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Abstract

Many cognitive abilities decline with age even in the absence of detectable pathology. Recent
evidence indicates that age-related neural dedifferentiation, operationalized in terms of the neural
selectivity, may contribute to this decline. Here, we review work exploring the relationship
between neural dedifferentiation, cognition, and age. The evidence for age effects on neural
selectivity comes from both non-human animal and human research and is compelling. However,
current data suggest that age does not moderate observed relationships between neural
dedifferentiation and cognitive performance. We propose that functionally significant variance in
measures of neural dedifferentiation reflects both age-dependent and age-independent factors. We
further propose that the effects of age on neural dedifferentiation do not exclusively reflect
detrimental consequences of aging.
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Determinants of Cognitive Aging

Many cognitive abilities, including episodic memory, executive control and processing speed
decline with increasing age, even in the absence of detectable pathology [1-3]. Given how
quickly human populations are aging (the United Nations projects that the global population
aged 80 years or older will rise from 137 million to 437 million between 2017 and 2050 [4]),
understanding the causes of and factors moderating age-related cognitive decline are urgent
goals. The use of functional neuroimaging — especially functional magnetic resonance
imaging (fMRI) — to compare neural correlates of perceptual and cognitive processing in
samples of healthy young and older adults plays an important role in this endeavor [5-7], and
findings from some of these studies are discussed in the present paper.
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Cogpnitive function in later life is influenced by multiple factors, including ones as diverse as
childhood intelligence, rate of cortical thinning, and levels of physical activity and social
engagement [6-8], to name only a few. In this review, we focus on the possible role of age-
related neural dedifferentiation— the finding that neural representations of perceptual and,
perhaps, conceptual information are less distinctive with increasing age. Neural
dedifferentiation is thought to reflect an impairment in neural resource allocation that
compromises the precision and fidelity of neural representations and processes, and to play a
role in cognitive decline [9-12]. Here, we review studies of age-related neural
dedifferentiation and its relationship to cognition. We propose that current evidence supports
a view of neural dedifferentiation that includes both age-dependent and age-invariant factors.

Aging and Cognitive Dedifferentiation

The concept of age-related dedifferentiation pre-dates functional neuroimaging, and was
developed in response to psychometric evidence that across-participant correlations between
performance on different cognitive and sensory tasks strengthen over the adult lifespan
[13-17]. The term dedifferentiation was used to contrast these findings from those indicating
that cognitive abilities differentiate (i.e., become less strongly correlated) during childhood
[17-20]. Evidence for age-related cognitive dedifferentiation (we use ‘cognitive’ to
distinguish dedifferentiation of behavioral measures from neural dedifferentiation) served as
motivation for an influential ‘common cause’ account of cognitive aging [14,15,21] (for
evidence opposing common cause accounts, see, e.g., [22,23]) and inspired an early study of
age-related neural dedifferentiation [24].

Ironically perhaps, despite its important role in the genesis of studies seeking evidence for
age-related neural dedifferentiation, evidence for the existence of age-related cognitive
dedifferentiation is decidedly mixed [25]. In conflict with the psychometric findings
discussed above, other studies have found little or no evidence that correlations between
different measures of cognition increase with age [26-35]. A similar lack of evidence was
revealed in a recent meta-analysis of twenty-two longitudinal studies [36]. The meta-
analysis yielded strong evidence for what the authors termed dynamic dedifferentiation,
defined as an increase with baseline age in across-participant correlations of change over
time in different cognitive measures [16,37], However, evidence of static dedifferentiation —
age-dependent increases in correlations between the measures themselves — was lacking. It
is this latter effect that corresponds to what we refer to here as cognitive dedifferentiation,
and which helped motivate the search for evidence of neural dedifferentiation. Thus, while
the empirical evidence for age-related neural differentiation is compelling (see Age-Related
Neural Dedifferentiation), evidence for a putative functional counterpart — age-related
cognitive dedifferentiation — is equivocal at best. Moreover, to our knowledge, a neural
counterpart for dynamic dedifferentiation has yet to be proposed. Therefore, it seems
worthwhile to consider accounts of age-related neural dedifferentiation that are not
predicated on the concept of dedifferentiation at the psychometric level.
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Neural Dedifferentiation as a Cause of Cognitive Aging

Before turning our attention to the neural dedifferentiation literature we first briefly discuss
the influential computational model of Li and colleagues [9-12]. The model provides a
neurobiological basis for age-related cognitive dedifferentiation (which, as noted above, is
controversial) and cognitive aging more generally. The model proposes that cognitive aging
and dedifferentiation both result from lowered neural efficiency caused by a reduction in the
integrity of ascending neuromodulatory systems (for review, see [10,12,38,39]). According
to this model, decreased neuromodulator availability (most importantly, dopamine) reduces
signal-to-noise properties of neurons which, in turn, leads to a reduction in the fidelity of
neural representations. Thus, whereas young brains will tend to form sparse representations
of perceptual and other kinds of information, analogous representations in older brains will
be distributed across overlapping neural populations and hence will be less distinct from one
another. Simulations based on this model successfully capture several of the behavioral
phenomena reported to accompany aging, including reductions in measures of “fluid’
abilities, such as lower working memory capacity, as well as associative memory deficits and
increased susceptibility to mnemonic interference [9,10,40,41].

The above-mentioned model has several important strengths. Notably, it is parsimonious,
proposing that the fidelity of neural representations is dependent on only a single age-
varying parameter (the ‘gain’ of a neural activation function). Additionally, the model
provides a ready explanation for relationships between neural differentiation and behavioral
performance in terms of individual differences in neuromodulatory drive. Importantly, the
model implies that such brain-behavior relationships need not be restricted to older adults.
Although growing older is associated with a weakening of neuromodulation (for reviews,
see [10,12,38,39]), individual differences in neuromodulation and, therefore, neural
differentiation should be a determinant of cognitive performance throughout the lifespan.
Thus, regardless of their age, individuals with low neural differentiation should have worse
cognitive performance than similarly aged individuals with higher levels of differentiation.
We return to this issue when we review studies that examined the relationship between
measures of neural dedifferentiation and cognitive performance (see Relationship Between
Neural Dedifferentiation and Behavior).

Age-Related Neural Dedifferentiation

Establishing Criteria for Neural Dedifferentiation

The notion of dedifferentiation has been invoked to account for a wide array of findings in
the cognitive neuroscience of aging literature (e.g., [24,42-46]). In this section, we advance a
definition of neural dedifferentiation and in this light consider the scope of relevant findings.
Following others [24,47], we propose that neural dedifferentiation (or, reciprocally,
differentiation) is ideally operationalized in terms of the selectivity of neural activity. This
operationalization is rooted in the vast literature documenting that both single neurons and
neural populations can exhibit preferential activity for certain stimuli or classes of stimuli
(e.g., a 100Hz tone or an image of a scene) relative to other stimuli (e.g., a 500Hz tone or an
image of an object; Fig. 1A). Age-related neural dedifferentiation takes the form of a smaller
difference between the activity elicited by a neuron’s or a brain region’s preferred and less
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preferred stimuli (Fig. 1B). As is illustrated in Fig. 1C, this reduced selectivity can result
from lower activity for a preferred stimulus (attenuation), increased activity for a non-
preferred stimulus (broadening), or a mixture of attenuation and broadening [48].

The above definition of differentiation entails the use of experimental designs that permit a
comparison of neural activity elicited in at least two experimental conditions, since only then
can (de)differentiation be quantified (Box 1). From this perspective, the mere finding of
more widespread neural activity during task engagement in older than in younger individuals
(sometime referred to as age-related over-recruitment [49]) is insufficient to allow one to
draw conclusions about the effects of age on neural differentiation (Box 2). Thus, we focus
the review below on studies that have directly examined age differences in neural selectivity.

Studies in non-human animals

Research with animals has operationalized age-related neural dedifferentiation in terms of
the selectivity of the receptive fields of single neurons. Importantly, this is the level of
differentiation that is conceptualized in the model proposed by Li and colleagues [9-12].
Initial studies [50,51] focused on the orientation and directional selectivity of neurons in
macaque striate cortex (V1) and reported reduced selectivity in senescent, relative to
younger, animals. Subsequent research demonstrated analogous findings for other visual
features in V1 [52-54], as well as age differences in receptive fields in extrastriate visual
areas including V2 [55] and MT [52,53]. Similar findings have been reported in other
species, including cats [56] and rats [57]. Wider tuning functions in aged animals have also
been reported for frequency- [58-60] and spatially-responsive neurons in auditory cortex
[61,62] (for review, see [62]), and for tactile stimulation in somatosensory cortex [63,64].
Together, these findings provide strong evidence for an age-dependent reduction in the
selectivity of sensory neurons in animals. It remains to be seen whether analogous findings
will emerge in neural populations encoding higher-level features of sensory inputs, such as
those underlying face-selectivity (e.g., [65]). The extent to which the above findings
generalize to humans is also currently unclear given the absence of relevant data. It is
noteworthy, however, that behavioral studies in humans have found null effects of age on
psychophysical measures of visual orientation and spatial frequency selectivity (e.g., [66]).
There is, however, some evidence for age-related decreases in selectivity for specific visual
features of items retained in working memory [67,68].

Category Selectivity in Human Studies

The great majority of studies of age-related neural dedifferentiation in humans have been
conducted using fMRI, and therefore have examined neural activity at the population level.
Building on well-established findings of category selectivity in ventral occipito-temporal
cortex [69], most of these studies have examined the neural responses elicited by exemplars
drawn from different visual categories (e.g., faces, scenes, and objects). Accordingly, our
review places a heavy emphasis on findings pertaining to neural dedifferentiation in visually
responsive cortical regions. It is important to note though that analogous findings have been
reported in motor [70] and auditory [71] cortical systems. Thus, like the single neuron
findings discussed above, age-related neural dedifferentiation at the population level is not
confined to visually responsive cortical regions.
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An early and influential study of category-selective neural activity in different age groups
was reported by Park and colleagues [24]. These investigators examined age differences in
the neural responses elicited during passive viewing of faces, scenes (houses), objects
(chairs) and pseudowords, exemplars of stimulus categories associated with category-
selective fMRI BOLD responses in the ‘fusiform face area’ (FFA) [72], ‘parahippocampal
place area’ (PPA) [73], ‘lateral occipital complex’ (LOC) [74], and “visual word form area’
[75], respectively. The prediction was that age-related neural dedifferentiation would
manifest as a decrease in the selectivity of neural responses in these regions. The results
were in line with the prediction: for example, the findings showed age-related reductions in
the PPA’s selectivity to houses — operationalized as the difference in recruitment of scene
selective voxels for preferred (i.e., house) versus non-preferred (e.g., faces) images. A
subsequent study employing a cross-sectional sample covering much of the adult lifespan
reported a linear decrease in neural selectivity with chronological age [48] (at least for faces,
the only stimulus category for which results were reported). This latter finding provides the
only evidence to date that neural dedifferentiation might decline continuously across the
lifespan.

The above findings of age-related neural dedifferentiation in ventral occipito-temporal
cortex have been replicated in numerous cross-sectional studies that have adopted both
univariate [47,48,76-80] and multivariate [70,71,81-85] analysis approaches (Box 1).
Importantly, while the evidence for age-related decreases in the selectivity of neural
responses is undeniably robust, the phenomenon is not consistently observed for all types of
stimuli. For instance, one study reported no age differences in neural differentiation for color
patches and familiar words in color- and word-selective extrastriate regions, respectively.
However, the same study reported robust effects for scenes in the PPA and faces in the FFA
[47]. Additionally, a more recent study reported no age differences in the accuracy of
multivariate pattern analysis (MVPA) classifiers trained to discriminate between neural
responses to visual words and objects [86,87].

The most consistent evidence for neural dedifferentiation arguably comes from studies that
have examined neural selectivity for scene [24,47,80,84] and face [24,47,48] stimuli
(although see [79] and [77] for failures to observe age effects for scenes and faces,
respectively). Notably, the evidence for age-related differences in the selectivity of neural
responses to visual objects in the LOC is highly inconsistent. In contrast to initial findings of
age-related neural dedifferentiation in this region [24], three subsequent studies failed to find
effects of age [76,80,84], In one recent study [80], for example, absent age effects on object
selectivity in the LOC were accompanied by robust evidence for age-related neural
dedifferentiation for scenes in the PPA. In contrast to these null findings, one other recent
study did report evidence of age-related dedifferentiation for objects, albeit in perirhinal
cortex [79], a region also implicated in object processing [88-90]. There are numerous
factors that might have contributed to these inconsistent results, including differences in task
demands (e.g., passive [24,47] vs. active [77,80,81] viewing; see also [76]), the nature of the
stimuli (e.g., object exemplars drawn from one [24] versus multiple [80] categories) and
differences in lifetime experience with the experimental materials (e.g., [76,91]). We enlarge
on these issues below (see ‘Age-Related Neural Dedifferentiation and Lifetime Experience’
and Box 3). It is worth noting here, though, that findings of regional and material specificity
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in dedifferentiation rule out explanations of the phenomenon that appeal to generic age
differences in such variables as the shape, signal-to-noise or variability of the BOLD signal.

Analogous to neural dedifferentiation at the cellular level [50,51], dedifferentiation at the
population level can result from attenuation, broadening, or a mixture of the two [48] (Fig.
1). To date, only two fMRI studies have directly addressed this question [48,80]. Age-related
dedifferentiation for faces in the FFA was reported to result from neural broadening [48]:
while no age differences were observed for neural responses to face stimuli in the region,
responses to house stimuli were enhanced in older relative to younger adults. By contrast, in
the same study, face-selective regions in the ‘extended face network’ [92] showed a pattern
consistent with neural attenuation (age-related reductions in responses to face stimuli).
Responses in house-selective cortical regions such as the PPA were not reported, leaving
open the question of the generality of the findings obtained in the FFA. In a recent study
relevant to this issue it was reported that dedifferentiation in the PPA (operationalized by the
contrast between responses to scenes and objects) was driven by neural attenuation [80] (for
similar findings, see [76]). Together, these results raise the possibility that different
mechanisms underlie age-related neural dedifferentiation in a region-dependent manner.

In summary, the existing data indicate that age-related neural dedifferentiation in the visual
system, and possibly the motor and auditory systems also, is a robust phenomenon. This
reduction in neural selectivity with increasing age appears to be driven by both neural
attenuation and neural broadening in a region-dependent manner and is especially robust for
unfamiliar faces and scenes in the FFA and PPA, respectively. Findings for other visual
categories, most notably, visual objects, are less consistent, however. These inconsistencies
prompt us to consider alternatives to the commonly-held view that age-related
dedifferentiation necessarily reflects a detrimental consequence of aging (e.g., [12,24]).

Item-level Dedifferentiation in Humans

Several fMRI studies have examined age-related neural dedifferentiation at the level of
individual items, using one of two different approaches (Box 1). Studies examining neural
pattern similarity across successive presentations of the same item have yielded little
evidence for age-related dedifferentiation. For example, in one recent study [84] that
examined pattern similarity between repeated presentations of faces, scenes, and objects, no
significant age effects were evident in occipito-temporal cortex after controlling for baseline
(within-category) similarity. Somewhat surprisingly, an age-related /ncrease in neural
differentiation in frontoparietal cortex accompanied the null findings in occipito-temporal
cortex. Null age effects were also reported for pattern similarity measures derived from
repetitions of brief movie clips during a memory encoding task [93].

A second approach to examining item-level neural differentiation is to exploit the
phenomenon of fMRI adaptation or ‘repetition suppression’ [94]. The first study to adopt
this approach employed faces as the critical stimuli [95]. Both young and older adults
showed similar levels of repetition suppression in the FFA to repetitions of the same face,
and no evidence of suppression for different, dissimilar faces. Crucially, though, older adults
showed greater suppression effects than young participants for faces morphed to be visually
similar to those presented initially. Highly analogous findings have been reported in
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entorhinal cortex [96] and hippocampus [97] for object stimuli (e.g., exact repetitions of a
rubber duck vs. presentations of two visually similar exemplars of a rubber duck; see [98]
for discussion of the implications of these findings for age-related decline in hippocampal
‘pattern-separation’). Taken together, the findings from these three fMRI adaptation studies
[95-97] are consistent with the proposal of Li and colleagues [9-12] that age-related
dedifferentiation should be evident at the single item level, although more research is needed
to establish the generality of the findings to other stimulus categories and cortical regions.
Moreover, convergent evidence from other methods, such as MVPA, has yet to emerge.
Thus, additional research is needed to establish whether evidence of item-level
dedifferentiation is manifest in neural measures other than repetition suppression.

Relationship between Neural Differentiation and Behavior

Li and colleagues’ [9-12] computational model proposes that neural dedifferentiation is an
important determinant of cognitive aging. Yet, only a handful of studies have examined
whether measures of neural dedifferentiation correlate with cognitive performance, and even
fewer have directly examined whether such correlations are moderated by age. Here, we
briefly review studies that have examined this question, asking whether, as postulated by Li
and colleagues, neural dedifferentiation predicts poorer performance on tasks tapping “fluid’
cognitive processes and, if so, whether age moderates the relationship. We consider data
both from studies that focused on measures of categorical dedifferentiation [79-81] and
dedifferentiation of individual items [71,97]. The studies and their most relevant findings are
summarized in Table 1.

Turning first to item-level measures of differentiation, one study [97] reported a significant
correlation between neural dedifferentiation in the hippocampus and memory performance
in older adults, but did not report the outcome of this analysis in young participants. Another
study [95] reported a seemingly age-invariant correlation (collapsing across older and young
participants) in the right FFA between amount of fMRI adaptation for faces that were
‘moderately’ similar to the initial presentation and an out-of-scanner measure of face
discrimination threshold. This finding might suggest that the ability to discriminate faces
benefits from more highly differentiated face representations in the FFA irrespective of age.

For category-level measures of neural dedifferentiation, two studies [79,81] reported
apparent age-dependent relationships with cognition based on the finding of a significant
correlation in older participants only. In one of these studies [81], the finding of a significant
correlation between fluid processing ability and neural differentiation in older adults was
accompanied by null findings in both age groups for the correlation between differentiation
and crystallized knowledge (vocabulary score). The other study [79] reported an analogous
pattern of results for the correlation between neural differentiation and recognition memory
performance.

Importantly, whereas the above findings support a relationship between neural
differentiation and cognitive performance, they do not offer strong evidence that the
relationship is age-dependent: none of the above-cited three studies [79,81,95] examining
brain-behavior correlations in older and young participants reported statistical contrasts of
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the respective correlations. When we conducted these contrasts (Fisher z-tests) they revealed
no evidence that the correlations differed significantly according to age group (see Table 1).
Thus, the findings from these studies are not in conflict with the possibility that relationships
between neural dedifferentiation and cognitive ability are age-invariant.

Findings from two other studies [71,80] provide further evidence for age invariance of
relationships between category-level measures of neural differentiation and cognitive
performance. In one of these studies [80] a significant age-invariant correlation was
identified between neural differentiation in the PPA and two behavioral measures:
performance on a later recognition memory test and scores on a ‘fluency’ factor derived
from a neuropsychological test battery. The other study [71] reported an age-invariant
relationship between an MVPA classifier-based index of neural differentiation for phonemes
in inferior prefrontal cortex and the ability to identify the same phonemes when masked by
auditory noise.

The foregoing findings indicate that neural dedifferentiation can predict performance both
on experimental tasks (i.e., memory [79,80,97] and phoneme discrimination [71]), and on
psychometric tests that depend on fluid cognitive abilities [80,81]. That is, neural
dedifferentiation can predict performance both on tasks that involve the experimental stimuli
employed to generate the differentiation indices, and on “off-line’ tests tapping broader
aspects of cognitive ability. Importantly, the findings reviewed in this section also indicate
that measures of neural dedifferentiation correlate with cognitive performance not only
within samples of older individuals, but within samples of young participants also.
Furthermore, the findings suggest that age does not moderate the strength of these
correlations. Of course, the age-invariance of the correlations does not preclude the
possibility that neural dedifferentiation is an important determinant of cognitive aging.
Nonetheless, these age-invariant relationships are consistent with the model proposed by Li
and colleagues [9-12], which predicts that lower levels of neural differentiation should be
associated with lower cognitive performance regardless of age.

Age-Related Neural Dedifferentiation and Lifetime Experience

Explanations of age-related neural dedifferentiation will need to accommodate two aspects
of the findings reported above. First, they will need to link the findings from single neuron
studies in non-human animals with those from functional neuroimaging studies in humans.
Second, they will need to account for findings suggesting that, in humans at least, age-
related neural dedifferentiation is evident only for some stimulus categories. Undoubtedly
any explanation will implicate multiple and, almost certainly, interacting causal factors (see
Box 3). Below, we discuss how one putative factor, cumulative life experience, might
influence age-related neural dedifferentiation (for discussion of the effects of life experience
in other domains, see [99-101]).

The “lifetime experience hypothesis’ [80] of age-related neural dedifferentiation extends an
idea first considered (and rejected) in one of the earliest reports of age differences in neural
differentiation [24]. (Another example of a model that includes lifetime experience as an

explanatory factor for cognitive aging, in this case, in the realm of recognition memory, can
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be found in [100]). An important motivation for the hypothesis is evidence that in contrast to
many aspects of cognition (e.g., processing speed and episodic memory), there are some
cognitive domains - semantic memory and vocabulary for instance (e.g., [30,102]) - where
performance continues on a positive trajectory until well into later life.

The starting point for the lifetime experience hypothesis [80] is the prosaic idea that
perceptual experience and knowledge accumulate over the lifespan because of an ever-
increasing number of encounters with new exemplars of different perceptual categories.
Thus, when confronted with a novel exemplar, older individuals will often be better able to
assimilate it into a pre-existing representational structure (i.e., a ‘perceptual” schema [103])
compared to young adults, in whom such schemas are less well developed. Consequently,
with increasing age, processing of novel category exemplars will more closely resemble the
processing afforded previously experienced exemplars. This proposal is consistent both with
results from computational modeling [104], and with empirical studies in animals [105] and
humans [103], which converge on the conclusion that new information is more rapidly
assimilated into cortical representations when it is consistent with existing knowledge (i.e.,
when it is schema-congruent).

The lifetime experience hypothesis accounts for two important aspects of extant data. First,
it is consistent with the findings that age-related dedifferentiation seems frequently to result
from neural attenuation [48,76,106]. According to the hypothesis, the processing of novel
exemplars of a visual category will more closely resemble the processing engaged by
familiar exemplars in older than in younger adults. Thus, when first encountered, such
stimuli might be expected to elicit smaller neural responses in older individuals, that is, to
demonstrate an analog of ‘repetition suppression’ — the much-studied neural correlate of
perceptual priming (e.g., [107-109]). Interestingly, it has been proposed that attenuation of
neural responses to repeated items is a reflection of the reduction in “prediction error’ that
accompanies perception of a recently experienced event [110]. Expanding on this account,
age-related increases in lifetime experience might result in an age-related decrease in
prediction error when a novel exemplar of a familiar category is experienced. In turn, this
gives rise to an age-related reduction in the neural response elicited by the item in category-
selective cortex, in other words, to evidence for neural dedifferentiation owing to neural
attenuation.

Second, the lifetime experience hypothesis can account for the absence of age-related neural
dedifferentiation for object responses in the LOC [76,106], as well as for its absence in
word- and color-selective cortical regions in [47]. The hypothesis predicts that age
differences in neural differentiation will be smaller for category exemplars that are similarly
familiar, and hence similarly schema-congruent, in young and older individuals. It seems
highly probable that many young adults would have previously experienced numerous
exemplars of the canonical objects employed in prior work [76,80,84], resulting in a
blunting of age-differences in neural differentiation for such stimuli. The hypothesis also
explains the failure to identify age-related dedifferentiation for words [47], items highly
familiar to both young and older individuals, despite the evidence for age-related
dedifferentiation of neural responses to pseudo-words [24], items unlikely to have been
encountered pre-experimentally by members of either age group.
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In light of the above discussion, we consider it likely that lifetime experience plays a
significant role in age-related neural dedifferentiation. However, much additional research is
needed to confirm this role and identify the boundaries of its influence.

Concluding Remarks

When operationalized in terms of the selectivity of neural responses, evidence that neural
differentiation decreases with increasing age is strong and consistent with long-standing
ideas about the effects of age on neural distinctiveness at both the cellular and population
level. In what might be a challenge to these ideas, however, age-related neural
dedifferentiation appears to be evident for only some classes of perceptual input. Moreover,
the existing data suggest that age does not strongly moderate the relationship between neural
differentiation and cognitive performance. These relationships likely reflect general (and, we
assert, important) principles of neural function and organization that operate across the adult
lifespan [111]. It is likely that multiple factors contribute to age-related neural
dedifferentiation (Box 3), including reductions in neuromodulatory drive and inhibitory
neurotransmission, as well as age differences in response to task demands and lifetime
experience. Importantly, the lifetime experience hypothesis raises the possibility that age-
related neural dedifferentiation should not be viewed solely as a detrimental consequence of
aging. Assessment of how these different factors, and others, contribute to neural
dedifferentiation will benefit from research that makes more extensive use of longitudinal
study designs, and employs larger and more diverse samples of participants than have
typically been studied to date (see Outstanding Questions).
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Box 1.
Measuring Neural Differentiation

Several approaches have been used to quantify differentiation according to differences in
neural selectivity (see Figure 1).

Cellular Level

Receptive Field Mapping: This approach, thus far employed exclusively in non-human
animals, measures neural differentiation at the cellular level by examining the tuning
functions of neurons that respond to a particular stimulus dimension, such as the
orientation or direction of a light bar [50] or to different auditory frequencies [58]. Neural
dedifferentiation can result from a weaker response to a neuron’s preferred dimension, a
stronger response to non-preferred dimensions, or both.

Population Level

fMRI BOLD Amplitude: A popular approach is to estimate the difference in amplitude
of a region’s BOLD response to exemplars of preferred and non-preferred stimulus
categories [24,48,77,79]. This approach provides a quantitative measure of neural
differentiation and allows for a direct assessment of whether group differences in neural
differentiation result from neural ‘attenuation’ or ‘broadening’. A limitation is that the
approach is insensitive to trial-wise variability in BOLD signal, which might vary with
age [112,113].

Differentiation Index: This approach is similar to BOLD amplitude, but takes account
of potential age differences in the trial-wise variability of BOLD responses [47,80] (also
see [114,115]). It requires that responses are estimated at the level of single trials. The
index is computed as the difference in mean BOLD amplitude between a region’s
preferred and nonpreferred stimulus category, scaled by the pooled inter-item variance.
Importantly, it is insensitive to age differences in the gain of the hemodynamic response
function (HRF) that mediates the relationship between neural and BOLD activity [116].

Multi-voxel Pattern Analysis (MVPA): MVPA quantifies the extent to which different
experimental conditions or stimuli elicit similar profiles of BOLD activity across a
population of voxels. Two important MVVPA approaches to probe neural differentiation
involve the use of linear classifiers to decode different stimulus categories [81,83] and
‘pattern similarity analysis’ (PSA) — correlational methods that measure the similarity of
neural activity patterns elicited by within-vs. across-category stimulus pairs [80,84] (see
also [71]). Like the differentiation index, MVPA is insensitive to individual differences in
HRF gain.

Item-Level Representational Stability: PSA has also been used to measure neural
differentiation for individual stimuli. This approach indexes differentiation by correlating
neural patterns across repetitions of the same item relative to the similarity observed
between an item and repetitions of other items [84,93]. The approach depends on the
assumption that higher levels of relative similarity across repetitions of the same item
reflect higher neural differentiation. The validity of this assumption is debatable, and,
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importantly, it does not consider the possibility that repetition differentially modulates
neural representations as a function of age.

Repetition Suppression: Neural differentiation for individual items can also be indexed
using fMRI adaptation [94], comparing adaptation (or ‘repetition suppression’) effects for
items that differ in their level of similarity along one or more dimensions [95,97]. The
underlying assumption is that neural differentiation is reflected in the specificity of
adaptation effects.
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Box 2.
Age-Related Over-recruitment and Neural Dedifferentiation

Among the most prominent and celebrated findings arising from functional neuroimaging
studies of cognitive aging are ‘right-frontal over-recruitment’ (for review, see [117,118]),
along with age-related “cortical over-recruitment’ more generally (e.g., [119,120]; for
reviews, see [7,121]). In both cases, over-recruitment refers to the finding of more
extensive task-related cortical engagement in older than in young individuals. Age-related
over-recruitment has frequently been interpreted in terms of neural dedifferentiation,
especially when it is found to covary negatively (or not at all) with task performance
(e.g., [44,122,123]). This interpretation rests on the idea that cognitive dedifferentiation is
a consequence of age-related decline in functional specialization (cf. [11,40]), such that
brain regions specialized for a single cognitive function in younger individuals are co-
opted in support of multiple functions in older adults (cf. [6,14,15,46]). The interpretation
encounters three obstacles. First, it is predicated on the validity of age-related cognitive
dedifferentiation, which, as discussed in the main text, is tenuous. Second, it must
compete with other accounts of age-related over-recruitment; notably, that over-
recruitment reflects the engagement of processes that adaptively compensate for the
detrimental effects of aging in cortical regions sufficient to support task performance in
younger participants [5,6,118,124] (also see [82]). Lastly, age-related over-recruitment
for a single stimulus category or cognitive task does not meet the definition of neural
dedifferentiation as a reduction in neural selectivity, at least as we have articulated it here
(see Figure 1 and Box 1).
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Box 3.
Factors Contributing to Age-Related Neural Dedifferentiation

Neuromodulatory Drive. There are well documented age differences in the function of
ascending neuromodulatory systems [10,12,39]. Given the role posited for these systems
in enhancing signal-to-noise at the single neuron level [125,126] (for related work in
humans, see [127-129]), it is plausible that age-related decline in these systems
contributes to age differences in neural selectivity. The dopaminergic system receives a
particularly heavy emphasis in Li and colleagues’ [9-12] computational model.
Intriguingly, relative to older adults carrying other variants of the COMT gene, the
correlation between scores on tests of spatial working memory and verbal episodic
memory are higher in older adults carrying the Val/Val polymorphism, which is
associated with relatively low levels of frontal dopamine [130]. This finding hints at a
relationship between dopamine availability and age-related cognitive dedifferentiation
(for analogous findings from simulations, see [9,10]). To our knowledge, there are no
published data speaking to the relationship between dopamine availability and neural
dedifferentiation as defined in this review.

GABAergic Neurotransmission. A decline in y-aminobutyric acid (GABA) inhibitory
neurotransmission [131] plays a role in the age-related reductions in single neuron
selectivity reported in non-human animals [51,57,132]. For instance, administration of
GABA agonists enhanced the orientation and directional selectivity of single V1 neurons
in senescent macaques [51]. At present, evidence of a role for GABA in age-related
neural dedifferentiation in humans is lacking. The application of magnetic resonance
spectroscopy (MRS), which can be employed to assay regional brain concentrations of
GABA /n vivo, has the potential to shed light on this issue and help bridge the human and
animal literatures (e.g., [133]). Of note, psychophysical evidence in humans supports an
indirect link between age-related reductions in GABA-mediated inhibition and age
differences in center-surround antagonism [134].

Passive versus Active Tasks. Task demands might play a role in human fMRI studies of
age-related neural dedifferentiation. For instance, object-based attention modulates
category-selective neural responses in ventral occipito-temporal cortex (e.g., [135-137]).
If young and older adults tend to adopt different attentional ‘sets’ under passive viewing
conditions, these findings raise the possibility that the distinction between passive and
active viewing of category exemplars might be relevant to whether or not age-related
dedifferentiation is observed. As one example, if older adults are more prone than young
individuals to ‘tune out’ during passive viewing, one might expect to see an age-related
reduction of category-selectivity under these conditions. Consistent with this expectation,
age-related neural dedifferentiation has consistently been reported for face stimuli in the
FFA during passive viewing tasks [24,47,48], but has proven harder to detect during tasks
requiring active attention to the stimuli [77,81]. However, age differences in attentional
strategies are very unlikely to provide a general account of age-related neural
dedifferentiation: dedifferentiation has been reported for scene stimuli in the PPA under
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both passive [24,47] and active [80] viewing conditions (although see [79]). Nonetheless,
the passive versus active distinction warrants future investigation.
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Highlights

Research over the past two decades has significantly improved our
understanding of the plethora of factors contributing to cognitive aging.

We provide a selective review of studies investigating age differences in
neural differentiation as defined by measures of neural selectivity or
specificity.

The evidence indicates that neural differentiation decreases in healthy older
adults and predicts performance across multiple cognitive domains in an age
invariant manner.

Many factors likely contribute to age-related neural dedifferentiation,
including age differences in neuromodulatory drive, efficacy of inhibitory
neurotransmission, response to task demands and cumulative life experience.

The current evidence raises the possibility that neural dedifferentiation does
not exclusively reflect detrimental consequences of brain aging.
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Outstanding Questions

. What does age-related neural dedifferentiation look like from a longitudinal
rather than a cross-sectional perspective? Do changes in neural differentiation
over time predict cognitive change? What are the neural correlates of dynamic
cognitive dedifferentiation?

. Does age modulate the relationship between neural differentiation and
cognitive performance in large, diverse samples of participants, including
individuals beyond their 8" decade of life? Do these brain-behavior
relationships differ across cognitive domains, and does age moderate these
relationships for some, but not other, domains?

. Do age-related structural brain changes predict neural dedifferentiation?

. Is neural dedifferentiation exaggerated in the earliest stages of Alzheimer’s or
other neurodegenerative diseases?

. What are the roles of different neuromodulators (e.g., dopamine) and
neurotransmitters (e.g., GABA) in age-related neural dedifferentiation? How
do these and other neurochemical factors interact with such factors as
cumulative life experience to modulate neural differentiation?

. Are the mechanisms underlying neural dedifferentiation similar across the
brain, or do they vary across regions?

. What is the role of lifetime experience in mediating age-related neural
dedifferentiation? Are there situations where ‘age-reversed’ neural
dedifferentiation might be observed, with younger adults showing greater
neural dedifferentiation than older adults? This latter question provides a
strong test of the ‘lifetime experience hypothesis’.

. Does age-related neural differentiation extend beyond perceptual and low-
level motor processing to include higher-level cognitive processes (e.qg.,
different classes of cognitive judgments)?

. How does age-related neural dedifferentiation in ‘perceptual’ regions such as
extrastriate visual cortex affect neural processing in downstream regions such
as the hippocampus and prefrontal cortex?

. Can other neuroscientific methods, such as EEG and TMS, provide additional
insights into the functional significance of age-related neural
dedifferentiation?

. How do lifestyle interventions, such as exercise regimes or social
engagement, influence age-related neural dedifferentiation and the
relationship between neural dedifferentiation and cognition?
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Figure 1. Example of category selective age-related dedifferentiation as indexed by fMRI BOLD
activity.

(A) Pz:/rticipants are presented with exemplars of different perceptual categories (here, scenes
and objects) that elicit category-selective activity in different regions of occipito-temporal
cortex. (B) Age-related neural dedifferentiation takes the form of reduced category-
selectivity — the difference between a region’s response to a preferred relative to a not-
preferred stimulus — in older relative to young participants. (C) Three possible response
patterns in category-selective cortex to preferred and non-preferred stimuli that could
underlie the age-related neural dedifferentiation in B. Neural dedifferentiation can be driven
by a reduction in a region’s response to its preferred stimulus (Attenuation), an increase in a
region’s response to a non-preferred stimulus (Broadening), or a mixture of the two [48].
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