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Abstract
Studies of neurocognitive aging report altered patterns of brain activity in older versus younger adults performing executive function
tasks. We review the extant literature, using activation likelihood estimation meta-analytic methods, to compare age-related differences in
the pattern of brain activity across studies examining 2 categories of tasks associated with executive control processing: working memory
and inhibition. In a direct contrast of young and older adult activations, older adults engaged bilateral regions of dorsolateral prefrontal
cortex as well as supplementary motor cortex and left inferior parietal lobule during working memory. In contrast, age-related changes
during inhibitory control were observed in right inferior frontal gyrus and presupplementary motor area. Additionally, when we examined
task-related differences within each age group we observed the predicted pattern of differentiated neural response in the younger subjects:
lateral prefrontal cortex activity associated with working memory versus right anterior insula/frontal opercular activity associated with
inhibition. This separation was largely maintained in older subjects. These data provide the first quantitative meta-analytic evidence that
age-related patterns of functional brain change during executive functioning depend on the specific control process being challenged.
© 2012 Elsevier Inc. All rights reserved.
Keywords: Aging; Neuroimaging; Activation likelihood estimation; Executive function; Working memory; Inhibition; Meta-analysis

1. Introduction
Neurocognitive changes in healthy aging have now been
reported for almost 2 decades. Early work from Grady and
colleagues (1994) first reported age-related differences in
patterns of functional brain activity during a perceptual
matching task using positron emission tomography. With
the advent of functional magnetic resonance imaging, the
number of investigations of neurocognitive aging has expanded exponentially and now include studies of numerous
cognitive domains (see Spreng et al., 2010). Of these, executive functions have received the most attention. Functional brain imaging studies of executive control processes
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report robust differences in brain activity between older and
younger subjects, particularly under conditions of high executive control demand (e.g., Grady et al., 1998; Jonides
et al., 2000; Milham et al., 2002; Nielson et al., 2002; Postle
et al., 1999; Reuter-Lorenz et al., 2000). These differences
have been replicated across studies (see Park and ReuterLorenz, 2009; Reuter-Lorenz and Cappell, 2008 for reviews) and have generated several theoretical accounts of
neurocognitive aging in the domain of executive functions.
The most commonly reported age-related pattern of brain
activity during executive function tasks (e.g., working
memory, inhibition, and task-switching) is increased recruitment of lateral aspects of the prefrontal cortex (PFC)
bilaterally (Rypma and D’Esposito, 2000; Jonides et al.,
2000; Townsend et al., 2006). These changes may reflect
increased PFC modulation of processing operations in posterior cortices in response to noisier (i.e., reduced processing specificity) signaling in these regions (Persson et al.,
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2006). Increased lateral PFC activity may also reflect
greater demands for executive control as cognitive operations become less automated with age, resulting in a general
“posterior to anterior shift” (PASA) in functional brain
activity (Davis et al., 2008) or as neural circuits become
increasingly inefficient (compensation-related utilization of
neural circuits hypothesis; CRUNCH; Reuter-Lorenz and
Cappell, 2008). Recently, this increased demand for frontally-mediated control processes has been characterized as
“neural scaffolding” (Park and Reuter-Lorenz, 2009). As
age-related structural and functional brain changes, including cortical thinning, white matter changes, and reductions
in hippocampal activation, lead to inefficient and/or noisy
processing, demands for controlled processing operations
are increased. In response, lateral prefrontal brain regions
are recruited to provide a “neural scaffold” in support of
new learning and sustained behavioral performance, particularly in the context of novel or complex tasks. A similar
pattern has been observed in young adults as task challenge
is increased requiring new strategy learning (Erickson et al.,
2007a and see Hillary et al., 2006 for a review of functional
brain changes in healthy young, aging, and neurological
populations). While each of these theories argue that functional brain changes, particularly engagement of lateral PFC
regions, occurs in normal aging they differ somewhat with
respect to the mechanism underlying these changes. The
work of Persson and colleagues (Persson et al., 2006) or the
PASA account (Davis et al., 2008) suggest that lateral PFC
recruitment may represent additional demands for frontallymediated neuromodulation of posterior neural processing
operations. In contrast, the CRUNCH (Reuter-Lorenz and
Cappell, 2008) and neural scaffolding hypotheses (Park and
Reuter-Lorenz, 2009) suggest that as brain circuits become
less efficient with age, additional or alternate neural resources are engaged to compensate for degraded processing
operations in both frontal and posterior brain regions. Further discussion of these mechanistic accounts is beyond the
scope of the current study (but see Turner and D’Esposito,
2010, for a review). However, it is interesting to note that
while each of these accounts converge around the notion of
increased recruitment of lateral PFC to support controlled
(i.e., executive) processing, to our knowledge, there has
been no direct examination of how age-related changes are
manifest for specific executive control processes.
It is now well understood that executive functions can be
fractionated into dissociable processes both behaviorally
(e.g., Miyake et al., 2000; Salthouse et al., 2003; Stuss et al.,
1995) and neurally (e.g., Chikazoe, 2010; McNab et al.,
2008; Wager and Smith, 2003). This raises the question of
whether the age-related patterns of functional brain change
described above are similarly dissociable depending upon
the executive control process being challenged. The goal of
the current report is to review the extant literature, using
quantitative meta-analytic methods, to compare age-related
differences in the pattern of brain activity between 2 exec-

utive processes that have been most frequently studied in
the cognitive neuroscience literature: working memory and
inhibition (Cabeza and Nyberg, 2000; Wager and Smith,
2003). Neurocognitive aging of task switching, the third
executive control process identified by Miyake et al. (2000),
remains an understudied domain of executive function and
was not included in the current analysis (for exceptions, see:
DiGirolamo et al., 2001; Esposito et al., 1999; Townsend et
al., 2006). Specifically, we investigate whether age-related
patterns of functional brain changes are similar across executive processes or whether changes with aging are specific to the executive process being challenged.
Working memory is a system for actively maintaining
and manipulating information that is no longer present in
the environment, yet must be organized and retained in the
service of current and future goals (Wager and Smith,
2003). In younger subjects, working memory is associated
with activation of lateral prefrontal cortical regions, typically left-lateralized (Smith and Jonides, 1998; Wager and
Smith, 2003). In older adults, working memory tasks also
engage PFC regions, however, neural response is greater
and more bilateral at lower levels of task demand than in
younger adults (Emery et al., 2008; Jonides et al., 2000;
Reuter-Lorenz and Cappell, 2008). This pattern has been
hypothesized to reflect poor modulation of prefrontal brain
activity in response to increasing working memory demands
(Reuter-Lorenz and Cappell, 2008; Schneider-Garces et al.,
2010). Cappell and colleagues (Cappell et al., 2010) recently tested this hypothesis in a study of verbal working
memory in older and younger adults under high and low
load conditions. Consistent with their predictions, older
adults overrecruited regions of right lateral PFC at lower
working memory loads relative to younger subjects and
underrecruited lateral prefrontal cortex regions bilaterally at
higher memory loads. Thus age-related increases in lateral
PFC during working memory may reflect reduced capacity
to modulate this region in response to shifting executive
control demands. Here we examine whether this account of
age-related functional brain changes generalizes beyond
working memory to other domains of executive function
such as inhibitory control. To our knowledge this has not
been investigated.
Inhibitory control is generally defined as intentional control over dominant, automatic, or prepotent responses and
has also been widely studied using brain imaging methods
(Chikazoe, 2010). As with working memory, the functional
neural correlates of inhibitory control in younger adults
have been well characterized for both cognitive and motor
inhibition tasks (see Buchsbaum et al., 2005). Critical regions include ventral PFC (Chambers et al., 2009; Leung
and Cai, 2007; Swann et al., 2009), presupplementary motor
areas (Chen et al., 2009; Floden and Stuss, 2006; Li et al.,
2006), as well as posterior parietal cortices, subthalamic
nuclei, and cerebellar regions (see Chambers et al., 2009;
Chikazoe, 2010 for recent reviews). However, the neural
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correlates of inhibitory control processing in older adults are
less well characterized. Several studies have now identified
a highly overlapping pattern of brain regions between older
and younger adults performing inhibition tasks (e.g.,
Jonides et al., 1998; Langenecker et al., 2004; Milham et al.,
2002, but see Jonides et al., 2000). Others report greater
age-related recruitment of dorsolateral aspects of PFC bilaterally as inhibitory control demands increase (e.g.,
Mathis et al., 2009; Wood et al., 2009), a pattern more
consistent with the working memory literature. A recent
study of age-related functional brain changes under variable
inhibitory control demands argued that these changes reflected poor modulation of these regions resulting in greater
functional brain response within lateral PFC (Prakash et al.,
2009), a conclusion strikingly similar to that of Cappell and
colleagues (Cappell et al., 2010) who investigated these
age-related changes in the context of working memory.
While these latter findings suggest that patterns of agerelated functional brain changes during executive function
tasks may be generalizable across specific processes falling
within the domain of executive functioning (or at least
between working memory and inhibition), to our knowledge
no study has directly tested this possibility in both younger
and older adults. McNab and colleagues (McNab et al.,
2008) recently compared brain activity during working
memory and inhibition task performance in younger adults
using within-subject contrasts. The 2 processes activated
distinct functional brain networks, however, overlapping
activity was observed in a small area of right inferior frontal
gyrus. These results are consistent with previous reviews of
working memory (e.g., Wager and Smith, 2003) and inhibitory control (e.g., Chambers et al., 2009; Simmonds et al.,
2008) that suggest these 2 executive functions are implemented in discrete but overlapping brain networks in
younger adults.
Numerous reports have now examined age-related functional brain changes associated with working memory and
inhibition independently. However, we were unable to identify any reports that directly compared these 2 processes in
younger and older adults in a single study. Here we review
the findings of these previous single task reports to examine
whether functional brain changes in older adults performing
working memory and inhibitory control tasks are dissociable. We use the activation likelihood estimation (ALE)
approach for neuroimaging data (Laird et al., 2005; Turkeltaub et al., 2002) as this meta-analytic method provides a
quantitative estimate of the degree of overlap in functional
activation patterns across multiple studies. Specifically, we
investigated whether age-related neurocognitive changes
overlapped for working memory and inhibitory control
tasks. This would be evidence for a common pattern of
age-related functional brain changes in executive functioning (i.e., greater bilateral activity in PFC in older adults for
both task categories). Alternatively, if age-related brain
changes differ between working memory and inhibition
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tasks, this would suggest that age-related functional brain
changes in the domain of executive functioning are dependent on the specific executive process being taxed. We
investigate this with several ALE analyses. First we present
the quantitative review of studies examining age-related
changes within each task by reporting reliable patterns of
activation for working memory and inhibitory control
within each age group. Next we directly contrast the taskrelated activation patterns for young and older subjects.
Finally, we contrast task-related activation patterns within
each age-group separately.
2. Methods
2.1. Selection of studies
Neuroimaging studies examining aging and executive
function were selected using a systematic search process.
Peer-reviewed articles, published in English between January 1982 and March 2010, were selected from the search
results of 3 separate databases: MEDLINE, PsycInfo, and
Science Citation Index. Searches were conducted using the
following terms: (1) keyword: “age” or “aging” or “ageing”
or “age-related” or “older adults” or “adult life-span”; and
(2) keyword: “neuroimaging” or “cerebral blood flow” or
“fMRI” or “functional magnetic resonance imaging” or
“PET” or “positron emission tomography”; and (3) population: “human”. A second search specifically targeted executive function with the added search terms: “executive” or
“working memory” or “inhibition”. As a result, 5156 unique
reports were found.
Only studies that reported both healthy young and
healthy older adult group results were included. Theoretical
papers and reviews were excluded. Studies that reported
combined group results and a region-of-interest analysis,
reported only brain-behavior correlations, or did not report
activation foci as 3-D coordinates in stereotaxic space were
excluded because these studies could not be meaningfully
analyzed with ALE. For studies that contained multiple
nonindependent contrasts, in order to limit the contribution
of any 1 set of participants to the pool of foci, we selected
the contrast with the lowest level baseline (e.g., selection of
incongruent vs. neutral over incongruent vs. congruent contrast for the Stroop task data reported by Mathis et al.,
2010). We selected these lower level contrasts because
functional brain activity is reduced in older relative to
younger adults at higher levels of task challenge as performance limits are exceeded (e.g., Cappell et al., 2010). Inclusion of only high-level contrasts would confound agerelated brain changes with potential ceiling effects on
behavioral tasks (see below for discussion of performancebased differences in these data). Moreover, given the potential impact of contrast selection on the interpretation of
the results of the review, we identify whether the selected
contrast for each study contained a high (cognitive) or low
(rest, simple motor) baseline. These are denoted with an “*”
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Table 1
Details of studies included in the review
Study no.
Working Memory
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Inhibition
1
2
3
4
5
6
7
8
9
10
11
12
13

First author

Year

n

Younger
Age: Mean (SD)/range*

Foci

n

Older
Age: mean (SD)/range*

Cabeza
Emery
Freo
Grady
Grossman
Haut
Holtzer
Johnson
Nagel
Otsuka
Park
Paxton
Raye
Reuter-Lorenz
Reuter-Lorenz
Ricciardi
Rypma
Schneider-Garces
Smith

2004
2008
2005
1998
2002
2005
2009
2004
2009
2006
2010
2008a
2008
2000a
2000b
2009
2001
2009
2001

20
10
13
13
13
8
25
6
30
10
15
21
15
8
10
10
6
12
12

Colcombe
Jonides
Lee
Madden
Mathis
Meinzer
Mell
Milham
Nielson
Paxton
Prakash
Zhu
Zysset

2005
2000
2006
2002
2009
2009
2009
2002
2004
2008b
2009
2010
2007

20
12
12
12
12
16
14
12
14
16
25
22
23

Foci

Perf

22.6 (3.7)
21.9 (2.6)
27 (6)
25 (3)
22.6 (4.9)
23.3 (1.6)
19–34
19.6
25.6 (3)
24.5 (20–29)
22.2 (2.4)
22.8 (3.7)
23 (18–26)
23.3 (21–30)
21.2 (18–25)
26.2 (1.4)
25.3 (22–29)
23.8 (18–27)
22.9 (18–29)

15
5
12
10
6
6
12
7
9
6
5
11
5
9
6
6
41
1
14

20
11
13
16
11
8
25
6
30
10
19
20
14
16
10
10
6
30
12

70.3 (6.3)
71.2 (6.2)
65 (11)
66 (4)
63.5 (10.8)
67.3 (10.4)
65–84
65.3
64.1 (3)
68.8 (65–71)
64.8 (2.8)
73 (5.7)
68 (61–81)
69.9 (65–75)
67.4 (62–73)
68.4 (4)
68.6 (62–73)
70.9 (65–80)
66.6 (65–72)

23
11
15
14
7
5
17
6
11
6
5
24
6
9
10
4
46
7
11

"
"
$
"
"
$
"
$
"
"
"
"
$
"
$
"
$
$
$

23.5 (19–25)
19–30
29.8 (6.2)
23 (2.13)
26.8 (3.4)
26.1 (3.7)
26.48 (3.96)
23 (21–27)
29.7 (8.3)
21.56 (3.14)
23.6 (18–35)
20 (3)
26.6 (3.6)

2
1
0
6
4
7
8
7
10
3
12
8
25

40
12
9
12
12
16
14
10
14
16
25
22
24

67.5 (52–87)
61–72
65.2 (4.2)
66.5 (4.96)
62.8 (3)
69.3 (5.6)
67.82 (5.01)
68 (60–75)
71.1 (4.3)
72.38 (6.51)
65.5 (58–75)
74 (6)
57.1 (6.49)

3
0
9
1
7
13
8
10
24
31
6
9
32

$
$
"
$
"
"
"
$
$
$
$
"
"

Studies are listed in Appendix S1. Study numbers map to ‘Contributing Studies’ in Supplementary Tables S1–S3. A complete list of study references is
included in Supplementary Appendix 1. Perf signifies whether performance was matched between younger and older adults on the behavioral task.
* Age data listed as mean (SD) or age-range based on format reported in original manuscript.

in the “contributing studies” columns in Supplementary
Tables 1–3. For studies containing multiple independent
samples, peak activation foci from each sample were included (e.g., Paxton et al., 2008). The reference lists of
included reports were searched for additional studies that fit
these criteria. A total of 30 reports fit our criteria; 2 studies
reported 2 independent samples rendering 32 total experiments (Tables 1 and 2).
Next, these experiments were allocated to either the
working memory (n " 19) or inhibition (n " 13) analysis.
In cases where allocation to either category was unclear, we
assigned the study based upon the author’s characterization
(e.g., Meinzer et al., 2009) or the standard characterization
of the task paradigm in the literature (e.g., Mell et al., 2009).
2.2. Creation of ALE maps
The ALE method provides a voxel-based meta-analytic
technique for functional neuroimaging data (Laird et al.,
2005; Turkeltaub et al., 2002). The software (BrainMap
GingerALE v1.1) computes statistically significant concor-

dance in the pattern of brain activity across any number of
independent experiments. Additionally, GingerALE can
compute statistically significant differences in the pattern of
brain activity between 2 sets of data from several independent experiments. Recently, a new version of GingerALE
software was released (GingerALE 2.0) that models probability distributions at the experiment level instead of at the
level of the foci, changing the analysis from fixed- to random-effects (Eickhoff et al., 2009). This version, however,
does not yet compute differences between groups. ALE
maps are derived based on foci of interest, which comprise
statistically significant peak activation locations from published studies. Independent group analysis peak foci (working memory/inhibition task # control task in younger;
working memory/inhibition task # control task in older)
were extracted from 25 studies. We also included results
from 7 studies that reported within- and between-group
peak foci (i.e., combined younger/older, younger # older,
and older # younger). Foci from the combined task effects
were allocated to both groups and task by age interaction
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Table 2
Details of studies included in the review
Study no.

Paradigm

1
2

Working memory
Delayed word recognition
Letter-number sequencing

3
4

Delayed match to sample
Delayed match to sample

5
6

Sentence comprehension
Letter-number sequencing
(WAIS)
Sternberg task (nonverbal)
Refresh task

7
8
9
10
11
12
13
14
15

Delayed spatial
recognition
Reading span
Delayed recognition
Continuous performance
task (AX-CPT)
Refresh task
Delayed letter recognition

16

Delayed spatial
recognition
Delayed match to sample

17
18

Sternberg task
Sternberg task

19

Operation Span (problemsolving)
Inhibition
Flanker task
Delayed word recognition
(recency manip)
Simon task (with
response conflict)
Visual search

1
2
3
4
5
6
7
8
9
10
11
12
13

Stroop task (incongruent
vs. neutral)
Category fluency
Probabilistic object
reversal
Stroop task
Go-No Go task
continuous performance
task (AX-CPT)
Stroop task
Flanker task
Stroop task

Contrast
Delay trials vs. no-task baseline
Manipulation vs. maintenance
or fixation trials
Delay trials vs. fixation baseline
Delay trials vs. sensorimotor
baseline
Pseudofont judgement baseline
Sequencing vs. span trials
Delay trials vs. no-task baseline
Refresh vs. repeat and read
trials
7-Item vs. 1-item set size trials
Reading span vs. cued motor
response baseline
Coordinate vs. control trials
Long delay vs. short delay
trials
Refresh (3 items) vs. read trials
Delay trials vs. perceptual
baseline
Delay trials vs. perceptual
baseline
Delay trials vs. sensorimotor
baseline
6-Item vs. 1-item set size trials
Linear trend analysis for setsize 2–4
Math-problems vs. motor
response baseline
Incongruent vs. no-task baseline
Recent vs. nonrecent probes
Response incompatible vs.
compatible trials
Conjunction vs. guided search
trials
Incongruent vs. neutral trials
Category fluency vs. word
reading baseline trials
Search- vs. learned-rule trials
Incongruent vs. neutral and
congruent trials
Lure trials vs. no-task baseline
BX (lure) probe epochs vs.
fixation baseline
Incongruent vs. neutral trials
Incongruent vs. congruent trials
Incongruent vs. neutral trials

Studies are listed in Appendix S1.

foci (i.e., between-group effects) were allocated to each
respective age group, consistent with previous methods
(Spreng et al., 2010). Total foci for each meta-analysis were
186 for working memory-young; 237 for working memoryolder; 93 for inhibition-younger, and 153 for inhibitionolder. Eight separate ALE analyses were conducted in total,
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each yielding an ALE map and corresponding cluster report:
(1–3) working memory in younger, older, and comparing
younger with older; (4 – 6) inhibition in younger, older, and
comparing younger with older; (7– 8) working memory
compared with inhibition in younger and older.
Prior to the analysis, coordinates reported in Montreal
Neurological Institute (MNI) space were converted to Talairach coordinates using the Lancaster transformation
(Laird et al., 2010; Lancaster et al., 2007). In the approach
taken by ALE, localization probability distributions for the
foci are modeled at the center of 3-D Gaussian functions,
where the Gaussian distributions are summed across the
experiments to generate a map of interstudy consistencies
that estimate the likelihood of activation for each focus (the
ALE statistic). The foci were modeled using a full-width
half-maximum value (FWHM) of 8 mm3. We then compared the summary of observations against a null distribution, determined through 5000 permutations of randomlygenerated foci identical in number with those being tested. In
order to determine reliable differences in brain activity between younger and older adults, we tested the null hypothesis
that the 2 sets of foci were randomly distributed and the
observed difference between them was 0. For all analyses, the
false discovery rate (FDR) method was employed to correct for
multiple comparisons at p % 0.05 and subjected to a cluster
threshold of 250 mm3 (Laird et al., 2005). Anatomical labels
were applied to the clusters using the Talairach Daemon and
visual inspection of the ALE maps that were imported into
FSLview v3.1 (Smith et al., 2004). Coordinates are reported in
Talairach space (Talairach and Tournoux, 1988). All ALE
maps were transformed from a volume image to an average
multifiducial surface map using Caret software (Van Essen,
2005) for presentation.
Next, we identified the study foci that contributed to each
ALE cluster. This was performed using Analysis of Functional NeuroImages software (Cox and Hyde, 1997) by
fitting a spherical region of interest (ROI) at each ALE
cluster peak matched in size to the 8 mm FHWM kernel
(input into the ALE analysis; see above). If any contributing
study coordinate fell within the region of interest, it was
considered to have contributed to the ALE result. All studies
identified as contributing foci are reported in the “Contributing Studies” columns in Supplementary Tables 1–3.
3. Results
3.1. Within-task contrasts in young and older adults
3.1.1. Working memory
Studies of working memory showed reliable recruitment of
lateral PFC, posterior parietal, and subcortical brain structures
in younger adult subjects. Significant ALE clusters were evident in dorsal and ventral aspects of left lateral PFC, right
dorsolateral PFC, bilateral parietal regions, visual association
cortices, and subcortical nuclei including the thalamus and
basal ganglia (Fig. 1A, and Supplementary Table S1 for a list
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Fig. 1. Working memory. Reliable patterns of brain activity across all studies of working memory (n " 19). Clusters represent areas where activity was greater during
working memory than baseline tasks. (A) Activation likelihood clusters for young adults. (B) Older adults. (C) Activation likelihood estimation (ALE) clusters
displaying reliable differences between younger and older subjects on working memory tasks (red: younger adults # older adults; blue: older adults # younger
adults). Activation likelihood clusters (FDR p % 0.05) are shown on an average multifiducial partially inflated surface map in Caret (Van Essen, 2005).

of the cluster maxima coordinates). This recruitment pattern
was consistent for older adults with reliable ALE clusters in
left ventrolateral PFC and dorsolateral PFC bilaterally. Older
adults also showed recruitment of more anterior aspects of
right dorsolateral prefrontal cortex (dorsolateral PFC) regions,
posterior parietal, and ventral visual association cortices (Fig.
1B, Supplementary Table S1).
When we directly compared neural activity during
working memory between older and younger adults
across studies, significant differences in the pattern of
neural response emerged (Fig. 1C, Table 3A). While both
groups recruited regions of left lateral PFC, younger
subjects recruited more posterior regions, including anterior insula/operculum and the frontal eye fields. In

contrast, older adults showed significantly greater activation in dorsal and anterior regions at the junction of the
middle and inferior frontal and precentral gyri. In the
right hemisphere, this pattern was repeated: younger
adults showed reliable activity in posterior regions of
right dorsolateral PFC, as well in right frontal eye fields,
while older subjects showed significantly greater activation in more anterior aspects of right dorsolateral PFC.
3.1.2. Inhibition
In younger adults significant clusters of activity were
observed in left inferior frontal gyrus, supplementary
motor area, and posterior parietal regions as well as in
bilateral dorsolateral PFC and right anterior insula (Fig.
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Table 3
Regions of activation demonstrating significant differences between young and older adults during working memory (A) and inhibition (B) task
performance
Lat
A. Working memory
Younger # older
R
L
L
R
Older # younger
R
B
L
L
B. Inhibition
Younger # older
R
Older # younger
R
L

Vol, mm3

Region

BA

IPS
aIFO
FEF
Frontal white matter

40
13
6

352
328
280
696

MFG
SMA
IFG
IPS

46
32
9
7

IOG

19

MFG/IFG
SFG

9/8/6
6

ALE, 10-2

x

y

z

2.63
2.10
2.11
2.14

32
&38
&24
34

&50
18
&4
26

38
8
56
22

1072
848
664
408

&3.34
&2.41
&1.90
&2.30

46
&6
&46
&24

26
8
8
&64

24
46
32
36

296

2.09

38

&76

0

1000
360

&1.29
&1.91

46
&2

10
28

40
54

Key: aIFO, anterior insula/frontal operculum; ALE, activation likelihood estimation; B, bilateral; BA, Brodmann area; FEF, frontal eye field; IFG, inferior
frontal gyrus; IOG, inferior occipital gyrus; IPS, intraparietal sulcus; L, left; Lat, laterality; MFG, middle frontal gyrus; R, right; SFG, superior frontal gyrus;
SMA, supplementary motor area; Vol, volume; x, right/left coordinate; y, anterior/posterior coordinate; z, inferior/superior coordinate.

2A, Supplementary Table S2). Older adults engaged a
similar set of brain regions as the younger subjects with
significant clusters observed in the inferior frontal gyrus
(bilaterally), supplementary motor area, dorsolateral
PFC, and right anterior insula (Fig. 2B, Supplementary
Table S2). In the direct contrast of activity patterns in
young and older adults during inhibition tasks, significant
differences emerged (Fig. 2C, Table 3B). Activity in an
area of visual association cortex was significantly greater
in younger subjects. In contrast, older adults showed
more activity in the right inferior frontal gyrus, near the
inferior frontal junction, and in the left medial superior
frontal gyrus, presupplementary motor area region.
3.2. Between-task contrasts in young and older adults
In younger subjects, distinct ALE clusters were observed in lateral aspects of PFC, including left inferior
frontal gyrus and right dorsolateral PFC, supplementary
motor area, and superior parietal cortex (greater for
working memory) as well as right posterior frontal cortex
and anterior insula/operculum (greater for inhibitory control). Importantly, the spatial separation in the pattern of
functional brain response across the 2 executive control
processes observed in younger adults was maintained in
the older subjects. This result is clearly displayed in Fig.
3 (and see Table 3) where task-related differences in
activations for both groups are plotted on a single map.
Activation patterns for working memory and inhibitory
control studies are almost entirely nonoverlapping in the
older subjects with the exception of a small area of
overlap between the boundaries of 2 clusters in dorsalmedial PFC (Fig. 3, panel B and Supplementary Table 3).

3.3. ALE cluster composition
3.3.1. Performance differences
Differences in behavioral performance between younger
and older adults on the task may influence patterns of brain
activity (e.g., Emery et al., 2008; Nagel et al., 2009). A
meta-analytic review of performance-related differences
across the cognitive domains of perception, memory encoding, memory retrieval, and executive function reported more
reliable right frontal activity in poorer performing older
adults and more reliable left frontal activity in performancematched older adults (Spreng et al., 2010). While we do not
have sufficient statistical power in the present report to
examine performance differences directly, we identify
whether performance was matched for each study (Table 1)
and determine which of these studies contributed to each
ALE cluster (Supplementary Tables S1–S3). We found that,
for the working memory tasks, only studies reporting
matched behavioral performance contributed to ALE clusters in left intraparietal sulcus, left precentral gyrus (young,
Supplementary Table S1) and left inferior frontal gyrus, left
frontal eye fields, right lingual gyrus, and cerebellum (older,
Supplementary Table S1). Within the inhibition task category, 1 ALE cluster in right cerebellum showed a performance-driven pattern in younger subjects (Supplementary
Table S2). For the direct contrasts of older and younger
performance in these 2 categories (Table 3) only a single
cluster in left superior frontal gyrus for the inhibition older
# young contrast was driven exclusively by studies with
matched-performance. The vast majority of ALE clusters
reported here (92/104) were performance-heterogeneous,
that is, studies contributing to the cluster had both matched
and unmatched performance on the behavioral tasks. Criti-
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Fig. 2. Inhibition. Reliable patterns of brain activity for all studies of inhibitory control (n " 13). Clusters represent areas where activity was greater during
inhibitory control than baseline tasks. (A) Activation likelihood clusters for young adults. (B) Older adults. (C) Activation likelihood estimation (ALE)
clusters displaying reliable differences between younger and older subjects on inhibition tasks (red: younger adults # older adults; blue: older adults #
younger adults).

cally, no cluster reported here emerged exclusively from
studies where performance was not matched between
younger and older subjects, suggesting that unequal performance between older and younger subjects was not a significant factor in these results.
3.3.2. Baseline (control) contrast differences
We further interrogated the clusters to determine whether
the inclusion of both high and low cognitive demand baseline
conditions impacted the ALE cluster results. As described
above (see Methods), the majority of contrasts selected for this
review involved low-demand control contrasts. Only 6 studies
meeting criteria for the review had a “high” demand cognitive
control condition (Emery et al., 2008; Grossman et al., 2002;

Haut et al., 2005; Jonides et al., 2000; Paxton et al., 2008 [2
studies]). A maximum of 2 of these high demand contrasts
contributed to any 1 ALE cluster and in every instance represented only a small minority of all contributing studies (Supplementary Tables S1–S3, “Contributing studies” columns).
Heterogeneity in control conditions across the studies did not
appear to affect our results.
4. Discussion
4.1. Age-related changes in working memory
As predicted, the ALE meta-analytic data demonstrated
more reliable recruitment of dorsolateral PFC bilaterally
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Fig. 3. Conjunction of working memory and inhibition maps. Activation likelihood estimation (ALE) clusters where brain activity differed significantly between
younger and older subjects for the 2 executive control tasks: working memory (red) and inhibition (green). (A) Regions of greater activity for younger adults. (B)
Regions greater activity for older adults. Region in yellow was reliably greater in the older group, compared with the young, in both working memory and inhibition.

(right greater than left) in older relative to younger adults
during working memory, a finding consistent with previous
reviews (Smith and Jonides, 1998; Wager and Smith, 2003).
These results are also convergent with findings from individual studies that report greater and less lateralized recruitment of dorsolateral PFC in older relative to younger subjects, particularly at lower task demands (Reuter-Lorenz
and Cappell, 2008; Reuter-Lorenz et al., 2000; Rypma and
D’Esposito, 2000). Specific age-related increases in right
dorsolateral PFC have also been associated with learning
and acquisition of cognitive strategies in the context of
increasing executive demands in older adults (Erickson
et al., 2007b; Park and Reuter-Lorenz, 2009; and see Hillary
et al., 2006 for a review of similar findings in neurological
populations). There was also significantly greater reported
activity across studies for older versus younger adults in the
supplementary motor area. This region has been associated
with increasing demand for error monitoring and cognitive
control in working memory (Braver and Barch, 2006). Thus
increased recruitment of this region may similarly reflect
greater monitoring demands and greater frontal brain response relative to task demands in the older group.
4.2. Age-related changes in inhibition
When we examined patterns of activity in young and
older adults during inhibition tasks a different pattern

emerged. Older adults showed greater activity in the right
inferior frontal gyrus, near the inferior frontal junction and
in the left medial superior frontal gyrus, presupplementary
motor area region. These results are consistent with previous ALE meta-analytic reviews of inhibitory control tasks
in younger adults which reported inferior frontal and anterior insula activity during simple inhibitory control tasks
(Buchsbaum et al., 2005; Simmonds et al., 2008). Similar
findings were reported in 2 recent qualitative reviews
(Chambers et al., 2009; Chikazoe, 2010). Thus, in contrast
to the working memory results, these data suggest that
age-related changes during inhibitory control are best characterized as enhanced activation of the young adult network.
This “young-plus” pattern has now been reported in several
studies (e.g., Langenecker et al., 2004; Zhu et al., 2010;
Zysset et al., 2007).
4.3. Contrasting age-related changes in working memory
and inhibition
Critically, when we directly contrasted patterns of activity between working memory and inhibition tasks in each
age group, the spatial separation in the pattern of functional
brain response across the 2 executive control processes,
predicted in younger adults, was largely maintained in the
older subjects (Fig. 3). This evidence of differentiated patterns of functional brain change between working memory
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and inhibitory control is consistent with a process-specific
account of executive functions and neurocognitive aging.
To our knowledge this is the first quantitative review to
demonstrate that age-related functional brain changes on
tasks purported to tap dissociable executive control processes remain differentiated in older adulthood.
It is important to note that age-related functional brain
changes may manifest as alterations in both spatial distribution as well as magnitude of activation. However, ALE
methods are currently limited to assessing differences in
activation magnitude between groups. As greater spatial
distribution may not affect peak activations within the individual activation studies, ALE methods would be insensitive to these changes and potentially mask common patterns of age-related change between the working memory
and inhibition tasks. While we cannot address this issue
directly, it follows that if functional brain activity was more
spatially distributed for older adults, we would expect a
wider distribution of peak activations for the older groups
across studies—and larger ALE activation clusters. This
was not the case. The summed cluster volumes of reliably
active voxels across the working memory and inhibition
contrasts (Supplementary Tables S1 and S2) for young and
older adults were virtually identical (younger: 22,520;
older: 22,040). Thus there is no evidence that differences in
the spatial distribution of brain activity would alter our
conclusion that age-related neurocognitive changes within
the domain of executive functioning are process-specific.
4.4. Executive functions and neurocognitive aging: a
process-specific account
Recent theories suggest that greater functional recruitment of lateral PFC may be a common compensatory mechanism supporting executive functioning in older adults
(Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Cappell,
2008). Yet, to our knowledge, no studies have directly
compared age-related functional brain changes on tasks
tapping different executive control processes. By using
quantitative meta-analysis to review studies that have examined age-related functional brain changes in working
memory and inhibitory control, we have provided the first
evidence that age-related neurocognitive changes are dissociable within the domain of executive functioning. These
data are consistent with a recent review of neurocognitive
aging (Spreng et al., 2010). In this review, which was the first
quantitative meta-analytic review of neurocognitive aging
across cognitive domains, Spreng and colleagues observed
that healthy aging was associated with increased recruitment of frontal brain regions across cognitive domains,
particularly during executive control tasks. Their conclusions from this meta-analytic review were consistent with
earlier qualitative reviews of the neurocognitive aging literature (e.g., Grady, 2008; Hillary et al., 2006; Park and
Reuter-Lorenz, 2009; Reuter-Lorenz and Cappell, 2008)
suggesting that enhanced PFC recruitment reflects greater

engagement of strategic control processes, mediated by dorsolateral prefrontal cortex, in older adults or a decline in the
efficiency of processing operations, requiring greater functional brain response to maintain similar levels of executive
control performance. While these explanations suggest that
age-related functional brain changes may be domain-general, and therefore unaffected by the specific executive control process engaged, this had not been directly investigated.
Here we extend the conclusions of these earlier reviews
(e.g., Grady, 2008; Hillary et al., 2006; Park and ReuterLorenz, 2009; Reuter-Lorenz and Cappell, 2008; Spreng et al.,
2010) by examining age-related changes specifically within the
domain of executive functioning. Our data suggest that agerelated functional brain changes are dependent upon the specific executive control process being challenged. Thus, while
increased recruitment of dorsolateral PFC in older adults characterizes executive function changes in the context of working
memory, this pattern does not appear to generalize to inhibition. In contrast, we report that older adult performance on
inhibitory control tasks do not involve over- or underrecruitment of dorsolateral PFC regions, but rather engages a “young
plus” pattern of enhanced activity in brain regions commonly
recruited in younger subjects.
Previous accounts of neurocognitive aging: PASA (Davis et al., 2008), CRUNCH (Reuter-Lorenz and Cappell,
2008), and neural scaffolding (Park and Reuter-Lorenz,
2009) propose that increased frontal activation is associated
with increased demand for executive control as cognitive
processing becomes less automated (Davis et al., 2008) or
slower (Salthouse, 1996) or as neural processing becomes
noisier (e.g., Persson et al., 2006) or circuits become less
efficient (e.g., Cappell et al., 2010). Increased demand for
executive control is typically associated with greater bilateral activation of dorsolateral PFC relative to more lateralized processing in younger adults. We observed this pattern
in our working memory but not in our inhibition contrasts,
suggesting that these age-related neurocognitive changes
depend upon the specific executive process being engaged.
In a qualitative meta-analytic review, Rajah et al., 2008 and
D’Esposito (2005) examined commonalities in patterns of
age-related change in the recruitment of specific areas
within PFC during performance of mnemonic tasks engaging executive control (i.e., working and episodic memory
tasks). Consistent with our findings, they reported agerelated increases in recruitment of dorsolateral PFC for the
working memory studies. They also reported a similar,
albeit more variable, pattern for the episodic memory studies. However, a review of their data (Table 3) suggests that
even within the relatively narrow context of executive control of memory, there are process-specific differences in the
patterns of age-related functional brain change.
As reviews of the neurocognitive aging literature are
equivocal regarding process-specificity, within-subject investigations of older adult performance on tasks tapping 2
or more dissociable processes (similar to the study in
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younger adults from McNab et al. [2008]) will be necessary
to determine whether patterns of age-related functional
brain change associated with executive functioning vary
across specific control processes. However, 1 recent quantitative meta-analysis investigating functional brain changes
during inhibitory control processing under variable working
memory demands in younger adults (Simmonds et al., 2008)
may be particularly informative on this question. In their
review, the authors report that simple inhibitory control
tasks activate right inferior frontal gyrus and presupplementary motor area as well as posterior brain regions. When
working memory demands were increased on these inhibition tasks, brain activity extended into dorsolateral PFC
regions. Thus, while “pure” inhibitory control demands activated a process-specific brain network, increased working
memory demand was associated with greater recruitment of
dorsolateral PFC regions. In the context of neurocognitive
aging, these data suggest that age-related recruitment of
dorsolateral PFC may reflect differential reliance on working memory strategies in older relative to younger adults
rather than a generalized response to increased executive
function demands per se. Thus dissociating working memory demands from other executive control processes engaged during executive function tasks will represent an
important line of future research.
Cognitive neuroscience methods have been instrumental
in the fractionation of executive control functioning into
component processes with overlapping but unique neural
signatures. Here we present the first quantitative meta-analytic review of the cognitive neuroscience literature to examine process-specific changes in executive control functioning in older adults. Our results suggest that patterns of
age-related functional brain change depend upon the specific executive control process being challenged (e.g., working memory or inhibition). These data argue for targeted
investigations of how individual executive control processes
are implemented in the aging brain.
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