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Abstract
Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) studies
have revealed age-related under-activation, where older adults show less regional brain activation
compared to younger adults, as well as age-related over-activation, where older adults show greater
activation compared to younger adults. These differences have been found across multiple task
domains, including verbal working memory (WM). Curiously, both under-activation and over-
activation of dorsolateral prefrontal cortex (DLPFC) have been found for older adults in verbal WM
tasks. Here, we use event-related fMRI to test the hypothesis that age-related differences in activation
depend on memory load (the number of items that must be maintained). Our predictions about the
recruitment of prefrontal executive processes are based on the Compensation Related Utilization of
Neural Circuits Hypothesis (CRUNCH; Reuter-Lorenz and Cappell, 2008). According to this
hypothesis, more neural resources are engaged by older brains to accomplish computational goals
completed with fewer resources by younger brains. Therefore, seniors are more likely than young
adults to show over-activations at lower memory loads, and under-activations at higher memory
loads. Consistent with these predictions, in right DLPFC, we observed age-related over-activation
with lower memory loads despite equivalent performance accuracy across age groups. In contrast,
with the highest memory load, older adults were significantly less accurate and showed less DLPFC
activation compared to their younger counterparts. These results are considered in relation to previous
reports of activation-performance relations using similar tasks, and are found to support the viability
of CRUNCH as an account of age-related compensation and its potential costs.

Although healthy aging brings declines across a broad spectrum of cognitive and behavioral
meaures (Park and Reuter-Lorenz, 2009), some abilities show greater preservation than others.
One important example is verbal working memory (WM). Craik and Rabinowitz (1984; see
Craik and Jennings, 1992, for a review) recognized that the ability of older adults simply to
maintain several items in memory over a brief interval is relatively spared in contrast to their
ability to maintain and manipulate a small memory set concurrently. Rote verbal maintenance
is presumed to be relatively preserved because these abilities place minimal demand on
executive functions, which are known to be adversely affected by advancing age (Moscovitch
and Winocur, 1992; West, 1996; Raz, 2000).

However, neuroimaging results from studies of age differences in verbal maintenance have
suggested that this account is in need of revision. Two general findings are especially relevant.
First, even when performance levels on simple WM tasks are matched, the patterns of activation
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in the brains of older and younger adults are different (e.g., Cabeza et al., 2004; Grady et al.,
1998; Reuter-Lorenz et al., 2001). In other words, as we and others have noted, older adults
may be able to achieve the same performance outcomes as younger adults using different neural
circuity (Cabeza, 2002; Grady, 2008; Park and Reuter-Lorenz, 2009; Reuter-Lorenz and
Cappell, 2008). Such findings suggest that age-equivalent performance does not necessarily
imply age-equivalent or age-preserved neural substrates. Second, dorsolateral regions of
prefrontal cortex (DLPFC), especially Brodmann’s areas 9 and 46, are prominent sites of
activation differences due to age (Cabeza et al., 2004; Rypma and D’Esposito, 2000, Rypma
et al., 2001). These regions are widely recognized as being critical for executive functions,
especially those involved in manipulation and monitoring operations that are thought to
contribute minimally to WM tasks that require only short-term maintenance (Jonides et al.,
1997; Reuter-Lorenz and Sylvester, 2005; Wager and Smith, 2003). Together these findings
raise questions about the role of DLPFC in simple maintenance and whether it changes with
age. These questions are the focus of the present report.

Aging, WM, and Dorsolateral Prefrontal Cortex
While recruitment of DLPFC has figured prominently in neuroimaging work examining the
effects of age on verbal WM, the results are seemingly inconsistent. On the one hand, several
studies have reported age-related over-activation in DLPFC during the performance of simple
verbal maintenance tasks (Cabeza, et al., 2004; Reuter-Lorenz, et al., 2000; 2001)1. This
suggests that older adults may rely on DLPFC-mediated executive processes to a greater extent
than do younger adults for verbal maintenance, possibly due to declines in pure storage capacity
(Dobbs and Rule, 1989; Babcock and Salthouse, 1990; Reuter-Lorenz, et al., 2001). On the
other hand, age-related under-activation of DLPFC has also been reported in studies of verbal
WM, which has been interpreted as an inability on the part of seniors to recruit the requisite
executive processing operations (Rypma and D’Esposito, 2000; Rypma, et al., 2001).
Moreover, both patterns of over- and under-activation have been most evident in regions of
right DLPFC and far less pronounced in regions of left ventro- and dorso-lateral prefrontal
cortex known to be involved in verbal maintenance (e.g., Narayanan, et al., 2005).

The recruitment of right DLPFC for verbal maintenance presents a puzzle. We have proposed
an hypothesis that we refer to as “CRUNCH” or “compensation-related utilization of neural
circuits hypothesis” that we believe can accommodate these seemingly discrepant findings
(Reuter-Lorenz and Cappell, 2008; Reuter-Lorenz and Mikels, 2006). According to CRUNCH,
in order to maintain optimal performance in the face of age-related neural declines, older adults
need to recruit more neural resources than their younger counterparts for any given level of
task demand. Older adults’ additional resource recruitment is what we propose to be the source
of at least some instances of age-related over-activation (see also, Davis, et al., 2008).
Importantly, while this compensatory neural strategy has an upside, according to CRUNCH,
it also has a cost. Because older adults tend to engage more neural resources than young adults
at low levels of task demand, they have fewer resources available to meet the processing
requirements of more demanding tasks; this is the “crunch”. Therefore, older adults are more
likely than young adults to reach their resource limitations at lower levels of task demand,
leading to performance declines for more demanding tasks.

In the studies that have reported age-related over-activation in DLPFC, participants were
required to maintain four items, a memory load that is within the capacity of WM for young
adults (Cowan, 2001; Miller, 1956; Luck and Vogel, 1997) and does not generally recruit
DLPFC (e.g., Reuter-Lorenz, et al., 2001, Wager and Smith, 2003). However, because age is

1The simple maintenance tasks that are the focus of this report use a single recognition probe following the retention interval, and do not
therefore require memory for serial order (cf. Emery, et al., 2008; Sun, et al., 2005).
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associated with declines in neural efficiency2, maintenance of only four items may require the
allocation of additional neural resources, leading to age-related over-activation of DLPFC at
this relatively low level of memory load. In contrast, in the studies that observed age related
under-activation of DLPFC, the memory load, six items, was at the upper limit of WM capacity
(Cowan, 2001; Miller, 1956; Luck and Vogel, 1997), and more likely to surpass the capacity
of senior adults (Callicott, et al., 1999). At this high level of memory load younger adults recruit
processing resources mediated by DLPFC, whereas older adults have reached their resource
ceiling and are unable to meet this level of task demand. Thus, at higher loads seniors will
show under-activation in association with markedly reduced performance (Reuter-Lorenz and
Cappell, 2008). Therefore, we propose that due to age-related changes in neural efficiency and
associated compensatory processes, the level of task demand will determine whether age-
related over- or under-activation is observed in DLPFC.

There are several results in the literature that lend support to this hypothesis. Mattay et al.
(2006) recently observed age-related over-activation of DLPFC at low memory loads and
under-activation at a high memory load in a single group of young and older adults performing
a verbal n-back task. The n-back task requires verbal maintenance and a variety of executive
operations, including updating, task management, and selection (Smith and Jonides, 1999;
Wager and Smith, 2003). Importantly, over-activation was associated with age-equivalent
performance, whereas under-activation was obtained when seniors performed more poorly. A
related result has also been reported by Rypma and his colleagues (Rypma, et al., 2007; Rypma
and D’Esposito, 2001) who find that better performance in seniors is associated with greater
activation.

A second ambiguity to arise from the set of studies described above relates to the stage(s) of
processing at which age-related differences in DLPFC activation occur. At present, while some
studies have revealed age-related differences in DLPFC during WM maintenance (Reuter-
Lorenz, et al., 2000; 2001), others have isolated these differences to retrieval (Cabeza, et al.,
2004; Rypma and D’Esposito, 2000), and yet others have not been designed to identify
differences at specific stages of processing (Mattay, et al., 2006; Rypma, et al., 2001). By
linking specific sites of age-related activation change to different epochs of a working memory
task (target, delay, probe) we can make inferences about the neurocognitive processing
resources (e.g, associated with encoding, retention/maintenance, retrieval) being drawn upon
to compensate for declines in neural efficiency.

The Current Study
An important question for CRUNCH and for the cogntive neuroscience of aging more generally
is whether additional regions recruited by older adults during the performance of specific tasks
are the same regions recruited by young adults in response to increases in task demand (Stern,
2002). If so, this would strongly suggest that while older adults may be more challenged at
lower objective levels of task demand than are younger adults, the basic neural and cognitive
processes that contribute to task performance are essentially age-invariant (see also Park and
Reuter-Lorenz, 2009). Alternatively, age-related over-activations may represent the
recruitment of cognitive or neural resources that young adults would not normally engage, even
in the face of high task demand (Stern, 2002). This would suggest that aging results in a
reorganization of basic neurocognitive architecture. Of course, it is also possible that some
additional mechanisms are available and utilized for compensation (i.e., scaffolding; see Park

2The phrase “neural efficiency” and the related phrase “cognitive efficiency” have been used by others as constructs to account for
individual differences in intelligence and processing speed (Haier, Siegel, Tang, Abel & Buchsbaum, 1992; Neubauer and Fink, 2009;
Rypma, Berger, Prabhakaran, et al., 2006). We use the phrase generically here to refer to general age-related neurophysiological declines
that compromise the rate and/or quality of neural computation.
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and Reuter-Lorenz, 2009) across the lifespan, whereas others develop in response to the neural
losses associated with aging.

The above discussion highlights the importance of simultaneously investigating the potentially
interacting effects of both age and task demand on the neural correlates of WM maintenance.
While CRUNCH offers a plausible explanation for the seemingly discrepant findings for
DLPFC, under- and over-activations were previously observed across different groups of
participants and different laboratories, and so it is possible that these inconsistencies resulted
from systematic differences in participants, tasks, or data analysis procedures. Thus, in the
present study, we investigated DLPFC activity in young and older adults at three levels of
verbal WM load. By using loads of 4, 5, and 7 items, we covered a range of task demands that
has been previously associated with both age-related over-activation and under-activation,
thereby permitting the possibility of observing both effects in the same participant group. Based
on CRUNCH, we predicted: (1) age-related over-activation of DLPFC at low verbal WM loads
and (2) age-related under-activation of DLPFC at high verbal WM loads. Furthermore, the use
of a delayed item-recognition task in concert with event-related fMRI design allowed us to
compare age-related differences in DLPFC activation across encoding, maintenance, and
retrieval stages.

Materials and Methods
Participants

Twenty-one young (11 females) and 23 senior (13 females) adults were paid to participate in
the study. See Table 1 for detailed participant information. Young participants were recruited
using advertisements posted on the University of Michigan campus. Older adults were recruited
from Ann Arbor and surrounding communities through the University of Michigan Institute
of Gerontology and newspaper and television advertisements. All participants were right-
handed, native English-speakers with normal or corrected to normal vision and hearing and no
history of head injury or neurological or psychiatric illness, and a minimum MMSE of 25.
Informed consent was obtained from all participants, and all procedures were approved by the
University of Michigan’s Institutional Review Board.

WM Task and Procedure
Data were acquired during two experimental sessions that occurred on separate days. The
minimum duration between sessions was one day and the maximum duration was 13 days
(mean = 3.9 days). Seniors were tested in the morning and young adults were tested during the
afternoon (May, et al., 1993). On testing day 1, participants were administered a series of
neuropsychological tests in a session lasting 1–2 hours (see Table 1), and practiced the WM
tasks they were to perform in the scanner. On testing day 2, participants completed four blocks
of a verbal WM task while in the fMRI scanner.

Memory load varied between 4, 5 and 7 letters. These loads, which likely exceed pure WM
capacity (e.g., Cowan 2001), were selected based on prior work from our lab and others
indicating a verbal memory load of four items produced robust age-related over-activation in
prefrontal regions together with minimal age differences in accuracy (Reuter-Lorenz et al.,
2000; Cabeza et al., 2004). Testing CRUNCH also required the inclusion of higher loads to
assess age-related under-activation with increased task demands.

Each trial of the WM task was composed of three phases. The first (1500 ms) was a target
phase in which 4, 5, or 7 black, uppercase consonants appeared simultaneously on a grey
background surrounding a centrally located, red fixation point (diameter = 1.5 mm). Letters
(height = 11 mm) fell on an imaginary circle (radius = 35 mm) surrounding the fixation point.

Cappell et al. Page 4

Cortex. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The second phase was an unfilled delay period of variable duration (4 s, proportion = 0.5; 6 s,
proportion = 0.25; 8 s, proportion = 0.125; or 10 s, proportion = 0.125) during which
participants fixated on the red fixation point. Finally, there was a probe phase (1500 ms) during
which a single black, lowercase consonant was presented and participants indicated whether
the identity of the probe item was a member of the most recently presented memory set. On
one half of the trials, the probe identity matched one item in the memory set and on the
remaining half of the trials the probe identity did not match any of the items in the memory
set. “Match” responses were made with a right index finger button press, and “non-match”
responses with a right middle finger button press. Response times (RT) were measured from
probe onset until the button was pressed. Each trial was followed by a variable inter-trial
interval (1.5 s, proportion = 0.5; 3 s, proportion = 0.25; 4.5 s, proportion= 0.125; or 6 s,
proportion= 0.125). Note that variable delay periods were included to reduce collinearity
between target and probe covariates (Ollinger, Corbetta, & Shulman, 2001), but delay interval
does not figure prominently in our analyses due to the limited number of trials per cell.
Similarly, variation in inter-trial interval minimized collinearity between probe and target
covariates.

Each trial block consisted of eight trials of each memory load presented in quasi-random order,
for a total of 24 trials per block. At the beginning of each block, and after the 8th and 16th trial
of each block, a 20-s unfilled fixation period occurred during which participants fixated on the
red dot presented in the center of the screen. Participants were instructed to respond as
accurately as possible and to maintain eye fixation on the red dot for the duration of each
block3.

The experimental tasks were programmed using e-Prime (version: 1.1.4.4; Schneider, et al.,
2002) and IFIS (version: 1.0.14.20; Invivo, Orlando, FL). During the fMRI session, stimuli
were presented on VisuaStim XGA head-mounted display goggles (Resonance Technologies,
Inc.) and responses were recorded with a response box that rested in the participant’s right
hand.

fMRI Data Acquisition
Images were acquired using a 3T whole-body MRI scanner (General Electric), equipped with
the standard quadrature headcoil. Functional T2* blood oxygenation level dependent (BOLD)
images were acquired using a spiral sequence with 43 contiguous axial 3-mm slices (TR = 2
s, TE = 30 ms, flip angle = 90°, FOV = 22 cm, in-plane matrix = 64 × 64 voxels). A T1-weighted
gradient echo (GRE) anatomical volume was also acquired in the same FOV and slice
orientation as the functional scans (43 3-mm slices, TR = 300 ms, TE = 3.7 ms, flip angle =
90°, in-plane matrix = 64 × 64 voxels). In addition, a 106-slice, high-resolution anatomical
volume was acquired by using spoiled gradient-recalled acquisition in steady state (SPGR)
imaging (1.4-mm slices, TR = 10 ms, TE = 3.4 msec, flip angle = 23°, FOV = 24 cm, in-plane
matrix = 256 × 256 voxels). The T1 GRE images were acquired at the start of the scanning
session, and the SPGR images were acquired at the end of the scanning session. Head
movement was minimized with foam padding and a restraint strapped across the participant’s
forehead.

3All participants had previously completed four blocks of the verbal working memory task outside of the scanner on testing day 1.
Additionally, all participants completed 4 blocks of a visuospatial delayed response task during both the behavioral and the fMRI sessions.
One half of the participants received the verbal and visuospatial task blocks in ABBABAAB order; the remaining half received them in
BAABABBA order. The visuospatial data are not presented in the current report.
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Data Analysis
Behavioral Data Analysis—Accuracy and RT data were analyzed in separate 2 (age group:
young, senior) × 3 (memory load: 4, 5, 7 letters) analyses of variance (ANOVAs). Planned,
pairwise t-tests were also performed between the age groups at each level of memory load; a
Bonferroni correction was applied to control for the inflation of false positives which results
from performing multiple comparisons and all reported p-values reflect this correction. For t-
tests, only p-values less than 0.2 are reported.

fMRI Data Analysis—Functional images were corrected for slice-acquisition timing
differences using a local C++ program that performs sinc interpolation of the eight nearest
neighbors in the time series. Head movement was corrected using the Automated Image
Registration (AIR 3.08) package (Woods, Grafton, et al., 1998). Subsequent processing and
analysis was done using SPM99 (Wellcome Department of Cognitive Neurology, London).
SPGR images were corrected for signal inhomogeneity with a high-pass filter using the
program developed by Glover and Christoff (Stanford University, Stanford, CA), and were
then co-registered to the T1 GRE images. The skull was removed from the SPGR images by
using the BET (brain extraction tool) method from FSL (Smith, 2002) and these images were
then normalized to the SPM99 T1 template, which is in the Montreal Neurological Institute
(MNI) space. The same normalization parameters were then applied to the functional images.
After spatial normalization, functional images were smoothed with a 9-mm FWHM Gaussian
filter. All of the analyses included a temporal high-pass filter, and each image was scaled to
have a global mean intensity of 100. The functional images were also globally mean-
normalized to equate overall image intensities over runs and between subjects.

Whole-brain and ROI general linear model analyses were conducted using SPM99, with
separate regressors and intercepts created for each of the runs, for every combination of
memory load (low, medium, or high), delay period (4, 6, 8, or 10s), and response type (correct
or incorrect). The target, delay, and probe epochs were each modeled separately by convolving
a boxcar function, time-locked to epoch onset and with a duration lasting the epoch of interest,
with SPM99’s canonical hemodynamic response function.

For each participant, contrast coefficients were estimated for each of the target, delay period,
and probe epochs between the different levels of WM load. Contrasts between each memory
load and the baseline fixation condition were also conducted. Statistical parametric maps were
then placed into second-level mixed-effects analyses, with subject identified as a random effect.
Unless stated otherwise, the type I error rate was controlled by setting the false detection rate
(FDR) threshold at p < .05 (Nichols and Hayasaka, 2003). All activations are reported in
Talairach coordinates (Talairach and Tourneaux, 1988). Coordinates were converted from
MNI to Talairach space using a transformation developed by Brett, Christoff, Cusack, and
Lancaster (2001).

ROI Analyses—The Wake Forest University PickAtlas software toolbox (version 1.03) was
used to create ROIs based on Brodmann’s areas (BAs) and/or gyral anatomy (Maldjian, et al.,
2003). Due to the discrepant findings of age-related differences in prefrontal activation
reviewed in the introduction, and to test our predictions about the recruitment of executive
processes as a function of memory load and age, the ROI analyses of critical importance
focused on BA 46, 9 (middle frontal gyrus sub-region), and 45 (based on our prior imaging
work, see Reuter-Lorenz et al., 2000). Left and right hemisphere ROIs were created for each
of these regions and were dilated in three dimensions by a factor of one using PickAtlas. Within
these six critical regions we tested for main effects and interactions involving age group, using
a conservative alpha level of 0.008 when Bonferroni corrected for multiple comparisons. To
test whether any effects we observed in these primary regions of interest were broadly

Cappell et al. Page 6

Cortex. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



characteristic of the working memory circuitry in general, we also examined whether the same
patterns of activation were present across a range of other WM-related ROIs that included BA
32, 6, 47, 37, 39, 40, 47, the medial temporal lobes, and the superior parietal lobule. Due to its
large size the BA 6 ROI was divided into four sub-regions on the basis of gyral anatomy:
inferior, middle, and superior frontal gyri, and the portion of BA 6 on the medial surface of the
frontal lobe.

For each subject, the SPM99 ROI toolbox was used to extract the mean event-related MR signal
change of interest (in arbitrary units; Poldrack, 2007) from each ROI after removal of the
modeled effects of all other conditions. Separately for each of the three task epochs, and for
each ROI, mean MR signal change (henceforth, MR signal) was then entered into a 2 (age
group) × 3 (memory load) ANOVA. For the subset of regions that showed a significant
interaction of age-group and memory load, pairwise t-tests were performed between the age
groups at each level of memory load, and Bonferroni correction was applied to control for
false-positive inflation.

Finally, in order to assess the relationship between performance and PFC activity in each age
group, Pearson’s r correlation coefficients were computed between MR signal in each ROI and
participants’ mean accuracy and RT at each memory load. The Bonferroni-corrected alpha
level for these correlations was 0.002 (Curtin and Schulz, 1998).

Results
Behavioral Data

Young and seniors’ mean accuracy and RT are depicted in Figures 1 and 2. Seniors performed
less accurately than young adults [F(1,42) = 5.6, p =.023]. Accuracy decreased with increasing
memory load [F(2, 42) = 48.6, p < .001]. Age-group did not interact with memory load [F(2,
42) = 2.3, p = 0.11]. However, seniors were less accurate than young adults at a memory load
of seven letters [t(42) = 2.61, p = 0.036]; whereas accuracy was age-equivalent when
remembering four [t(42) = 2.17, p = 0.11] or five letters [t(42) = 1.21, n.s.].

Seniors responded more slowly than young adults [F(1, 42) = 13.7, p < 0.001]. RT increased
with increasing memory load [F(2, 42) = 72.2, p < 0.001]; however, age-group did not interact
with memory load [F(2, 42) = 1.21, p = 0.298]. Seniors were slower than young adults at each
memory load [4 letters: t(42) = 4.32, p < 0.001; 5 letters: t(42) = 3.96, p < .001; 7 letters: t(42)
= 2.66, p = 0.033]4. Especially for loads 5 and 7, average response times indicate that seniors
were most likely to have responded after the offset of the probe, which may have contributed
to their lower accuracy. This difference in response time could also contribute to activation
differences associated with the probe epoch; however, no such differences were observed (see
below).

fMRI Data
The prefrontal regions that have shown age-related differences in activation in prior reports of
verbal working memory were critical for testing age-related differences in the recruitment of
executive processes as predicted by CRUNCH. Nevertheless, we also conducted whole-brain
analyses and, as noted above, supplementary analyses within other WM-related ROIs in order
to examine the regional specificity of the pattern of results observed within the critical regions.
The whole-brain analyses did not reveal any reliable age-related differences in activity during
verbal WM the target, delay or probe epochs. Furthermore, no reliable age-related differences
(main effects or interactions) were observed in any of the supplementary ROIs; this null result

4This pattern of results was unchanged when error trials were removed from the analysis of response times.
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persisted even without correction for multiple comparisons, minimizing the possibility that it
resulted from an overly conservative statistical threshold. Critically, however, reliable load ×
age-group interactions were identified only in three of the six prefrontal ROIs and only during
the delay epoch; these interactions were all found in the right hemisphere: BA 46, BA 9, and
BA 45. Figures 3–8 depict the average MR signal separately for the younger and older age
groups in BAs 46, 9, and 45 during the delay period. The following sections present detailed
results from each of these right hemisphere prefrontal ROIs and their left hemisphere
counterparts.

Brodmann’s Area 46—In left BA 46, the main effect of memory load was reliable [F(2, 42)
= 14.62, p < 0.001]; however, the effect of age-group was not significant [F(2, 42) = .387, n.s.]
and age did not interact with memory load [F(2, 42) = .81, n.s.]. Furthermore, planned t-tests
indicated that there were no age differences in left BA 46 at any level of memory load.

In right BA 46, MR signal increased reliably with increasing memory load [F(2, 42) = 7.08, p
= .002], and the effect of memory load was different for the two age groups as indicated by
the reliable age-group × memory load interaction [F(2, 42) = 12.38, p < 0.001]. The main effect
of age-group was not significant [F(1, 42) = .364, n.s.]. In right BA 46, consistent with our
predictions, age-related over-activation was statistically significant at the medium memory
load [t(42) = −2.77, p = .024]; however, there was no age difference at the low memory load
[t(42) = −1.12, n.s.]. Furthermore, also as predicted, age-related under-activation of right BA
46 was obtained at the high memory load [t(42) = 2.54, p = .045]. Critically, this pattern of age
differences cannot be explained by seniors’ slower performance or less accurate performance
at the high memory load. When accuracy and RT were included as covariates in the ANOVA,
the interaction of age group and memory load remained highly reliable [F(2, 42) = 7.07, p = .
002]. Thus, right BA 46 showed a pattern of age-related differences consistent with our
prediction of age-related over-activation followed by under-activation with increasing memory
load5.

Brodmann’s Area 9—In left BA 9, MR signal increased with increasing memory load [F
(2, 42) = 8.56, p < .001]; however, the effect of age group was not significant [F(1, 42) > .001,
n.s.] nor did age group interact with memory load [F(2, 42) = .32, n.s.]. Furthermore, planned
t-tests indicated that there were no age differences in left BA 9 at any level of memory load.

MR signal in right BA 9 also increased with increasing memory load [F(2, 42) = 5.37, p = .
006], and in this region, as in right BA46, the effect of memory load again differed reliably for
the two age groups, as indicated by significant interaction of age group and memory load [F
(2, 42) = 7.47, p = .001]. The main effect of age was not statistically significant [F(1, 42) = .
039, n.s.]. Although none of the planned t-tests of age differences was reliable [4 letters: t(42)
= −.256, n.s.; 5 letters: t(42) = −1.62, n.s.; 7 letters: t(42) = 1.91, p =0.190], the reliable
interaction of memory load and age group in right BA 9 was consistent with our prediction of
age-related over-activation at a relatively low memory load and under-activation at a relatively
high memory load. The pattern of effects, and their significance were all preserved when
accuracy and RT were included as covariates (age group × memory load [F(2, 42) = 4.70, p
= .01])

Brodmann’s Area 45—MR signal in left BA 45, increased reliably with increasing memory
load [F(2, 42) = 10.96, p < 0.001]; however, neither the effect of age group [F(1, 42) = 1.43,

5To test for differences within the older sample, young-old (61–66) and old-old (67–82) subgroups were identified based on a median
split of the sample according to age. ANOVAs with subgroup and load as factors were computed for each ROI. No effects or interactions
with subgroup were reliable, indicating that the patterns of activation did not vary reliably across the age range that constituted the older
group.
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p = .238] nor the interaction of age group with memory load [F(2, 42) = 2.19, p = .122] were
statistically significant. Furthermore, planned t-tests indicated that there were no age
differences in left BA 45 at any level of memory load.

The results for right BA 45, were similar to the other right prefrontal regions: activation
increased reliably within increasing memory load [F(2, 42) = 3.57, p = .039], the effect of
memory load differed reliably for the two age groups, [F(2, 42) = 8.48, p = .001] and the main
effect of age was not statistically significant [F(1, 42) = .41, n.s.]. Planned t-tests indicated that
the age-differences in right BA 45 were not reliable at the two lower levels of memory load [4
letters: t(42) = .67, n.s.; 5 letters: t(42) = .22, n.s.]. However, the effect of age was marginally
reliable at the high memory load [7 letters: t(42) = 1.84, p =0.07]. Therefore, while the
activation of right BA 45 followed a general pattern consistent with our predictions, the pattern
received only partial statistical support. Once again, the pattern of effects and their significance
were all preserved when accuracy and RT were included as covariates (age group × memory
load [F(2, 42) = 5.50, p = .008])6.

Activation-Performance Correlations
There were no significant correlations of MR signal in left or right BA 9, BA 46, or BA 45
with accuracy or RT within the young or senior groups for any of the memory loads. The lack
of significant correlations between MR signal and accuracy may be in part due to the limited
range of accuracies obtained in the task (41/44 subjects had mean accuracies greater than 75%).

Discussion
We observed, within the same participants, both age-related over-activation and age-related
under-activation of right prefrontal regions. Consistent with the predictions of CRUNCH, age-
related over-activation was observed when participants maintained a relatively low WM load,
and under-activation was observed during the maintenance of a relatively high memory load.
This pattern was robust in right BA 46, but also evident in right BA 9 and BA 45. Also consistent
with CRUNCH, over-activation occurred in senior adults despite equivalent accuracy across
age groups, and under-activation occurred with increased memory load and reduced
performance. These results are consistent with the proposal that over-activation reflects a
limited-resource functional compensation for age-related declines in WM.

A question that is relevant to CRUNCH that we raised in the introduction is whether young
adults and seniors recruit similar brain regions in response to increases in task demand. Here,
we have obtained evidence that young adults and seniors recruited the same cortical regions
in the face of increased verbal WM load. Compared to maintaining four letters, a 5-item
memory load, produced no change in right DLPFC activity (Figures 4 and 6). However, when
the memory load was increased to seven letters, young adults recruited the same additional
right DLPFC regions recruited by the seniors at a lower memory load (Figures 4 and 6). The
similar pattern of increased right DLPFC recruitment in young and older adults in response to
an increase in task demand is consistent with the proposal that activation of this region in
seniors reflects compensation rather than non-specific or dysfunctional activation.

6A reviewer raised the interesting possibility that under-activation with high memory load by older adults might be due to their inability
to sustain maintenance-related activity especially across the longer retention intervals (e.g., Paxton, Barch, Racine & Braver, 2008; Kim
& Braver, 2009). To test this idea, for each ROI we calculated a three-way ANOVA with age group, retention interval and load as factors.
Contrary to the hypothesis that older adults were especially disadvantaged at longer delays, the three-way interaction was not significant
for any of the ROIs (all p’s greater than .20). Furthermore, analysis of BOLD time courses associated with the right hemisphere regions
of under-activation indicated that older adults showed reduced amplitude responses in early as well as late time points within the retention
interval. These results suggest that age-related under-recruitment was not restricted to long retention intervals nor to time points late in
the retention interval. Note, however, that there were only a maximum of 8 trials for each delay by retention interval combination, so
these results should be interpreted with caution.
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Additionally, while pronounced age-related differences were observed in right DLPFC, these
differences were absent in left DLPFC despite robust, load-dependent activations in left BA
46 and left BA 9 in both young and older adults. The effectiveness of our parametric load
manipulations for both age groups is critical to ruling out potential contributions of baseline
activation (e.g., default network; Persson, et al., 2007) differences between the age groups that
could otherwise lead to spurious age-related differences in DLPFC.

There are several features of our results that should assuage potential concerns about how age
differences in hemodynamic coupling may have affected our results (e.g., D’Esposito et al.,
1999; Huettel et al., 2001). First, age differences were evident in only a subset of the regions
that we examined. For key task-relevant regions in left prefrontal cortex, the effects of
parametric variation of memory load did not differ due to age. Second, in the regions where
we did find activation differences due to age, these differences consisted of both over-activation
and under-activation, whereas weaker hemodynamic coupling would produce primarily age-
related under-activation in older adults. Finally, observed age-related differences in PFC
activation were confined to the delay period and were not observed during target or probe
epochs. The absence of age differences in activation during the probe phase indicates that age
differences in response speed, and the possibility that seniors were more likely to make their
response following the offset of the probe, did not confound our estimates of retrieval-related
activation across age groups.

It is important to note, however, that while we parametrically varied delay period and ITI in
order to minimize collinearity between target and probe regressors, some delay-period activity
is necessarily collinear with target presentation. Therefore, executive operations, such as
chunking, that are associated with encoding into WM, especially at higher loads, may also
contribute to the recruitment of PFC regions. However, we also point out that the reliable
interactions involving age group were associated only with the modeled delay-interval
activity-- there were no concomitant effects for the modeled target epoch, a pattern of results
which, while not conclusive, is consistent with a locus of age-related processing differences
in WM maintenance. Finally, CRUNCH does not make strong claims about which particular
task epoch or executive processes should be affected by load.

The Function of Age-Related Over-activation
If over-activation is compensatory, what processes are performing the compensation and what
are they compensating for? Our results do not provide a specific answer for these questions
but they are consistent with our earlier proposal that seniors recruit DLPFC-mediated executive
processes for a rote maintenance task that young adults need not recruit at relatively low WM
loads (Reuter-Lorenz, et al., 2001; Reuter-Lorenz and Mikels, 2006; Rypma, et al., 2001).
While we have evidence that young adults and seniors recruit the same cortical regions in the
face of increased WM demand, the question of whether this represents the groups’ recruitment
of the same cognitive operation(s) remains unanswered. If the functions of brain regions remain
constant with adult aging, then the result obtained in the current experiment suggests that the
young adults and seniors recruit the same right DLPFC-mediated cognitive process(es) in the
face of increased verbal WM load. However, if aging alters the functions of brain regions, the
cognitive interpretation of the result obtained in DLPFC becomes more complicated.

On the assumption that the functions of the right DLPFC remain constant with age, what are
some of the possible roles that this region might play with respect to coping with increases in
WM demand? The DLPFC is a large and heterogeneous region and its precise functions are
still largely unknown. However, we discuss two proposals regarding the role of the DLPFC in
WM that are relevant to the present results. First, it has been suggested that DLPFC, especially
BA 46, provides a top-down control signal that is critically involved in protecting WM
representations from distraction during maintenance (Jha et al., 2004; Sakai, et al., 2002; Yoon,
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et al., 2006). It may be that as WM load increases, the representation of individual items
becomes more fragile and hence more reliant on the DLPFC-mediated mechanisms that protect
them from distraction. Distraction could take the form of task-irrelevant environmental stimuli,
internally generated task-irrelevant thoughts or emotions, or task-specific interference (e.g.,
proactive interference from previous trials). Second, other investigators have suggested that
the DLPFC is involved in the manipulation or transformation of information in WM
(D’Esposito, et al., 1999; Postle, et al., 1999; Veltman, et al., 2003). While rote maintenance
of information in WM may suffice at lower levels of memory load, it may be that the
maintenance of a large amount of information in WM requires the use of mnemonic strategies
that involve manipulation or transformation of the information. For instance, many of the
participants in the current experiment reported organizing (“chunking”) the memoranda into
smaller, meaningful units by creating words or sentences from the individual letters.

With regard to the precise locus within DLPFC in which age-related over-activation was
observed, the results of this study are consistent both with those that have found over-activation
in BA 46 (Cabeza, et al., 2004) and those that have found them in BA 9 (Mattay, et al.,
2006). At present, the respective roles of BA 9 and BA 46 in the maintenance of WM
representations are largely unknown. In the future, ascertaining the precise functions of the
diverse subregions of prefrontal cortex will greatly assist in providing a neurocognitive
interpretation of the role of age-related DLPFC over-activation (Rajah and D’Esposito,
2005).

Age-Related Under-activation
In addition to observing age-related over-activation of right DLPFC at a relatively low WM
load, we also observed under-activation in seniors relative to the younger group at the high
memory load. This under-activation was associated with reliably lower accuracy in the older
group (Figure 1). These results are consistent with the CRUNCH prediction of under-
activation, associated with performance drop, when task demand exceeds available resources.
At this “crunch” point, activation could either remain at an asymptotic level or drop off relative
to lower task demand, as we observed in the present results. Either possibility is consistent
with CRUNCH because once the effective capacity limit has been reached, the neurocognitive
system may no longer fully engage task-appropriate processes, leading to a drop in activation
relative to lower levels of demand.

In this respect, it is worth comparing the present results to the earlier work of Mattay et al.
(2006). They used an n-back task that included three level of task demand (1-back to 3-back).
Older adults performed more poorly than younger adults except in the 1-back condition, where
the memory load was lightest. Only in the 1-back condition did older adults also show over-
activation of the DLPFC. For 2- and 3-back, where older adults performed substantially worse
than their younger counterparts, DLPFC activation decreased relative to the level associated
with 1-back, and relative to the activation demonstrated by younger adults. Critically, younger
adults also appeared to reach a resource ceiling in that by 3-back they showed a drop in
performance and a drop in DLPFC activation, paralleling the effects observed in seniors at
lower levels of task demand. We speculate that for younger and older adults alike the inflexion
point on the function relating task demand to activation corresponds with the inability to
effectively recruit the processing operations that were instrumental for mediating successful
performance at the lower loads. That is, people may fail to effectively engage the necessary
neurocognitive mechanisms when the mismatch between available resources and task demands
is too great.

Two other explanations for age-related under-activation have previously been suggested and
should also be considered here: (1) an irreversible loss of task-specific neural resources and
(2) a decreased ability to spontaneously engage the neural resources that are in fact available.
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The former mechanism is consistent with the well-documented neurophysiological losses that
occur with age (for reviews, see Hedden and Gabrieli, 2004; Raz and Rodrigue, 2006).
Evidence for the operation of the latter mechanism, however, was recently obtained by Logan,
Sanders, Snyder, Morris, and Buckner (2002), who showed that seniors can engage the very
networks that they failed to recruit spontaneously, when provided with a strategy for task
performance. In the case of the present results, the fact that older adults did spontaneously
recruit right DLPFC at low and intermediate levels of memory load suggests that the under-
activation observed at the highest memory load was not due to a lack of spontaneous, strategic
engagement of neural resources. Rather, it suggests that the senior group reached a limitation
in processing capacity.

One additional explanation for senior’s under-activation at load 7 is that they may have been
unable to perceive the entire memory set during the encoding period, and were therefore
maintaining a lower memory load compared to younger adults. However, the pattern of
activation in left DLPFC is inconsistent with this possibility. Left BA 46 and left BA 9 are
more active for both seniors and younger adults at load 7 than at load 5 (no reliable interaction
between these loads and age group), suggesting that both groups are attempting to maintain
more items in the high than medium load condition. Thus, the left DLPFC regions are recruited
in a load-dependent manner that is inconsistent with the possibility that older adults, but not
younger adults, failed to encode additional items at load 7.

Resources and CRUNCH
Although CRUNCH is an hypothesis about how age-specific patterns of brain activation relate
to task demands and performance, it has some commonalities with earlier ideas about age-
related changes in the availability and distribution of resources that emerged from behavioral
and neuropsychological studies of cognitive aging (see e.g, Craig & Byrd, 1983; Kinsbourne,
1980; Baltes, 1993, Reuter-Lorenz et al., 1999). Despite previous criticisms about its utility
and falsifiability (e.g., Navon, 1984; Salthouse, 1988), the concept of resources has been
somewhat revitalized by brain imaging methods which provide new means for operationalizing
and quantifying neural resource (e.g. level of activation) recruited for a particular task.
Moreover these methods allow improved specification and distinctions between types of
resources by virtue of their localization and interconnectivity with other the brain regions (see
e.g., Cabeza, Park & Nyberg, 2005). In the current report we demonstrate that specific regions
of the left and right prefrontal cortex become active as the demands of a verbal task increase.
Importantly, only a subset of those regions, all of which are right lateralized, show age-
differential responses to verbal load, and this age-specific response profile shows an intriguing
relationship with overall performance levels for the older adults. Clearly, many questions
remain about the specific resources provided by these prefrontal regions, but there is good
reason to infer they are executive in nature.

Conclusions
The present results are consistent both with studies that have found age-related over- activation
of DLPFC and those that have observed age-related under-activation of DLPFC and provide
a means of reconciling the seemingly inconsistent findings. At relatively low memory loads,
seniors recruit more neural resources than do young adults in order to maintain good
performance. At high memory loads, seniors have reached the limits of their neural resources,
whereas young adults have resources to spare. One prediction that awaits future testing, is that
young adults should also show a decline in task-relevant regions when the memory demands
of the task exceed the neural resources available to reach those demands.
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These results provide direct empirical support for predictions of Compensation-Related
Utilization of Neural Circuits Hypothesis: seniors over-activated right DLPFC at a nominally
low level of task demand while maintaining age-equivalent performance, but under-activated
this same region at a high level of task demand that resulted in age-related decrements in
performance. We also show that this age-related over-activation occurs in a region (right
DLPFC) that was also recruited by young adults at higher memory loads suggesting that
increased recruitment of this regions is not an aberrant sign of aging, but may instead be a
typical compensatory neural response to increased cognitive demand (see also Schneider-
Garces et al., 2009). Together these findings suggest that aging results in a shift in the function
relating task demand to neural activity in right DLPFC, such that the processing resources
provided by DLPFC activation are exhausted at a lower level of task demand. The proposal
that such over-activation in older adults serves a compensatory function by bringing more
neural resources to bear on task performance gains some credibility from the similarity with
younger adults. However, further evidence relating individual patterns of activation to
performance will be needed to fully evaluate the compensatory role of age-related over-
activation. At present, we believe that CRUNCH provides a useful framework for interpreting
age-related under- and over-activations and for relating these patterns to overall brain health
and capacity for functional reorganization and redistribution of neural resources with age.
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Figure 1.
Mean accuracy.
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Figure 2.
Mean response time.
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Figure 3.
Average MR signal change (arbitrary units) in left BA 46 during delay epoch.
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Figure 4.
Average MR signal change (arbitrary units) in right BA 46 during delay epoch.

Cappell et al. Page 20

Cortex. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Average MR signal change (arbitrary units) in left BA 9 during delay epoch.
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Figure 6.
Average MR signal change (arbitrary units) in right BA 9 during delay epoch.
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Figure 7.
Average MR signal change (arbitrary units) in left BA 45 during delay epoch.
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Figure 8.
Average MR signal change (arbitrary units) in right BA 45 during delay epoch.
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