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Recent evidence has shown that older adults fail to show adaptation in the right fusiform gyrus (FG) to
the same face presented repeatedly, despite accurate detection of the previously presented face. We used
functional magnetic resonance imaging to investigate whether this phenomenon is associated with age-
related reductions in face specificity in brain activity and whether older adults compensate for these
face-processing deficiencies by increasing activity in other areas within the face-processing network, or
outside this network. A comparison of brain activity across multiple stimulus categories showed that,
Aging unlike young adults who engageq a number. of brain regions specific to face processing, older afiults
Face processing generalized these patterns of activity to objects and houses. Also, young adults showed functional
fMRI connectivity between the right FG and its homologous region during face processing, whereas older
adults did not engage the left FG but showed a functional connection between the right FG and left
orbitofrontal cortex. Finally, this frontotemporal functional connection was activated more strongly in
older adults who performed better on a face-matching task (done outside of the scanner), suggesting
increased involvement of this functional link for successful face recognition with increasing age. These
findings suggest that 2 neural mechanisms, dedifferentiation and compensatory neural recruitment,
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underlie age differences in face processing.
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1. Introduction

Recent neuroimaging studies have yielded evidence for 2
distinct phenomena in the aging brain: (1) neural representations
of different cognitive processes become less selective and their
neural signature less distinct (Li et al., 2001); and (2) older adults
often have greater brain activity than young adults during cognitive
tasks, particularly in the frontal cortex, that might compensate for
age-related processing deficiencies (Cabeza et al., 2002; Duverne
et al,, 2009; Grady, 2012; Reuter-Lorenz et al.,, 2000). The first
finding is consistent with the idea of dedifferentiation, which in
terms of brain activity refers to reduced distinctiveness of neural
representations in domain-specific areas. For instance, ventral oc-
cipital visual areas show reduced category selectivity to faces, pla-
ces, and words in older relative to younger adults (Park et al., 2004).
Dedifferentiation has also been reported in domain-general
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cognitive areas, including the parietal and prefrontal cortices, dur-
ing memory encoding and retrieval (Carp et al., 2010a, 2010b), and
in areas active specifically for retrieval of autobiographical and
episodic memories (St-Laurent et al., 2011). Although such results
might indicate reductions in the integrity of the aging brain, other
neuroimaging studies have reported an increased engagement of
prefrontal and other brain areas, which is interpreted as a
compensatory mechanism when associated with maintained per-
formance in older adults (Davis et al., 2008; Grady, 2002; Grady
et al., 2002, 1994; Madden et al., 2004; Schiavetto et al., 2002), or
when activity in these “over-recruited” areas is correlated with
behavior in older adults (Davis et al., 2008; Grady et al., 2005).
Indeed, some have suggested that the strongest evidence for
compensation is this latter finding, in which a link can be made
between more brain activity and better performance in older adults
who show the most overrecruitment (Cabeza and Dennis, 2012;
Grady, 2008). Albeit 2 distinct phenomena, the dedifferentiation
and compensation processes are unlikely to be mutually exclusive.
Rather, it is possible that the brain might show reduced neural
selectivity in some domain-specific regions and, at the same time or
as a consequence, use other task-specific regions, or even a different
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network of areas, to compensate for this deficiency in neural
distinctiveness, evincing remarkable brain plasticity or reserve in
old age. The purpose of the current study was to investigate this
question by exploring age-related neural changes during face pro-
cessing, using functional magnetic resonance imaging (fMRI).

Many behavioral studies have reported that older adults show
reduced recognition and perception of familiar and unfamiliar faces
relative to younger adults (Bartlett et al., 1991; Boutet and Faubert,
2006; Habak et al., 2008; Lott et al., 2005; Searcy et al., 1999). On the
neural level, age-related deficits in face processing are likely to be
observed in multiple areas (Carp et al., 2010a; Goh et al., 2010; Lee
et al., 2011), because face processing is distributed widely over
many functionally interacting areas that show serial and parallel
processing (Barbeau et al., 2008; Gobbini and Haxby, 2007; Haxby
et al., 2000). Importantly, deficiencies at early stages of face pro-
cessing might cascade downstream and yield changes in the entire
functional brain network (Davis et al., 2008; Grady, 2000, 2008).
Thus, we aimed to examine (1) whole-brain activations during
processing of faces and objects, to assess neural selectivity to
different categories of objects; and (2) functional connectivity of
the distributed face processing network, using multivariate partial
least squares (PLS) analysis.

In our recent study (Lee et al., 2011), older adults showed no
adaptation in the right fusiform gyrus (FG), 1 of the regions
considered to be crucial for face recognition (Clarke et al., 1997;
Kanwisher et al., 1997; Nestor et al., 2011; Steeves et al., 2006), to
repeatedly presented faces, even when facial identity and view
were kept constant. Contrary to these deficiencies in neural adap-
tation, on a behavioral level older adults performed similarly to
young adults in matching the same facial identity shown in the
same view outside the scanner (also consistent with previous
behavioral data of Habak et al., 2008 and Searcy et al., 1999).
Additionally, we found that older adults recruited a unique set of
brain regions in which activity correlated with their behavioral
performance. It has been suggested that older adults compensate
for processing deficits because of decreased activity in the occipital
lobe by increasing frontal activity (Davis et al., 2008; Grady et al.,
2002). If compensation occurs, 1 possible frontal area of compen-
satory recruitment might be the orbitofrontal cortex (OFC), in
which activity has been often observed during processing of faces
and nonfacial objects (Bar, 2009; Bar et al., 2006; Fairhall and Ishai,
2007; Ishai, 2007, 2008; Johnson, 2005; Kveraga et al., 2007; Li
et al., 2010). The OFC is argued to be a part of the extended
cortical network for face processing (Fairhall and Ishai, 2007; Haxby
et al., 2000) and is involved in a variety of face tasks, including
assessment of facial attractiveness (Ishai, 2007), facial sex catego-
rization (Freeman et al., 2010), facial emotion recognition (Harmer
et al., 2001), and detection of blurred faces (Li et al, 2010;
Summerfield et al., 2006). More activity or stronger functional
connectivity in the OFC in older adults would be consistent with the
compensation-related utilization of neural circuits hypothesis
(Reuter-Lorenz and Cappell, 2008). The compensation-related uti-
lization of neural circuits hypothesis is based on the idea that as
task demands increase, reliance on neural resources increases
regardless of age, but that this demand/resource function is shifted
to the left in older adults. That is, older adults recruit more re-
sources at lower levels of cognitive load. For basic face recognition,
this increased reliance on neural resources could involve task-
specific regions, such as the OFC, which younger adults might
only recruit when the cognitive demands are greater or more
complex processing of faces is required. Additional domain-general
resources might also be recruited by older adults. Both of these
types of recruitment could be compensatory, especially if this
additional engagement of brain activity was associated with
improved performance in older adults (Grady, 2012).

To measure functional connectivity between the frontal cortex
and the fusiform areas, we identified seed regions in the fusiform
gyri and in the left medial OFC. Activity in this latter area has been
found during viewing of famous and emotional faces in young
adults (Fairhall and Ishai, 2007; Ishai et al., 2005). We expected that
age-related deficiencies at early processing stages (i.e., in the FG)
would cascade downstream and alter the face-processing network
(Davis et al., 2008; Grady, 2002, 2008). We hypothesized that: (1)
older adults would exhibit a general decrease in neural specificity
across activated face-processing areas; (2) young and older adults
would show differences in the functional connectivity of the face-
processing network, with older adults showing stronger connec-
tivity with OFC; and (3) activity in the face-processing network
specific to older adults would correlate with their behavioral
performance (i.e., reaction times [RTs] and accuracy), reflecting the
importance of the OFC in face-matching performance with
increasing age.

2. Methods
2.1. Participants

Fifteen healthy older adults (mean age, 68 years; SD, 4.2; range,
61-75 years; 6 men) and 14 healthy young adults (mean age, 24
years; SD, 4.9; range, 8—32 years; 7 men) participated in the study.
Older adults were screened via a detailed phone interview for
general health (e.g., cardiovascular disease or stroke), medications,
and normal vision (e.g., cataract or glaucoma, eye exam within
a year). They achieved an average score of 29.3 (SD, 1.1) on the
Mini-Mental State Examination (Folstein et al., 1975), and all had
undergraduate or graduate-level education. Young adults were
undergraduate or graduate students attending the University of
Toronto. All participants had normal or corrected-to-normal vision
and no history of eye disease or neurological or psychiatric prob-
lems. All participants provided written informed consent approved
by the Baycrest Centre Research Ethics Board.

2.2. Study design

The study consisted of: (1) an imaging experiment; and (2) a
postscan behavioral test. The imaging experiment was block-
designed and consisted of 2 runs of the face/object same/different
task. The postscan test was conducted outside the scanner on a
different day (on average, within a month) and involved sequential
matching of unfamiliar faces across identity and/or viewpoints (Lee
et al.,, 2011).

2.3. Experimental procedure

Stimuli for the same/different task consisted of gray-scaled
photographs of natural faces (frontal, 20° side views), houses
(frontal, 20° side views), and common household objects. For the
postscan face-matching task, we used novel, natural faces that were
not presented during the fMRI experiment. In each trial, a fixation
cross was displayed for 250 ms, followed by a first stimulus dis-
played for 750 ms, a fixation cross for 250 ms, a second stimulus for
2000 ms, and a blank screen for 750 ms. Participants were asked to
indicate whether the 2 stimuli were identical during the same/
different task.

2.4. fMRI data acquisition
Anatomical and functional images were acquired at the Rotman
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coil. Anatomical images were acquired using a T1-weighted 3-D
magnetization-prepared rapid gradient-echo sequence (160 obli-
que axial slices, repetition time [TR] = 2 seconds, echo time [TE] =
2.63 s, field of view = 256 mm, voxel size = 1 mm?>, acquisition
matrix = 256 x 256). Brain activation was assessed using the blood
oxygenation level-dependent (BOLD) effect (Ogawa et al., 1990)
with optimal contrast. Functional images were obtained using a
whole-head T2*-weighted echo-planar image sequence (30 oblique
axial slices with interleaved acquisition, 0 gap, TR = 2 seconds, TE =
30 ms, flip angle = 70°, field of view = 200 mm, voxel size = 3.125 x
3.125 x 5 mm, acquisition matrix = 64 x 64). Physiological data
(cardiac and respiratory rate) were acquired during the scanning
session to use in the removal of physiological noise from the fMRI
time-series data.

2.5. fMRI data preprocessing

The initial 5 time points from each image volume, during which
participants viewed the experimental instructions on the screen,
were removed from the analyses to allow for the brain magneti-
zation to stabilize. Images were reconstructed and motion-
corrected using the Analysis of Functional Neuroimages (Cox,
1996). We discarded any run in which a peak range of the head
motion exceeded 1.5 mm. Further preprocessing of the time-series
data involved correction for physiological noise and slice timing. To
enable group comparisons, each brain scan was spatially normal-
ized, i.e., scaled and warped to match a standard (the Montreal
Neurological Institute) template, and smoothed with a 6-mm
Gaussian filter, which, acting as a low-pass filter, makes the data
less noisy by reducing the images’ high-frequency components. The
voxel size, after preprocessing, was 2 x 2 x 2 mm.

2.6. fMRI data analysis

The procedure of the fMRI analysis was 3-fold. First, we tested
for modulations of brain activity attributable to the experimental
conditions, and identified brain areas that would serve as the
reference (i.e., seed) regions for further functional connectivity
analyses. The choice of the seed regions was based on 2 criteria:
(1) reliable modulation of activity during face processing in both
groups; and (2) previous empirical evidence for a role of these
regions in face processing. Second, we delineated a large-scale
network that was active during face processing by determining
areas of the brain in which activity was correlated with that of the
seed regions (i.e., its functional connectivity; Friston et al., 1993;
Horwitz, 1994; McIntosh, 1999). Finally, we examined whether
activity in this face-processing network was correlated with
behavioral performance on the face-matching task. Here we
tested the hypothesis that the network identified in the preceding
functional connectivity analysis would be correlated with RTs and
accuracy.

These analytical steps are based on the assumption that cogni-
tion is the result of integrated and coordinated activity of groups of
brain regions (i.e., distributed brain networks) rather than the in-
dependent activity of any single brain region. To delineate these
networks, we chose a multivariate analytical technique called PLS
(McIntosh et al., 1996, 2004; for a detailed tutorial and review of
PLS, see Krishnan et al., 2011), which is designed to identify groups
of brain regions distributed over the entire brain in which activity
changes as a function of task demands (task PLS), are correlated
with behavioral performance (behavior PLS), or correlated with
activity in a given ‘seed’ region (seed PLS). This assessment of ac-
tivity patterns across all brain voxels is in contrast to the more
typically used univariate analysis that assesses the significance of
each voxel separately. An additional advantage of the PLS technique

is that all task conditions can be entered simultaneously into the
analysis, thus facilitating the identification of common patterns of
brain activity across conditions, and patterns unique to specific
experimental conditions or groups.

In short, PLS analysis uses singular value decomposition of a
single matrix that contains all participants’ data to find a set of
latent variables (LVs), which are mutually orthogonal dimensions
that reduce the complexity of the data set. In other words, PLS
does not force contrasts but rather decomposes the data to
maximize the amount of covariance of an LV with respect to the
experimental conditions. Thus, akin to principal component
analysis (e.g., Friston et al., 1993), PLS enables us to differentiate
the degree of contribution of different brain regions associated
with task or performance. Each LV consists of a singular image of
voxel saliences (i.e., a spatiotemporal pattern of brain activity that
reflects task-related changes or brain-behavior correlations seen
across conditions), a singular profile of task saliences (i.e., a set of
weights that indicate how brain activity in the singular image is
expressed in each of the experimental conditions), and a singular
value (i.e., the amount of covariance accounted for by the LV). The
first LV always accounts for the largest amount of covariance (i.e.,
has the largest singular value), with subsequent LVs accounting
for progressively smaller amounts. For each condition in each LV,
we calculated summary measures of how strongly each partici-
pant expresses the particular pattern of activity seen on the LV.
These measures, called brain scores, are the products of the
weighted salience of each voxel and BOLD signals summed across
the entire brain for each participant in each condition on a given
LV. Salience indicates the degree to which a voxel is related to the
LV and can be positive or negative, depending on the voxel's
relation to the pattern of task-dependent differences identified
using the LV.

The significance for each LV was determined using a permuta-
tion test, which assesses the significance of each LV by determining
the probability that a singular value from permuted data (resam-
pled 500 times) is larger than the obtained value (McIntosh et al.,
1996). In addition to the permutation test, a second and indepen-
dent step was to determine the reliability of the saliences (or
weights) for each brain voxel that characterizes a given spatio-
temporal pattern identified by the LVs. To do so, we estimated the
standard error of each voxel’s salience on each LV by 100 bootstrap
resampling steps (Efron and Tibshirani, 1985). Peak voxels with a
bootstrap ratio (i.e., salience/standard error) > 3.0 were considered
to be reliable, as these approximate p < 0.005 (Sampson et al.,
1989). Because extraction of the LVs and corresponding brain im-
ages is done in a single analytic step, no correction for multiple
comparisons is required.

In the current study, we used task PLS analysis to examine
modulation of brain activity during the 3 conditions of the same/
different task (i.e., faces, houses, and objects) to establish whether
the 2 groups of participants show neural activations that are spe-
cific to face processing, and to identify the seed regions in which
BOLD values were subsequently entered into seed PLS analysis to
assess task-related functional connectivity (i.e., the relation of ac-
tivity in the selected seed regions and activity in the rest of the
brain during face processing; Della-Maggiore et al., 2000; McIntosh,
1999; McIntosh et al., 1997; Schreurs et al., 1997). We identified 3
seed regions that showed highly reliable task-related changes in
both groups of participants in the faces versus houses conditions:
the right FG (44, —44, —18), left FG (—40, —46, —16), and medial OFC
(-2, 58, —6). These areas were shown to be important for face
processing in a number of studies (Fairhall and Ishai, 2007; Haxby
et al., 2000; Kanwisher et al., 1997).

To delineate the face-processing network in the 2 groups of
participants, we extracted the BOLD values from the 3 seeds (i.e.,
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Fig.1. Task PLS results: LV1, faces, houses, objects. (A) A pattern of whole-brain activity. (B) Brain scores related to whole-brain activity seen in (A), across 3 conditions (faces, houses,
objects) and 2 groups (older and young adults). Error bars denote 95% confidence intervals for the correlations calculated using the bootstrap procedure. Top left corner slice
z = —22, bottom right corner slice z = 44. Abbreviations: LV, latent variable; PLS, partial least squares.

from the peak voxels) for the faces condition and correlated them
with activity in all other brain voxels, across the participants (seed
PLS). These correlations were then combined into a matrix and
decomposed with singular value decomposition, resulting in a set
of LVs characterizing the set of regions where activity was corre-
lated with seed activity in young and older adults during face
processing. The significance and reliability of the LVs were deter-
mined by permutation tests and bootstrap resampling, as described
earlier in text. Finally, to examine the relation of the face-processing
network with behavioral performance, we used seed/behavior PLS
analysis, adding 2 more variables in a subsequent seed-behavior
analysis, which allowed us to assess whether activity in the
network, defined according to the areas correlating with the right
FG, left FG, and OFC, was also correlated with accuracy and RTs on
the facial identity-matching task, which was done outside the
scanner (McIntosh et al., 1996; Zhu et al., 2011). This task, unlike the
same/different task in the scanner, assessed face perception per se,
so that we could correlate brain activity with a sensitive measure of
behavioral performance.

In all of the analyses, the bootstrap procedure calculated the 95%
confidence intervals of either the mean-centered brain scores for
each condition and group (for task PLS), or the correlations between
brain scores and seed activity (or behavior) for each condition and
group (in the seed and seed/behavior analyses). To obtain a con-
servative measure of the differences in activity between conditions
and age groups, we determined these differences via a lack of
overlap in the confidence intervals. That is, nonoverlapping in-
tervals between conditions within a group, or between groups
within a condition, indicated a significant difference.

3. Results
3.1. Behavioral performance

In both behavioral tasks, there was no significant difference in
either accuracy or RT between young and older adults. In the
scanner (same/different task), older adults’ RT was 814.87 ms
(standard error [SE] = 38.09) and accuracy 0.95 (SE = 0.02),
whereas young adults’ RT was 739.57 ms (SE = 28.92) and accuracy
0.95 (SE = 0.01). Outside the scanner (facial identity-matching
task), older adults’ RT was 797.50 ms (SE 47.94) and accuracy 0.97
(SE = 0.01), whereas young adults’ RT was 708.87 ms (SE = 42.58)
and accuracy 0.98 (SE = 0.01).

3.2. Whole-brain analysis

The task PLS analysis of the same/different task yielded 1 sig-
nificant LV that accounted for 49% of covariance in the data (p <
0.01) and a second LV that showed a statistical trend and accounted
for 26% covariance in the data (p = 0.07). Both LVs reflected patterns
of activity related to the processing of faces in the young partici-
pants, but these were less specific for the older adults. LV1 identi-
fied a set of regions with increased activity during the face
condition, relative to the object condition, in the young partici-
pants, but in the older adults this pattern of activity was seen in the
house condition, compared with faces and objects. These areas
included right FG, bilateral occipitotemporal gyrus, middle occipital
gyrus, inferior frontal gyrus, medial frontal gyrus, and precuneus
(Fig. 1 and Table 1; see Supplementary Fig. 1 for a comparable result
from a univariate analysis). LV2 yielded an activation pattern
differentiating the face condition from the house condition in both
groups of participants (Fig. 2 and Table 2; see Supplementary Fig. 2
for a comparable result from a univariate analysis). However, the
older adults also recruited these brain regions in the object condi-
tion. The areas with increased activity during the face condition in
both groups (and object condition in older adults) included bilateral
FG, left hippocampus, orbitofrontal gyrus, posterior cingulate gyrus,
and left middle temporal gyrus. The brain regions with increased
activity during the house condition were bilateral occipitotemporal
gyrus, FG, and middle occipital gyrus. Considering both of these

Table 1
Whole-brain analysis: LV1
Region Hem BA MNI Coordinates Ratio®
X y z
Fusiform gyrus R 37 42 —54 -16 4.32
Occipitotemporal gyrus R 18/19 32 -76 -16 5.38
L 18/19 -18 -80 -16 5.68
Middle occipital gyrus R 19 34 -72 24 5.11
L 19 -28 —68 22 5.10
Inferior frontal gyrus R 44/45 48 8 22 5.02
L 44/9 —-38 12 28 6.86
Medial frontal gyrus 8 8 24 36 4.09
Precuneus R 7 22 —62 52 5.61
L 7 -16 —62 54 3.65

Key: BA, Brodmann area; Hem, hemisphere; L, left; LV, latent variable; MNI, Mon-
treal Neurological Institute; R, right; SE, standard error.
@ Salience/SE ratio using the bootstrap analysis.
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Fig. 2. Task PLS results: LV2, faces, houses, objects. (A) A pattern of whole-brain activity. (B) Brain scores related to whole-brain activity seen in (A), across 3 conditions (faces,
houses, objects) and 2 groups (older and young adults). Error bars denote 95% confidence intervals for the correlations calculated using the bootstrap procedure. Top left corner slice
z = —16, bottom right corner slice z = 28. Abbreviations: LV, latent variable; PLS, partial least squares.

patterns together, younger adults show brain activity for faces that
is distinct from houses and objects. In contrast, these results sug-
gest reduced face specificity in the brains of older adults, in that
neither pattern differentiated faces from objects in the older group.

3.3. Functional connectivity

The seed PLS analysis was carried out using only the data from
the face condition in the same/different task. It assessed functional
connectivity among the right FG, left FG, and OFC regions that were
identified in LV2 of the task analysis (with more activity for faces
than houses in both groups), and the rest of the brain. This analysis
yielded 1 significant LV that accounted for 46% of covariance in the
data (p < 0.001). The delineated face-processing network was
engaged in young and older adults, but differed between them in
critical functional connections (Fig. 3 and Table 3). In young adults,
this network was functionally connected (i.e., positively correlated)
with the right and left FG, but not the OFC. In older adults, this set of
regions was functionally connected with the right FG and the OFC,
but not the left FG. This distributed network included previously
identified face-processing areas, inferior frontal gyrus, medial
frontal gyrus, insula, and precuneus. Additional areas of the func-
tional network included bilateral inferior parietal lobule, anterior

Table 2
Whole-brain analysis: LV2
Region Hem BA MNI Coordinates Ratio®
X y z
Positive correlations
Fusiform gyrus R 37 4 44 -18 535
L 37 —-40 -46 -16 8.10
Medial orbitofrontal cortex L 11 -2 58 -6 4.15
Hippocampus L -22 -14 -14 5.45
Posterior cingulate gyrus R 31 4 -60 28 5.86
Middle temporal gyrus L 39 -48 64 10 6.62
Negative correlations
Fusiform gyrus R 37 32 -48 -10 -9.62
L 37 -26 -4 -10 -941
Middle occipital gyrus R 19 42  -82 18 -7.98
L 19 -28 -90 18 -6.49
Occipitotemporal gyrus R 18/19 22 74 -6 6.87
L 18/19 -22 -74 -6 -823

Key: BA, Brodmann area; Hem, hemisphere; L, left; LV, latent variable; MNI, Mon-
treal Neurological Institute; R, right; SE, standard error.
@ Salience/SE ratio using the bootstrap analysis.

and posterior cingulate gyrus, and superior temporal gyrus. The
main age-related difference in the functional connectivity of these
regions during face processing was that only older adults recruited
OFC into this network.

3.4. Behavior correlations

The seed-behavior analysis assessed whether activity in the face
network (i.e., regions functionally connected to the right FG, left FG,
and OFC during viewing of natural faces in the same/different task)
was correlated with behavioral performance (accuracy and RTs) on
the face-matching task obtained outside of the scanner. This anal-
ysis yielded 1 significant LV that accounted for 46% of covariance in
the data (p < 0.001). The brain regions identified using this LV
(Fig. 4) were quite similar to those seen when only the 3 seeds were
included in the analysis (Fig. 3 and Table 3), as would be expected.
Again, in young adults, this network was functionally connected to
both the right and left FG (but not to the OFC), and in older adults it
was functionally connected to the right FG and OFC, but not the left
FG. Crucially, this additional analysis showed that activity in the
face-processing network was not correlated with either behavioral
measure in young adults, but was significantly correlated with ac-
curacy (a positive correlation of r = 0.4) in older adults, indicating
that more accurate older adults recruited this functional network
more strongly. Interestingly, there was no significant correlation
between the functional network and RTs in older adults. These
results suggest that the age-related compensatory recruitment of
the OFC is directly linked to accurate face recognition in older
adults, rather than response speed.

4. Discussion

In our recent study (Lee et al., 2011), we found that when
viewing repeatedly presented faces of same identity and viewpoint,
in contrast to their young counterparts, older adults failed to show
adaptation in the right FG, despite accurate face matching. The
purpose of the current study was to examine further how age-
related differences in the neural underpinnings of face processing
influence behavior. Our findings provide evidence for the involve-
ment of 2 critical phenomena, a generalized age-related reduction
in neural specificity to faces (i.e., dedifferentiation) and a change in
the functional connectivity of the face-processing network that
consisted of an age-related increase in the engagement of medial
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Fig. 3. Seed PLS results. (A) A pattern of correlated whole-brain activity. (B) Correlations between activity in right FG, left FG, left medial OFC, and scores representing activity in the
regions seen in (A). Error bars denote 95% confidence intervals for the correlations calculated using the bootstrap procedure. Top left corner slice z = —12, bottom right corner slice
z = 34. Abbreviations: FG, fusiform gyrus; L, left; med, medial; OFC, orbitofrontal cortex; PLS, partial least squares; R, right.

frontal cortex. Moreover, we show that the age difference in func-
tional connections is related to better accuracy in older adults,
suggesting that this altered connectivity is compensatory in nature
and highlighting its critical role in face recognition as one ages.

4.1. Dedifferentiation

The whole-brain analysis showed that young adults recruit a
number of brain regions previously shown to be involved in face
processing (Haxby et al.,, 2000). These areas include bilateral occi-
pitotemporal gyrus, FG, inferior frontal gyrus, middle occipital gy-
rus, medial frontal gyrus, and precuneus, and are activated
primarily during face processing in young adults, in direct contrast
to processing of houses or other objects. Older adults recruit the
same areas; however, some of this activity is found for houses,
rather than faces, and some is seen for faces and other objects,
suggesting a lack of specificity in the neural signature of older
adults for faces. These findings parallel previous neuroimaging
studies that show age-related reductions in neural sensitivity to

Table 3
Seed PLS analysis: LV1
Region Hem BA MNI Coordinates Ratio®
X y z

Fusiform gyrus R 37 44 44 -18 8.12
L 37 -40 -46 -16 5.21

Medial orbitofrontal cortex L 11 -2 58 -6 423

Occipitotemporal gyrus L 18/19 -20 -66 -8 7.10

Middle occipital gyrus R 19 18 -70 24 5.0
L 19 -28 -74 24 693

Inferior frontal gyrus R 44 34 6 30 5.17
L 44/45 54 8 16 623

Medial frontal gyrus 8 0 38 36 5.14

Insula R 13 30 -2 14 5.08

Precuneus L 7 -10 -56 58 5.54

Inferior parietal lobule R 40 42 34 56 6.64
L 40 —-40 -36 54 7.00

Cingulate gyrus Anterior 24 10 -12 40 490
Posterior 31 -10 -36 30 5.22

Superior temporal gyrus L 22 -56 -24 4  6.02

Key: BA, Brodmann area; Hem, hemisphere; L, left; LV, latent variable; MNI, Mon-
treal Neurological Institute; PLS, partial least squares; R, right; SE, standard error.
2 Salience/SE ratio using the bootstrap analysis.

different stimulus categories (faces, places, or words) in the ventral
and dorsal visual pathways (Carp et al., 2010a, 2010b; Park et al.,
2004; Schiavetto et al., 2002). Similarly, Grady et al. (1992, 1994)
found that older adults activate ventral occipital areas during
face-matching and location-matching, suggesting that the ventral
and dorsal visual pathways for object identity and location,
respectively, are less functionally segregated in older adults (see
also Park et al., 2004; Schiavetto et al., 2002). Our results, along
with these earlier studies, indicate that some dedifferentiation of
category-specific activity to visual stimuli occurs in older adults. In
addition, our data indicate that this dedifferentiation is not limited
to visually responsive regions of cortex, but occurs in frontal cortex
as well, as others have noted for memory tasks (Carp et al., 2010a,
2010b; St-Laurent et al., 2011) and for auditory processing (Grady
et al,, 2011).

4.2. Compensatory recruitment

The functional connectivity analysis yielded 2 interesting find-
ings. First, young and older adults recruit the same neural network
during face processing, but this network differs significantly in its
functional connections with fusiform regions and the OFC. In young
adults, the face-processing network is functionally connected to the
right FG and its homologous region, whereas in older adults this
network is functionally connected only to the right FG. However,
older adults also recruit the orbitofrontal gyrus, perhaps to
compensate for the loss of the functional connection between the
fusiform gyri. Second, activity in the face-processing network
positively correlates with performance of the older adults, but not
of the young adults. These findings suggest that compensatory
mechanisms in the prefrontal cortex are recruited to counteract
altered domain-specific processing in posterior regions (Davis et al.,
2008; Schiavetto et al., 2002), such as the reduced adaptation in FG
that we found in these older adults (Lee et al., 2011). In our view, the
strongest evidence for compensation is that there is recruitment of
additional neural resources in older adults, whether it be higher
levels of mean activity or stronger functional connectivity, and this
recruitment is related to performance in older adults. In the current
study we found such evidence; that is, both age groups recruit OFC
activity for faces, but the older adults have stronger functional
connections between OFC and the rest of the face-processing
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Fig. 4. Seed/behavior PLS results. (A) A pattern of correlated whole-brain activity. (B) Correlations between activity in right FG, left FG, left medial OFC, reaction times, accuracy
during the face-matching task, and scores representing activity in the regions seen in (A). Error bars denote 95% confidence intervals for the correlations calculated from the
bootstrap procedure. Top left corner slice z = —14, bottom right corner slice z = 34. Abbreviations: ACC, accuracy; FG, fusiform gyrus; L, left; med, medial; OFC, orbitofrontal cortex;

PLS, partial least squares; R, right; RT, reaction time.

network, and activity in this network of regions is associated with
better face processing performance only in the older adults. The
specificity of the connection between functional connectivity and
accuracy to only the older group is good evidence for an age dif-
ference in how the faces are processed that might compensate for
reduced modulation of activity in the FG.

Research shows that increased activity in frontal areas is asso-
ciated with: (1) compromised face detection because of noise added
to face stimuli (Grady et al., 2000; Ishai, 2008; Li et al., 2010;
Summerfield et al., 2006; for objects, see Kveraga et al., 2007); or
(2) reduced domain-specificity in older adults (Grady et al., 1994;
Schiavetto et al., 2002). Specifically, evidence shows that orbito-
frontal areas boost their coupling with the FG as perceptual ambi-
guity increases (Bar et al., 2006; Summerfield et al, 2006),
indicating that a top-down signal from the frontal cortex to the
ventral visual area might help resolve perceptual ambiguity
(Summerfield et al., 2006). Thus, it is reasonable to suggest that the
age-related reduction in selectivity of face processing in occipito-
temporal cortex is tantamount to adding noise to the entire system
(Wilson et al, 2011) and that frontal areas are consequently
recruited to help strengthen the weakened signal, making faces
more recognizable. As discussed in the introduction, OFC is
involved in various aspects of face processing, such as detection of
blurred faces (Li et al., 2010; Summerfield et al., 2006) and objects
(Bar et al., 2006; Kveraga et al., 2007), and linking external input to
existing representation in memory given uncertain external input
(Bar, 2009). It seems to be involved in cognitive aspects of face
processing (e.g., judgment of the value or linking the perceived face
to stored representation), which assist perception and recognition
of the face. Thus, our data suggest that older adults rely more on
cognitive processes (e.g., assessing the value of faces) to compen-
sate for their compromised fusiform connection. Further support
for this interpretation comes from the strong relation between OFC
recruitment and behavioral performance of the older adults, in that
high-performing older adults show greater increases in connec-
tivity between the temporal and frontal regions. In a similar vein,
Thomas et al. (2008) reported an association between face
discrimination performance and the integrity of the right inferior
fronto-occipital fasciculus, a white matter tract, which passes
through the FG and projects to the frontal cortex. Their results

suggest that connectivity between the frontal cortex and ventral
visual areas contributes to behavioral performance involving face
perception.

To recapitulate, our results show that functional connectivity
between the left and right FG is not significant in older adults and
that the right, not left FG, is functionally connected to the prefrontal
areas to support behavioral performance. It is important to state
that these results appear to contradict the right hemisphere hy-
pothesis of aging (e.g., Meudell and Greenhalgh, 1987), which
proposes that aging affects functions associated with the right
hemisphere to a greater degree than those involving the left
hemisphere (see review in Dolcos et al., 2002; also see Thomas
et al, 2008). Similarly, in our previous study (Lee et al., 2011),
older adults showed more activity, compared with young adults, in
the left FG and left middle occipital gyrus. It has been shown that
activity in FG during a face-matching task positively correlates with
FG gray matter volume in healthy older adults (Teipel et al., 2007),
implying that the brain-behavior relation might be an index of gray
matter integrity. Although we can only speculate, we propose 2
possible interpretations of the age-related loss of functional con-
nectivity between left and right FG. The first potential explanation
involves age-related weakening of white matter tracts between left
and right FG. Although reductions in white matter connectivity of
the ventral stream have been linked to age-related changes in face
perception (Thomas et al., 2008), to our knowledge no study has
examined white matter connectivity between the left and right FG
in the aged population. The other possibility to interpret these
findings is in line with the Hebbian principle of synaptic plasticity,
which states that the weight between 2 neurons increases if the 2
neurons activate simultaneously and reduces if they activate
separately (Hebb, 1949). In other words, neurons that fire together
wire together and those that are out of sync lose their link. We
propose that as one ages, the functioning in the right FG might be
reduced, which is reflected by abnormal adaptation to repeatedly
presented faces (Goh et al., 2010; Lee et al., 2011). The functioning in
the left FG remains relatively spared, resulting in “negative
weighting” between right and left FG and a subsequent weakening
of their functional connection. To compensate for the loss of this
connection, the right FG strengthens its functional connection with
OFC. This connection is further strengthened over time, making the
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functional connection between the right and left FG less important.
Evidence comes from Teipel et al. (2007), who examined voxelwise
correlations between FG activity during a face-matching task and
regional gray matter density, showing that activity in the right FG
significantly correlates with left FG gray matter density, whereas
activity in the left FG does not significantly correlate with the right
FG gray matter density. Moreover, their results suggest that pres-
ervation of the cortical density in the ventral visual pathway de-
termines to what extent an alternate pathway would be involved in
the maintenance of task performance. Thus, the findings of Teipel
et al. (2007) strongly indicate that the preservation of the right
FG might be directly related to the left FG. The loss of functional
connectivity between the left and right FG in our study might,
therefore, reflect a deterioration of right FG function.

In summary, our results indicate that dedifferentiation and
functional compensation are not incompatible. Using multivoxel
pattern analysis, Carp et al. (2010b) found that older adults show
less distinctive multivoxel activation patterns to different object
categories in a number of regions, including early and ventral visual
cortices, inferior parietal cortex, and medial and lateral prefrontal
cortex. However, they found no evidence of compensation by
increased selectivity in anterior regions. In contrast, our results
clearly demonstrate reduced specificity and compensation in the
brains of older adults. Dedifferentiation was evident in age-related
reduced sensitivity to different object categories across a number of
brain areas and compensation was evident in the functional con-
nectivity between the right FG and OFC, which was associated with
behavioral accuracy.
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