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Abstract

We aimed to identify brain functional correlates of working memory performance in aging, in
hopes of facilitating understanding of mechanisms that promote better versus worse working
memory in late-life. Among 64 healthy adults, aged 23 to 78, we examined the relationship
between age, working memory performance, and brain functional response during task
performance. We focused on the association between working memory load-modulated functional
response and individual differences in performance and whether these function-performance
relationships differed with age. As expected, older age was associated with poorer working
memory performance. Older age was also associated with reduced load-modulated activation
including in bilateral prefrontal and parietal regions and left caudate as well as reduced
deactivation including in the medial prefrontal cortex. Contrary to findings of hyperactivation in
aging, we found no evidence of increased activation with older age. Positive associations
identified between brain response and performance did not differ with age. Our findings suggest
that the neural mechanisms underlying better versus worse working memory performance are age-
invariant across adulthood, and argue against a pattern of functional reorganization in aging.
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Results are discussed within the broader literature, in which significant heterogeneity in findings
between studies has been common.
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INTRODUCTION

Working memory declines, on average, in aging (Park et al., 2002). Yet, decline may not be
inevitable, motivating the study of neural mechanisms underlying individual differences in
working memory performance in aging. The aging brain may show functional
reorganization, recruiting different regions than the young to perform tasks. Although it
remains unclear whether such changes are beneficial for performance (i.e., compensatory),
older adults have shown patterns of increased bilateral activation during task performance,
known as hemispheric asymmetry reduction in older adults (HAROLD) (Cabeza, 2002), and
greater frontal and reduced occipital activation, known as posterior—anterior shift in aging
(PASA) (Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008). Additionally, older adults appear
deficient in “turning off” the default-mode network during task performance (Grady,
Springer, Hongwanishkul, Mclntosh, & Winocur, 2006).

Studies of working memory have yielded complex results regarding the effect of age on
brain function. Some have supported HAROLD (Reuter-Lorenz et al., 2000; Sala-Llonch et
al., 2012), with age-related increases in bilateral frontal activation. Within the dorsolateral
prefrontal cortex, some studies found hyperactivation in aging (reviewed in Rajah and
D’Esposito, 2005), but others found reduced (e.g., Rypma, Prabhakaran, Desmond, &
Gabrieli, 2001) or equivalent activation in older versus younger adults (Rypma, Berger,
Genova, Rebbechi, & D’Esposito, 2005). The effect of age on activation differs even
between subregions of the prefrontal cortex (Rajah & D’Esposito, 2005) and by working
memory load (Cappell, Gmeindl, & Reuter-Lorenz, 2010; Nagel et al., 2011; Prakash, Heo,
Voss, Patterson, & Kramer, 2012). Older adults may show hyperactivation at low loads,
hypoactivation at higher loads, or a lack of loadmodulated enhancement in activation in
frontal and parietal regions. Less extensively studied, age-related alterations in working
memory-related deactivation include reduced default-mode network deactivation (Prakash et
al., 2012; Sala-Llonch et al., 2012; Sambataro et al., 2010).

Examining functional correlates of performance and whether function-performance
relationships differ with age is needed to understand whether unique neural mechanisms
support better versus worse cognition in late-life. Few studies of working memory have
assessed individual differences in aging, with no consensus on the nature of function-
performance relationships or whether associations differ with age. Some found the same
“greater activation, better performance” relationship in younger and older adults (Nagel et
al., 2011), others found this association in younger but not older adults (Prakash et al., 2012)
or only in older adults with greater activation being detrimental in younger adults (Rypma,
Eldreth, & Rebbechi, 2007). Evidence suggests a “greater deactivation, better performance”
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relationship in younger and older adults (Sambataro et al., 2010), this holding in older but
not younger adults (Prakash et al., 2012), or even that high-performing older adults activate
default-mode regions (Sala-Llonch et al., 2012). Notably, only one of these studies (Nagel et
al., 2011) statistically tested for an interaction between age and function in predicting
performance.

We investigated how individual differences in load-modulated activation and deactivation
relate to working memory performance in aging. We hypothesized that older age would be
associated with increased prefrontal activation, and that older adults who showed greater
prefrontal activation would perform relatively better, while greater prefrontal activation
would be detrimental for performance in younger adults. We predicted older adults would
show reduced deactivation in default-mode regions (e.g., medial prefrontal cortex and
posterior cingulate), and that there would be a stronger positive relationship between
deactivation and performance with older age. Our study extends the literature by
investigating individual differences across the adult lifespan and statistically testing whether
function-performance relationships differ by age to infer whether there are unique neural
mechanisms underlying better versus worse performance in late-life.

METHODS

Participants

Procedures

Participants were 64 healthy adults (ages 23-78; 63% female; 80% Caucasian; education:
mean = 15.5 years, SD = 2.3) from three prior studies in which individuals completed
functional magnetic resonance imaging (fMRI) during an N-back working memory task.
Exclusion criteria common across studies included contraindications for MRI, left-
handedness, loss of consciousness >15 min, or self-reported history of an Axis | disorder.

Demographics and health status were obtained via interview or questionnaires.
Neuroimaging data were collected at the UCSD Keck Center for Functional Magnetic
Resonance Imaging. All but six participants completed a verbal intelligence (VIQ) measure
[the American National Adult Reading Test (Grober, Sliwinski, & Korey, 1991) or North
American Adult Reading Test (Blair & Spreen, 1989)]. All participants provided written
informed consent to the study in which they enrolled. The original studies, and this
secondary analysis of combined data, were approved by the UCSD Institutional Review
Board and/or the VA San Diego Healthcare System’s R&D Committee as appropriate.

Working Memory Task

The N-back task is a block-design fMRI paradigm. Single letters appeared on the screen for
1s, followed by an asterisk for 1.5 s. During “0-back,” participants were to press a button
when the letter “X” appeared. During 1-, 2-, and 3-back conditions, participants were to
press a button when the current letter matched that presented one, two, or three letters
before. Each block contained 11 letters (three targets). Responses were recorded throughout
the 2.5-s trial interval. Two of the original studies used a version with four blocks of all
conditions. One study used a version with six blocks of 0-back, five blocks each of 1- and 2-
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back, but no blocks of 3-back. The N-back task was otherwise identical across studies; the
same stimuli (i.e., letters of identical font, size, and color) were presented on the same
background, following the same presentation rate, using the same button box device for
response. We aimed to capture working memory performance on the most challenging
condition all participants completed, thus we examined d’ on the 2-back condition, a signal
detection metric that incorporates “hits” and false positives (higher d’ = better performance),
and well as mean 2-back reaction time (RT).

Neuroimaging Procedures

Images were collected on one of two 3-Tesla General Electric magnetic resonance scanners
with an 8-channel head coil. A high-resolution T1-weighted anatomical image was
collected, and blood-oxygen-level-dependent (BOLD) signal during the N-back task was
measured using gradient echo echoplanar imaging. Functional scan parameters varied
between studies (see Appendix 1), and one study used two variations of scan parameters. To
account for these differences, a variable reflecting the study each individual participated in
was included as a covariate (detailed below).

Data Analysis

Neuroimaging data analysis—AFNI software (Cox, 1996) was used to process the
fMRI data. Field map corrections were applied, if available (see Appendix 1). For all
functional data, a 6mm FWHM spatial filter was applied and individual’s functional data
were aligned to their anatomical scan and transformed into Talairach space. We visually
examined each participant’s data for motion and censored out time-points with visually
obvious motion. To be included in the present study, participants were required to have
visually obvious motion in no more than one-third of time-points. For examination of
functional response, we used a general linear model with a baseline and linear trend plus
regressors for trial type (0-, 1-, 2-, or 3-back)/(0-, 1-, or 2-back) and parameters to account
for residual motion. We calculated brain response during the 1- and 2-back conditions
compared to 0-back as baseline (i.e., 1>0 and 2>0). We created a map of the fit coefficient
for the contrast between the 2-back and 1-back conditions (i.e., 2>1). We aimed to examine
the load-modulated brain response specific to the most challenging condition (i.e., 2-back),
thus the 2>1 fit coefficient maps serve as the focus of our analyses.

Regions-of-interest (ROIs) were created based on areas that were task-relevant in any age
group, using the 2> 1 fit coefficient maps. With AFNI program 3dttest + +, we conducted
one-sample t tests separately for young (23- to 39-year-olds), middle-aged (40- to 59-year-
olds), and older adults (=60-year-olds) to reveal clusters significantly activated (i.e., positive
fit coefficient) or deactivated (i.e., negative fit coefficient) in each group (p <.01; cluster size
= 22 voxels determined with AlphaSim given 4-mm3 voxels and 6-mm FWHM blur),
controlling for the effect of study. Then, we created a mask combining these clusters,
resulting in 15 ROIs (see Figure 1 and Table 1) that were activated or deactivated in one or
more age group. We created our ROIs in this manner to facilitate our ability to detect
regions that might be differentially activated or deactivated in different ages, given the
possibility that older adults might recruit different regions than younger individuals.
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Statistical Analysis

We evaluated whether participant characteristics/performance differed by study (by means
of analysis of variance or %2 tests) or were associated with age (by means of t tests or
correlations) to understand potential confounds. Using regression models controlling for
study, we tested whether our sample showed the expected age-associated poorer working
memory d’ and increased RT. We then conducted regression models to investigate
associations between functional response (i.e., fit coefficient for 1> 0, 2 >0, and 2> 1) within
our 15 ROIs and (1) age, (2) d’, and (3) RT, respectively (controlling for study). To protect
against multiple comparisons, we applied a Bonferroni correction to each set of these
analyses (Bonferroni correction for bivariate associations: p = .05/15 = .0033). To
investigate whether the relationship between load-modulated functional response (i.e., 2> 1)
and performance differed by age, we conducted a series of regression models with either d’
or RT as the outcome and the following predictors: (1) study, (2) age, (3) 2 >1 ROI
functional response, and (4) age x ROI response, applying the same Bonferroni correction.

RESULTS

Supplementary Tables 1 and 2 detail participant characteristics/ performance by study and
age. Although older age was associated with higher VIQ (r =.28; p =.03), VIQ was
unassociated with N-back performance (d’: r =.07; p = .61; RT: r =.04; p =.76), thus we
did not include VIQ as a covariate.

Older age was associated with worse and slower N-back performance (d”: p=-.42;p =.
001; RT: B =.38; p =.002). As shown in Table 1, older age was associated with reduced 2>1
activation in task-activated ROIs, particularly in bilateral prefrontal and parietal regions and
left caudate (where age associations survived Bonferroni correction). Older age was also
associated with reduced 2>1 deactivation in task-deactivated ROls, particularly within
bilateral medial frontal gyrus. ROIs with age-associated reductions in activation/
deactivation showed performance associations with d” but not RT, with a positive
association between right prefrontal activation and d” surviving Bonferroni correction (see
scatterplot in Supplementary Figure 1). Regression models testing whether associations
between ROI functional response and performance differed with age revealed no significant
age x ROl interactions (all interaction terms p>.05). (All B-values reported here and in Table
1 are standardized regression coefficients).

DISCUSSION

We predicted older adults would show greater prefrontal activation during a working
memory task than younger adults, in line with previous studies showing hyperactivation in
aging. Instead, older age was associated with decreased load-modulated activation,
particularly in bilateral prefrontal and parietal regions and left caudate. A possible
explanation for this finding is that older adults in our study did not achieve comparable
overall performance levels to younger individuals. Working memory performance can be
impacted by age-related reductions in working memory capacity and older adults’ increased
susceptibility to interference (Gazzaley, Sheridan, Cooney, & D’Esposito, 2007). Thus,
older adults may have recruited fewer functional resources in correspondence with these
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deteriorations. Although not universally observed, other studies of working memory have
found age-related decreases in load-modulated prefrontal and/or parietal activation (Cappell
et al., 2010; Nagel et al., 2011; Prakash et al., 2012; Rypma et al., 2001). Some of these
(e.g., Cappell et al., 2010) did find age-related hyperactivation at low loads (when older
adults performed as well as younger adults), suggesting the aging brain has a limited ability
to functionally compensate. However, our results diverge from these as well, as we found no
age-related hyperactivation even at the lowest load. Although reasons for such
heterogeneous findings remain unclear, a recent study suggests that age differences in
functional patterns may depend on the specific working memory component process being
examined. Namely, Macpherson et al. (2014) found age-related frontal hyperactivation
during working memory encoding, but frontal hypoactivation in older age during retrieval.
The latter pattern mirrors our results, raising the possibility that our study may have best
captured functional correlates of retrieval rather than encoding. We are unable to tease apart
these components in our study, but the potential for differential age effects by working
memory component warrants additional research.

In addition to task activation, we examined task-related deactivation, motivated by the
growing evidence of the importance of default-mode network function. As hypothesized,
older age was associated with reduced load-modulated deactivation during working memory
performance, most strongly within the medial prefrontal cortex, the frontal hub of the
default-mode network. Our findings support the notion that older adults are less capable of
suppressing default-mode function while engaging in a cognitive task.

Our direct statistical testing for interactions revealed no evidence that the relationship
between working memory performance and brain function differs with age. Our findings of
a lack of hyperactivation in aging and a lack of unique function-performance relationships
suggest there are not functional changes that come online in aging in response to a declining
working memory system. Instead, we found that greater right prefrontal activation was the
strongest predictor of better versus worse performance (d’), regardless of age. We found no
functional associations with RT; it may be that the functional correlates of performance
speed are not well-captured by our a priori focus on regions involved in load-modulated
brain response.

Our conclusions are limited by our cross-sectional design and combination of similar
samples that differed in some respects, and the effects of which may not have been entirely
removed by treating “study” as a covariate. We cannot rule out the possibly that our results
were influenced by altered hemodynamic response in aging, as we did not measure resting
cerebral blood flow nor did we find regions of hyperactivation with aging. However, using
the contrast between BOLD signal response to 2-back versus 1-back as we did makes it
more likely our findings reflect age differences in task-related response rather than
neurovascular differences (D’Esposito, Deouell, & Gazzaley, 2003).

The literature on brain functional correlates of working memory in aging is characterized by
highly variable findings. Although our study cannot explain this heterogeneity, several
factors may be important to consider in future research. It is currently difficult to compare
findings between studies, given the diversity in methods used. In addition to differences in
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the component processes of working memory investigated (e.g., encoding, maintenance,
retrieval), studies vary in the types of tasks used (e.g., N-back tasks, recognition-based tasks,
spatial tasks) and the working memory loads examined. This variability likely gives rise to
different patterns of functional response and varying associations between function with age
and performance. Diverse analytical approaches also induce variability, such as block design
versus event-related studies, differences in fMRI preprocessing, ROl versus whole-brain
analyses, and whether or not statistical analyses directly test for interaction effects. Future
research in this field would benefit from standardization of methods and study replication,
so that we might be able to draw clearer conclusions about the neural mechanisms that
promote better versus worse working memory ability in aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX 1

Functional Scan Parameters by Study

Study n  Scanner Functional scan parameters

1 9 1 32 slices, 195 reps, slice thickness = 4 mm, TR = 2500 ms, TE = 32, flip angle = 90°, echo =
30 ms. Field maps collected and applied to correct for image distortion.

2 29 2 32 slices, 195 reps, slice thickness =4 mm, TR = 2500 ms, TE = 32, flip angle = 90°, echo =
30 ms. Field maps collected and applied.

3a 15 2 32 slices, 195 reps, slice thickness =4 mm, TR = 2500 ms, TE = 30, flip angle = 90°, echo =

30 ms. Field maps not collected.

*

3b 11 2 32 slices, 195 reps, slice thickness =4 mm, TR = 2500 ms, TE = 30, flip angle = 90°, echo =
30 ms. Field maps were not collected.

*
Except for one participant on scanner 1.
**

Field map corrections not available for two individuals due to technical error.
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Effect Size
(signed eta
squared)

Young Adults (n=26) Middle-Aged Adults (n=19) Older Adults (n=19)

Fig. 1.
ROIs and the unthresholded one-sample t test results (2> 1 Contrast) shown only within the

ROls, separately by age group. ROIs were created by combining clusters that were task-
activated or deactivated (2> 1) in any age group, controlling for study.
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