
A Review of Functional Brain Imaging Correlates of Successful
Cognitive Aging

Lisa T. Eyler, Ph.D.1,2, Abdullah Sherzai, M.D., MAS3, and Dilip V. Jeste, M.D.1
1Sam and Rose Stein Institute for Research on Aging, and Department of Psychiatry, University
of California, San Diego
2Mental Illness Research, Education, and Clinical Center, VA San Diego Healthcare System
3Department of Neurology, Loma Linda University

Abstract
Preserved cognitive performance is a key feature of successful aging. Several theoretical models
(compensation, hemispheric asymmetry reduction, and posterior-anterior shift) have been
proposed to explain the putative underlying relationship between brain function and performance.
We aimed to review imaging studies of the association between brain functional response and
cognitive performance among healthy younger and older adults in order to understand the neural
correlates of successful cognitive aging. MEDLINE-indexed articles published between January
1989 and May 2008, and bibliographies of these articles and related reviews were searched.
Studies that measured brain function using fMRI or PET, evaluated cognitive performance,
analyzed how cognitive performance related to brain response, and studied healthy older
individuals were included. Forty-seven of 276 articles met these criteria. Eighty-one percent of the
studies reported some brain regions in which greater activation related to better cognitive
performance among older participants. This association was not universal, however, and was seen
mainly in frontal cortex brain response and seemed to be more common among older compared to
younger individuals. This review supports the notion of compensatory increases in brain activity
in old age resulting in better cognitive performance, as suggested by hemispheric asymmetry
reduction and posterior-anterior shift models of functional brain aging. However, a simple model
of bigger structure → greater brain response → better cognitive performance may not be accurate.
Suggestions for future research are discussed.
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Introduction
A great challenge for future society will be to better understand the aging process. As the
proportion of individuals over age 65 grows, it is of utmost socioeconomic importance to
promote functional independence and quality of life in this group. Cognitive health has
consistently been cited by seniors as important for quality of life (1) and is widely
recognized by researchers as an important contributor to late life functioning (2–4). Thus, a
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key element in dealing with the “graying of the world” must be to discover ways to optimize
cognitive performance in old age.

Cognitive performance in most domains declines with age, particularly processes such as
psychomotor speed; however, some abilities may remain stable or even improve up to a
certain age, such as vocabulary (5). Importantly, there is large heterogeneity in cognitive
changes that occur with aging (6). Some seniors are exceptional in their cognitive
performance, and understanding this aspect of cognitive aging (as opposed to focusing on
pathological change or normal declines) is likely to guide the search for ways to enhance
cognitive functioning in aging (3).

Brain health is an important determinant of cognitive health, so a fuller understanding of
neural aging, especially those aspects that most influence cognition, is necessary. Much is
already known about structural brain changes due to age and age-related diseases (7) and
how these relate to cognitive performance (8). We observed, in a comprehensive review of
the literature focusing on structural correlates of cognitive performance in healthy elders,
that most studies find a positive relationship between regional brain size and cognitive
performance (9).

Brain structural integrity, however, is only one neural factor influencing individual
differences in cognitive function among older people. Studies of brain function using
techniques such as positron emission tomography (PET) and functional magnetic resonance
imaging (fMRI) have revealed reliable changes in the level and pattern of brain activity with
age. Older age has been associated with lower blood flow and metabolism at rest,
particularly in frontal cortex (10). Reduced regional brain response to challenge tasks among
older compared to younger participants has also been seen (11). Notably, however, greater
regional brain response in older participants also is commonly observed (11). In some
instances, pattern of brain response is qualitatively different, for example, when
“overactivation” occurs in a homologous region in the opposite hemisphere from the region
typically responsive in the young group and is less lateralized (12), referred to as HAROLD:
Hemispheric Asymmetry Reduction in OLDer adults (13). In other cases, brain response in
posterior regions has been found to be lower in older adults whereas anterior regions show
greater response than in younger individuals (14). This relative shift from posterior to
anterior involvement has been termed the Posterior-Anterior Shift with Aging (PASA (11)).

An unresolved issue is how these age-related changes in brain responsiveness and altered
patterns (e.g., HAROLD or PASA) are associated with cognitive differences between older
individuals and with rates of cognitive decline with aging. Age-related alterations in brain
function may be associated with poorer cognitive performance, as is seen most dramatically
in the case of decreased regional metabolism associated with steep cognitive declines in
Alzheimer’s dementia (15). Interestingly, however, there is also evidence that the degree to
which older individuals manifest some age-related patterns of brain activity may be
associated with better cognitive performance (i.e., compensation (16)). Such findings are in
contrast to the idea that alterations of neural function reflect inefficient processing (i.e., de-
differentiation (17)).

The purpose of this review was to comprehensively review studies of the association
between cognitive performance and brain function among healthy older individuals in order
to weigh evidence in support of age-related compensatory versus de-differentiated brain
responses, examine factors related to these findings, and evaluate their specificity to old age.
Previous reviews of functional imaging changes with age (11, 18) have summarized a subset
of findings covered in the present review, but none has focused specifically on correlations
between brain function and cognitive performance.
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Methods
To retrieve studies for this review, MEDLINE citations (January, 1989 – May, 2008) were
surveyed using the National Library of Medicine’s PubMed online search engine using the
following search string: ("functional MRI" OR "fMRI" OR "PET" OR "positron emission
tomography" OR "cerebral blood flow") AND (brain OR cognition OR cognitive OR
cerebral) NOT (dementia OR Alzheimer's OR psychiatric OR disorder OR disease OR
impair*) AND (age[Title] OR aging[Title] OR ageing[Title] OR old[Title] OR
elderly[Title]). This search revealed 256 articles of potential interest. All references cited in
these articles were also reviewed, and we found 20 additional relevant publications.

Inclusion criteria
We applied several selection criteria. To be included in the review, studies had to 1) use
fMRI or PET methodology to examine neural functioning, 2) evaluate cognitive
performance either on a task given during imaging or on a measure administered on a
separate occasion, 3) report results of an analysis examining how differences in cognitive
performance related to differences in brain response, and 4) include at least one group of
healthy elderly individuals (mean age > 60 years of age).

Review process
We found 47 reports that met review criteria. Flow of information through different stages
of the systematic review is shown in Figure 1.

Each study was examined by two authors (LTE, AS) and the following information was
extracted: numbers and characteristics of participants, definition of “healthy” used,
neuroimaging method and scanning paradigm employed, and brain regions examined. We
also noted whether participants overlapped between samples in the review. Based on study
results, we summarized the relationship of age to functional brain imaging measures to
provide a context for understanding brain-cognition relationships. We then extracted the
measures of cognitive performance used and summarized associations between cognitive
performance level and measures of brain functioning. We noted the direction of association
and whether this reflected greater response among those with successful versus normal
cognitive performance (e.g., positive correlations for accuracy and negative correlations for
reaction time both imply that better cognitive performers have greater brain response). When
possible, we summarized correlations separately for younger and older groups and noted
whether a direct statistical comparison had been made.

Results
Characteristics of Reviewed Studies

Study characteristics and results for the 47 reviewed papers are presented chronologically in
Table 1. There was one longitudinal study (19), one study in which cognitive change was
examined longitudinally but brain response was measured once (20), and all other
investigations were cross-sectional. Among cross-sectional studies, two (21, 22) included
only older participants, one examined a large cohort ranging in age from 20 to 87 (23), and
the rest (n=41) compared younger adults to at least one group of older individuals. One
study (24) reported partial overlap in participants with another study (25).

Summary statistics for the reviewed studies are given in Table 2. The review included more
studies using fMRI than PET, and sample sizes were typical of many functional
neuroimaging investigations. A large majority of reports employed medical, neurological,
and psychiatric screening criteria to assure a healthy sample, most also employed cognitive
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screening (e.g., Mini-Mental State Examination (26)), about half also excluded subjects
based on current medication usage, and a smaller number had an additional criterion that the
structural MRI be normal (21, 22, 27–40). Education level, when reported, was generally
high (median four years of college) and comparable between younger and older groups. All
studies had both male and female participants except for two that enrolled only men (41, 42)
and one that included only women (43). Gender ratio was comparable between old and
young groups in most reports. Participants’ ethnicity was not reported in any reviewed
studies and so, could not be summarized.

The reviewed studies employed a variety of cognitive paradigms: episodic learning and
memory tasks were most frequently used, followed by working memory tasks, and those
assessing inhibitory processing. Less commonly examined domains included motor
function, language, nondeclarative memory, visual search, and visual attention.

In terms of analysis strategies, age effects were often examined in a voxel-wise fashion
across the entire brain. In many other studies, mean response in a priori regions of interest
determined either by previous studies or by significant within-group differences were used
in the age analysis. In many studies, brain-behavior correlations were only examined in the
subset of regions in which an age difference in mean brain response was observed.

The cognitive performance variable examined differed among studies, but was most often
accuracy of task performance, followed by mean reaction time. Most investigations used
task performance during imaging as the measure of cognitive performance.

Correlation of Brain Function and Cognitive Performance
Greater brain response generally was associated with better cognitive performance in the
reviewed studies: there was at least one finding of such an association in all but 6 of the 47
studies (25, 44–48)(See Table 3). In 19 studies, only positive associations between
magnitude of brain response in the older group and cognitive performance were found; 19
others found both positive and negative associations. Thus, across many different types of
tasks, more cognitively successful seniors had greater brain response in at least one brain
region compared to their lower-performing peers. Positive correlations, when observed,
were frequently found in frontal lobe regions and negative correlations were rare in this
region: 19 studies reporting correlations within the frontal lobes found positive associations,
6 found negative correlations, and 9 found some evidence for both positive and negative
associations. Findings within parietal and temporal cortex were similarly skewed in favor of
positive associations. In occipital cortex and in hippocampal / medial temporal cortex, an
equal number of studies reported each direction of correlation with performance. Among the
22 studies in which the analysis could have revealed brain-behavior correlations in any
region (i.e., analysis was not restricted to particular areas), there were 9 studies that found
positive associations in frontal cortex (one negative); for all other regions, positive
correlations were observed in 5 studies or fewer. Thus, positive associations were more
commonly found in frontal cortex than in other regions even among studies in which there
was a chance of finding such correlations in any brain region.

Six investigations found only negative correlations (i.e., greater brain response in poorer
performing elders); these involved reaction time to incongruent vs. congruent visual
distracters (44), go/no-go task accuracy evaluated across the whole brain (25) and in the
basal ganglia (45) (participants overlapped between these studies), relationship of cognitive
reserve to age-differential networks during learning and recognition of difficult versus easy
word lists (46), reaction time during a facial emotion matching task (47), and relationship of
reaction time slope and discriminability to load-dependent and load-independent brain
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response in spatial networks responsive during different phases of a working memory task
(48).

Given known differences in cognitive and brain aging patterns between men and women
(49, 50), we examined whether gender ratio in the older study group appeared to be related
to the direction of associations between brain function and cognitive performance. We
divided studies into three categories based on whether the older sample was predominantly
male (>67% men; n=10), predominantly female (>67% women; n=10), or gender-balanced
(≤67% men or women; n=26). Studies with greater or equal numbers of women in the older
sample were slightly more likely to observe positive compared to negative correlations
(predominantly female: 70% positive vs. 30% negative, gender-balanced: 73% positive vs.
50% negative), whereas those with more men had mixed findings (100% positive vs. 70%
negative).

Two studies had a longitudinal component, permitting inferences about the temporal
relationship between changes in cognitive performance and changes in brain function. In a
study with repeated assessment of both cognition and brain function (19), older adults were
assessed at baseline and after 8 years with PET imaging during a recognition memory test.
Overall cognitive performance did not change significantly in this sample, but longitudinal
increases and decreases of brain activity were observed. Positive relationships between brain
response changes and performance changes were seen in temporal and parietal regions; and
negative associations were found in temporal and frontal regions. The findings suggest some
degree of reorganization of cortical networks of older individuals in the context of preserved
cognitive performance, with both beneficial and detrimental regional changes observed. In a
retrospective design in which cognition, but not brain response, was measured
longitudinally, Persson et al (20), compared measures of brain response between two groups
of individuals – those who had stable memory performance over the previous decade and
those who had declined (although none had declined out of the normal range). Brain
response during verbal encoding was measured with fMRI, and analyses of brain-behavior
relationships were conducted within frontal regions activated by both groups. Greater
response was found in right ventral prefrontal cortex among individuals whose memory
performance had declined compared to those whose performance had remained stable.

Uniqueness of Brain-Behavior Correlation Pattern in Older Individuals
Thirty-three studies included a young comparison group in which the relationship between
brain response and cognitive performance was also examined. Many studies found strong
correlations in both younger and older groups. Most identified some brain regions in which
similar brain-behavior correlations were observed in both age groups, but many also
reported regions in which correlations were significant only in one group. An interesting
category of finding was the observation of brain regions in which the relationship between
performance and brain response was opposite in direction in the two age groups. In 13
studies (40%), the correlation with performance was much more strongly positive in the old
than in the young group, and in many cases the relationship was negative in younger
individuals (30, 31, 51–60). In contrast, positive correlations among the young group and
negative associations among the old also were observed in some studies; this was somewhat
more likely to be the case in posterior and medial temporal brain regions (30, 31, 35, 46, 48,
54, 55, 57, 59, 60). In a small number of studies (32, 41, 61, 62), brain-behavior correlations
were much more pronounced in the old group than the young, but the opposite pattern (no
correlations in old and multiple significant correlations in young) was not seen in any study.
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Relationship of Brain-Behavior Correlations to Nature of Age-Related Changes
An aim of this review was to understand whether older individuals who display qualitatively
different patterns of brain response perform better than those with a more youthful pattern.
Although few studies examined this directly (48, 58), we were able to classify age effects
into those that were broadly supportive of HAROLD and PASA and then examine the
direction of brain-behavior associations in these studies. We found 14 studies in which
group aging results were broadly consistent with either HAROLD (n=7) or PASA (n=6) or
both (n=1). Of these, 10 studies reported positive correlations between brain function and
cognitive performance in some region and 7 reported negative correlations in some region.
Six studies found positive correlations in frontal cortex (4 found negative correlations) and
no other region had more than 3 reports of significant function-cognition relationships,
either positive or negative. Thus, studies that demonstrated altered brain patterns in older
individuals consistent with HAROLD and PASA models were slightly more likely to find
these changes to be beneficial rather than detrimental, but findings of negative relationships
were also prevalent.

Discussion
In our review of studies addressing how brain function relates to cognitive performance
among older individuals, we found frequent support for the notion that increased brain
responsiveness is associated with better cognitive performance. Positive correlations
between frontal cortex brain response and performance were much more frequently reported
than negative correlations, and positive associations were more often observed in frontal
cortex than in other regions. Positive correlations also outnumbered negative ones in parietal
and temporal cortices, whereas findings were more mixed for both occipital cortex and
medial temporal lobe. The predominance of positive correlations in frontal cortex is
consistent with findings of our review of the relationship between brain structure and
cognitive performance in late-life, in which frontal findings were also the most numerous
and consistent (9). Interestingly, although greater size of medial temporal lobe was also
fairly consistently linked to greater cognitive success (9), the directionality of relationships
between brain function in this region and cognitive performance was mixed. This suggests
that a simple model of: bigger structure → greater brain response → better cognitive
performance may not be accurate, and points out the necessity to measure both brain
structure and function in the same study in order to test more complete models.

Positive correlations with performance, particularly in frontal cortex, have previously been
interpreted as compensatory in nature (13). Specifically, it has been theorized that frontal
cortex must become more active in order to support good performance in the face of
deficient responses elsewhere (63). Although many studies observed positive correlations
with performance, most did not directly test how this might be related to deficient brain
response in other regions. It was also not always clear how performance of the highest
performing seniors compared to that of high performing younger adults. Thus, it was
difficult to know whether brain response in regions of positive correlation with cognitive
performance was truly compensatory or, instead, represented an attempt at compensation
that was only partially successful. It was also difficult to evaluate whether there was a
benefit to qualitatively different patterns of activation as opposed to quantitative differences
in response in the same brain regions (48). Among studies that demonstrated a group effect
of age consistent with HAROLD or PASA, positive associations between brain response in
these regions were more frequently observed than negative ones. Mixed results were found
in two studies examining this question more directly using working memory tasks; Reuter-
Lorenz et al (58) found that older adults with a more bilateral activation pattern performed
more quickly, but Zarahn et al (48) found only one qualitatively different pattern of brain
response among older adults, which was associated with worse performance. Clearly, further
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work is needed to develop techniques to classify the pattern of brain activity among
individual participants and examine cognitive consequences of those patterns.

The exceptions to findings of positive correlations between brain response level and
cognitive performance, perhaps suggestive of de-differentiated responses, are potentially
illuminating. Most notable is a quasi-longitudinal study in which individuals with the
greatest cognitive decline had the most subsequent frontal overactivity (20). If excess frontal
response is compensatory, one might expect to observe it most in individuals who maintain
good cognitive performance. However, as the authors point out, it could be that extra brain
response in frontal cortex is only recruited when other systems begin to fail and that
decliners’ brains were attempting a reorganization (in response to hippocampal and white
matter deficits observed in this group) while those who were stable did not require it (yet).
Of the six cross-sectional studies that found only negative associations between brain
response and cognitive performance, three involved inhibitory processing and/or
overcoming prepotent responses. Frontal overactivity may be detrimental for this particular
type of cognitive activity. Another pattern that emerged was one of negative correlations
with performance in posterior regions but positive correlations in anterior regions. This
appears to be consistent with the concept that individuals who show the PASA pattern have
the best cognitive performance. Still, if one postulates that anterior shift occurs in response
to loss of posterior function, it is perhaps surprising that those with the most residual
posterior function would have the worst cognitive performance. Perhaps earlier sensory
processes require a more focal response that, once weakened in the course of aging, cannot
be compensated for by greater posterior activation. This might suggest that only those
individuals who can strengthen and broaden their anterior response and reciprocally quiet
their posterior response can continue to perform at a high level.

The above discussion highlights the largest gap in our knowledge regarding the link between
brain function and cognition in old age – i.e., how it may change along the course of
development. Many theories posit a dynamic process (e.g., (63, 64)), in which functional
increases occur in response to structural changes that decrease focal responses elsewhere.
Direct evidence addressing this dynamic process is extremely limited. Only one study
measured both brain function and cognitive performance longitudinally (19). Results of this
study were mixed and cognitive changes were minimal, so we do not yet know how the
brain may reorganize itself in people who maintain cognitive performance levels versus
those that decline. The reviewed studies comparing brain-behavior associations among
younger versus older samples generally supported the notion that the association strengthens
and becomes more positive with age. Although this may sometimes have resulted from
restricted variability in the younger sample leading to lower correlations, in some reports
there were significant negative correlations in the young group and significant positive
correlations in the old group. This suggests that a switch may occur at some point in
adulthood so that more brain response is better instead of worse. This could perhaps be
consistent with antagonistic pleiotropy in which effects of certain genes are detrimental at
one point in life but beneficial at another (65). When and how such a switch may happen is
currently unknown. Longitudinal functional neuroimaging, in combination with genetic
studies, may be a particularly powerful combination for better understanding individual
trajectories of neural aging (66).

The finding that additional brain response is generally positively associated with cognitive
success in old age emphasizes the existence of continued functional plasticity which should
lead to optimism about improving cognitive function in old age. Cognitive training is one
type of intervention that is gaining in popularity and evidence for efficacy (67). Changes in
brain function after cognitive training may result in a more youthful, unilateral pattern of
brain response rather than a strengthening of the HAROLD-like response of untrained
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seniors (68), however. This raises the possibility that some interventions might be
restorative for brain functioning, while others may result in patterns that more closely
resemble the brain’s naturalistic compensatory changes.

There are several limitations to this review, including that, in spite of our best efforts, we
might have missed some relevant papers on this topic. Also, as with any review, there may
have been publication biases that influenced the type of results available to include. In
addition, our review only focused on functional correlates of successful cognitive
performance and did not address other aspects that may contribute to quality of life in old
age, such as emotional well-being (69). Although functional neuroimaging has been applied
to understanding emotional disorders in late life (70, 71), few studies have addressed brain
correlates of individual differences in emotional outlook among healthy seniors (72).

The conclusions we drew could also be influenced by limitations of the reviewed papers.
The studies’ sample sizes, although typical for neuroimaging investigations, were relatively
small for examining correlations. Study participants were highly educated, which could limit
generalizability of results. Also, studies varied greatly in terms of their selection criteria,
cognitive tests administered, imaging techniques used, and analysis methods employed,
making it difficult to summarize findings across studies. As discussed above, very few
studies examined cognitive correlates of coordinated brain networks and many did not
statistically compare correlations between young and old groups. Finally, few studies
directly addressed the concern that observed brain response-behavior correlations may be
accounted for partially or wholly by associations between cerebrovascular function and
cognition (73). Future studies that measure blood flow, metabolic rate of oxygen, and blood
oxygenation dependent response in both younger and older participants may help determine
the relative contribution of vascular versus neuronal components to individual differences in
cognitive performance, and how these may change with age.

In summary, results of this review offer support for the view that augmented brain response,
particularly in frontal cortex, serves a compensatory role in older adults. In some cases,
however, extraneous activation might be detrimental, such as when it occurs in posterior
regions or during tasks that require inhibitory processes. The existing literature does not
fully address the important question of how such relationships are built up or may change
across adulthood, although there is some suggestion that positive brain function-cognition
relationships strengthen with age. Whether there is eventually a point at which compensation
fails and how the timing of such changes might relate to other genetic or environmental
factors will be a productive area for further exploration.
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Figure 1.
PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) flow of
information through the different phases of the systematic review
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Table 2

Summary of Study Characteristics for Reports in the Review

Study Characteristic Summary

Sample Characteristic Young Sample Old Sample

Median Range Median Range

  Number of Participants 12 0–40 14 6–69

  Gender Ratio (Men/Women) 1 (mean: 1.3) 0–9 1 (mean: 0.97) 0–3

  Mean Age (years) 24 19.5–33.4 69.9 59–81.5

  Minimum Age (years) 20 18–30 61 50–73

  Maximum Age (years) 29 25–49 78 63–93

  Mean Education (years) 16 14.5–17.8 16 10.2–19.3

Image Modality (no. of studies) 28 fMRI, 19 PET

Exclusion Criteria (no. of

studies)*
45 neurological, 37 psychiatric, 36 medical, 35 cognitive, 25 medications, 16 radiological abnormalities

Challenge Task (no. of studies)* 1 rest, 21 episodic memory (phase: 13 encoding, 15 retrieval [method: 4 recall, 10 recognition]; stimuli: 13
verbal, 3 figural, 2 faces, 2 abstract), 8 working memory (stimuli: 7 verbal, 1 spatial, 1 facial), 5
inhibitory, 2 motor, 2 language, 2 visual search, 2 nondeclarative memory, 1 visual attention

Brain Regions Examined (no. of

studies) *
1 whole brain (single value), 28 voxel-wise with whole brain coverage, 24 region of interest

Measure of Cognitive

Performance (no. of studies) *
35 accuracy, 20 reaction time, 4 composite of accuracy and reaction time; 38 based on scanner task
performance, 9 based on tasks given outside of scanner

*
Note that the number of studies does not always add up to 47 across the categories because a study could be counted in more than one category.
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Table 3

Summary of Brain-Behavior Relationships in the Reviewed Studies

Brain Response

Successful
Performers
> Normal

Performers

Normal
Performers
> Successful
Performers

Mixed
Findings

Any region 38 25 19

All examined regions* 19 6 19

Frontal cortex 19 6 9

Temporal cortex 7 3 5

Parietal cortex 10 4 2

Occipital cortex 6 6 2

Hippocampal / Medial Temporal 5 5 0

Basal ganglia 4 2 0

Thalamus 2 4 1

Posterior cingulate 3 1 0

Cerebellum 3 1 0

*
Note that for 2 studies there were no significant regions that were related to task performance (12, 35), and for 1 study the measure of

performance was not readily classified into “successful vs. unsuccessful” (34)
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