for young and older participants. Because different numbers of
participants showed peaks in the right and left FFA, each hemisphere was analyzed separately.
Analysis of the time course peak responses in the right FFA revealed a significant linear effect
of Condition [F(1, 33) = 15.86, p < .01, η2 = .33], no main effect of Age, and, critically, an
Age × ConditionQuadratic Interaction [F(1, 33) = 4.43, p < .05, η2 = .12; Figure 4a, b].
Specifically, whereas young adults only showed significantly lower response to the Identical
relative to the Different Condition [t(16) = 2.10, p < .05], older adults showed significantly
reduced responses during both the Identical [t(17) = 3.57, p < .01] and the Moderate [t(17) =
4.79, p < .01] Conditions relative to the Different Condition. Both young and older adults
responded equivalently during the Different Condition [t(33) = .65, n.s.]. Similarly, in the left
FFA, there was also a linear effect of Condition [F(1, 34) = 11.69, p < .01, η2 = .26], no main
effect of age, and an Age × ConditionQuadratic interaction that approached significance [F(1,
34) = 2.79, p = .10, η2 = .08; Figure 4c, d]. Young adults only showed significantly lower
response to the Identical relative to the Different Condition [t(16) = 2.11, p < .05], older adults
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showed significantly reduced responses during both the Identical [t(18) = 2.77, p < .01] and
the Moderate [t(18) = 2.74, p < .01] Conditions relative to the Different Condition, and both
young and older adults responded equivalently during the Different Condition [t(34) = 1.08,
n.s.].

Follow-up direct comparisons of the adaptation magnitudes in these FFA ROIs corroborated
the peak response analysis. There was significantly greater adaptation in older adults than
young adults during the Moderate Condition in the right FFA [t(33) = 2.43, p < .01, Figure 3e]
with a marginal effect of age in the left [t(34) = 1.54, p < .08, Figure 3f] but no age differences
in adaptation responses during the Identical condition [right: t(33) = .95, n.s; left: t(34) = .18,
n.s.].

These results are consistent with reduced selectivity in the FFA of older adults for subtle face-
pair differences during the Moderate condition. The FFA in older adults reflected less
distinctive face representations by responding with greater adaptation to the moderately
different face-pairs, thereby treating them more like Identical face-pairs compared to young
adults.

Behavioral Face Discrimination Thresholds and FFA Adaptation
Analysis of the individual face discrimination thresholds (out of the scanner) showed that older
adults had a higher discrimination threshold than young [mean threshold in old: 41.6 % (s.d.
= 13.3) vs. young: 34.2% (s.d. = 12.0); t(38) = 1.87, p < .05], a finding congruent with the
notion that older adults require greater face-pair differences before they can discriminate them.
Nevertheless, we note that we did not find behavioral differences in the in-scanner performance
of face discrimination, probably reflecting the greater sensitivity of the thresholding procedure.
The behavioral differences are consistent with the literature on face memory and
discrimination. To understand the relationship between behavioral and neural response, we
conducted a correlation of the FFA adaptation magnitude during the Moderate Condition to
the behavioral discrimination threshold in the whole sample (Figure 5). There was a significant
positive correlation in the right FFA [r = .31, p < .05] but not in the left [r = .16], indicating
that participants who showed greater right FFA adaptation also had higher discrimination
thresholds. The within-group correlations were not significant for either age group alone
[young: r = .31; old: r = .10], but the correlations were in the expected direction and the
correlation approached significance in young. The failure to find within-group correlations is
not surprising given that we had a small sample size and necessarily used difference scores as
a measure of adaptation. In addition, the range between the minimum and maximum FFA
adaptation in older adults was narrower than in younger adults (.58 vs. .93). Thus, range
restriction of adaptation responses in older adults may have also limited the correlation with
discrimination threshold. Importantly, as a group, older adults had greater FFA adaptation as
well as higher discrimination thresholds than young adults.

Frontal Activation and Task Difficulty
The whole-brain conjunction analysis of regions sensitive to task difficulty revealed frontal
areas (Figure 6) that included the right inferior frontal gyrus (Talairach peak: 48, 14, 22), the
left insula (Talairach peak: −30, 23, 10), and the anterior cingulate (Talairach peak: −3, 14,
49). Within these frontal regions, we examined age differences in time course peak activity for
each of the three task conditions. Generally, while younger adults effectively modulated frontal
activity in response to task difficulty (with the Moderate Condition being the most difficult),
older adults engaged greater frontal activity across the three conditions and were less sensitive
to different levels of difficulty. In the right inferior frontal region (Figure 6a), there was a
quadratic effect of Condition [F(1, 38) = 21.07, p < .01, η2 = .36] and a main effect of Age [F
(1, 38) = 5.87, p < .05, η2 = .13] that was due to older adults engaging greater levels of activity
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than young adults in this frontal region. In the left insula (Figure 6b), there was a marginal
effect of Age [F(1, 38) = 2.85, p = .10, η2 = .07] and a quadratic effect of Condition [F(1, 38)
= 8.43, p < .01, η2 = .18]. These two variables interacted [F(1, 38) = 5.14, p < .05, η2 = .12]
due to older adults engaging greater activity than young adults in the Identical [t(38) = 1.70, p
< .05] and Different [t(38) = 2.85, p < .01] Conditions, but the two age groups had equivalently
high levels of activity in the Moderate Condition [t(38) = .38, n.s.]. In the anterior cingulate
(Figure 6c), there was a quadratic effect of Condition [F(1, 38) = 19.57, p < .01, η2 = .34] and
a marginal effect of Age [F(1, 38) = 3.23, p < .10, η2 = .08] with older adults engaging more
than younger adults. Overall, these frontal findings are consistent with the notion that older
adults required more neural activity than young adults to make discrimination judgments during
the easier conditions.

Interestingly, we also found significant correlations between frontal responses during the
Moderate Conditions and right FFA adaptation magnitudes (Supplementary Figure 1). Greater
right FFA adaptation, but not left, was associated with greater activity during the Moderate
Conditions in the left insula [r = .32, p < .05] and anterior cingulate [r = .43, p < .01] in the
whole sample, with no significant correlations with the right inferior frontal region. In addition,
when the age groups were analyzed separately, young adults showed significant positive
correlations [left insula: r = .53, p < .05; anterior cingulate: r = .42, p < . 05] whereas the
correlations were marginal or not significant in older adults [left insula: r = .03, n.s.; anterior
cingulate: r = .37, p = .06]. Unlike in the right FFA, we did not find significant correlations
between activity in these frontal regions and discrimination thresholds. Taken together, these
findings are consistent with the notion that reduced selectivity in the right FFA is associated
with increases in activity in the frontal regions in younger adults. Moreover, older adults may
have poorer functional correlation between the frontal and posterior regions than young adults
during the face discrimination task.

DISCUSSION
The results of this study indicate that dedifferentiation of neural responses in older adults is
associated with a reduction of the distinctiveness of within-category representations in ventral
visual cortex. In support of this point, we reported that older adults showed greater adaptation
in the FFA when faces in a pair were moderately similar, indexing less neuronal selectivity
and less distinctive face representations, whereas younger adults showed minimal adaptation.
Older adults also required higher levels of differences between face-pairs in order to
discriminate the faces outside the scanner, and these discrimination levels were associated with
the level of adaptation in the right FFA across the entire sample. Additionally, in the frontal
regions, we found greater levels of activity in older adults compared to young adults. Whereas
young adults were able to modulate activity in response to task difficulty in frontal regions,
older adults did not modulate neural response to task demands, evidencing equivalently large
amounts of neural activity in frontal regions when making both easy and difficult judgments,
particularly in the left insula. Finally, greater adaptation in the right FFA was associated with
greater frontal activity in the anterior cingulate and left insula in young adults, whereas older
adults showed a lower correlation between the two regions.

The reduced selectivity we observed in older adult ventral visual areas for within-category
stimuli shows similarities to primate studies on loss of selectivity with aging at the single-
neuron level. As previously mentioned, Schmolesky et al. (2000) and others showed that V1
neurons in old rhesus monkeys responded more non-selectively to varying line orientations,
whereas neurons in young monkeys responded only to a specific preferred orientation.
Importantly, this pattern of reduced selectivity with aging is also propagated and accentuated
in V2 and middle temporal areas later on in the visual processing stream (Wang et al., 2005;
Yang et al., 2008; Yu et al., 2006), and has also been demonstrated in cats (Hua et al., 2006).
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This ubiquity of age-related reduction of selectivity at the single-neuron level across regions
of the ventral visual cortex observed in different species of older animals, combined with other
demonstrations of dedifferentiation in a number of human neural and behavioral studies (Baltes
& Lindenberger, 1997; Goh & Park, 2009; Li, Lindenberger, & Sikström, 2001; Lindenberger,
Scherer, & Baltes, 2001; Park & Goh, 2009; Park et al., 2004; Park & Reuter-Lorenz, 2009)
supports the notion that dedifferentiation is a central biological process that occurs in many
species under a broad range of conditions. This decreased neural selectivity results from a
neural infrastructure that is less able to support the processing of subtle differences among
stimuli. Conceivably, the consequence of this will be that cognitive representations are less
distinctive with aging, affecting many cognitive operations, including encoding and retrieval.
Indeed, older adults have particular difficulty in visually discriminating and remembering faces
(Bartlett & Leslie, 1986; Bartlett et al., 1989; Habak et al., 2008; Owsley et al., 1981; Smith
& Winograd, 1978), as well as discriminating other types of stimuli other than faces (Baracat
& Marquie, 1992; Betts, Sekular, & Bennett, 2007; Spear, 1993). In addition, Wang et al.’s
(2005) study showed that along with reduced neural selectivity in older primate V1 neurons,
transfer of information from one neural region to the next was also delayed, possibly because
of the increased time required to resolve non-selective signals in each region. Thus,
dedifferentiation is potentially also a source of age-related slowing observed in behavioral
studies (Ratcliff, Thapar, & McKoon, 2003; Salthouse, 1996). Rousselet et al. (2009) also
demonstrated an age-related delay in humans in the onset of electrophysiological signals known
to reflect face processing (P1 and N170 components). These delays in neural signal propagation
in early visual processing may cumulatively result in older adults taking longer times for
cognitive processing further downstream.

We note that the above arguments suggest neural dedifferentiation should be related to
behavioral function. We did find evidence that adaptation differences correlated with
behavioral face discrimination thresholds, but these results were only significant when we
examined the entire sample. We recognize it to be critically important that neural measures of
dedifferentiation show reliable correlations with a range of cognitive behaviors. fMRI
adaptation within the FFA measures very small differences in neural responses that may have
limited power to detect linkages between neural selectivity and behavior. Moreover, it is
possible that the task demands in this study may have affected adaptation responses (Henson
et al., 2002; Murray & Wojciulik, 2004; Yi, Kelley, Marois, & Chun, 2006) and masked out
the neural and behavioral relationships. Future studies comparing the effect of task demands
and attention, as well as more sensitive functional techniques (e.g. whole-brain multivariate
pattern classification), are necessary to further elucidate the relationship between reduced
neural selectivity and behavior in older adults.

Our finding of greater frontal recruitment in older adults is consonant with previous studies
(Cabeza et al., 1997, 2002; Davis et al., 2008; Grady et al., 1994; Madden et al., 1997, 1999;
Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Lustig, 2005; Reuter-Lorenz & Cappell,
2008) and reflects either compensatory engagement for task performance or less efficient
processing. In the present study, older participants in our sample performed equivalently as
young participants during the in-scanner face discrimination task. Given the lack of age
differences in the in-scanner behavioral accuracy as well as the reduced FFA selectivity in
older adults that was associated with increased frontal activity, we suggest that the increased
frontal engagement observed in this experiment played a compensatory role for declines in
FFA processing, resulting in on par performance between young and old. Alternatively, older
adults may also have been less efficient at engaging frontal processing to modulate FFA
processing, as seen in the lack of a frontal-FFA correlation in older adults. Thus, older adults
may have required more resources than young adults to arrive at an accurate discrimination.
In all cases, however, it is clear that the same task decision which young adults make using
relatively little resources requires greater frontal processing in older adults. When the task
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becomes more demanding, as is the case for the individual discrimination threshold task, the
compensatory mechanisms may be insufficient, and older adults evince poorer performance
than young adults.

In closing although previous studies have shown age-related reductions in specificity of ventral
visual responses to faces and other categories of stimuli in older adults (Davis et al., 2008;
Grady et al., 2000; Park et al., 2004), we have demonstrated age-related dedifferentiation more
specifically by showing a within-category reduction of neural selectivity with aging. Moreover
this decreased selectivity with age is associated with frontal changes and is broadly related to
decreased ability to discriminate faces. While the findings in this present study pertain to face
processing in the FFA, we submit that similar mechanisms are operating in other ventral visual
regions of older adults as well. Moreover, age-related performance declines in other cognitive
domains may stem from a similar lack of representational contrast due to loss of effective neural
selectivity in other non-ventral visual cortical systems (Li et al., 2001). Possible subsequent
directions for research include relating discrimination thresholds in other cognitive domains
to neural selectivity as well as evaluating the effects of subjective perception (Fox, Moon, Iaria,
& Barton, 2009; Rotshtein et al., 2005), attention and behavioral discrimination training in
improving representational contrasts in ventral visual cortex of older adults.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
fMR-A paradigm showing sample stimuli for the three face-pair conditions with the second
face either Identical, Moderately different (morphed at 40% with another face), or a completely
Different face. Inter-trial intervals (ITI) varied between 4, 6, and 10s.
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Figure 2.
Behavioral performance during the face discrimination task in the scanner. a) Probability that
participants respond “different” for each face-pair condition. Error bars denote s.e. for all
graphs. b) Mean response times for each condition.
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Figure 3.
Face selective peak voxels in the left and right fusiform regions from individual participants,
identified from the localizer scan. Voxels are overlaid on a group averaged anatomical brain
image.
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Figure 4.
Responses to the face-pair conditions in the right and left FFA ROIs defined from peak voxels
identified in each individual. Mean FIR time courses to the three conditions for young and
older adults are shown for the right (a, b) and left (c, d) FFAs. Adaptation magnitudes during
the Identical and Moderate conditions are also shown for the right (e) and left (f) FFAs. Error
bars denote s.e.
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Figure 5.
Correlation between right FFA adaptation during the Moderate condition and participants’ face
discrimination thresholds. Regression line (and r value) is shown for the entire sample of both
young and older participants together.
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Figure 6.
Axial slices showing frontal ROIs in the a) right inferior frontal, b) left insula, and c) anterior
cingulate regions, sensitive to task difficulty along with their FIR time courses for the three
face-pair conditions for both young and older adults.
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