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Working memory (WM) shows pronounced age-related decline.
Functional magnetic resonance imaging (fMRI) studies have re-
vealed age differences in task-related brain activation. Evidence
based primarily on episodic memory studies suggests that brain
activation patterns can be modulated by task difficulty in both
younger and older adults. In most fMRI aging studies on WM,
however, performance level has not been considered, so that age
differences in activation patterns are confounded with age differ-
ences in performance level. Here, we address this issue by com-
paring younger and older low and high performers in an event-
related fMRI study. Thirty younger (20-30 years) and 30 older
(60-70 years) healthy adults were tested with a spatial WM task
with three load levels. A region-of-interest analysis revealed
marked differences in the activation patterns between high and
low performers in both age groups. Critically, among the older
adults, a more “youth-like” load-dependent modulation of the
blood oxygen level-dependent signal was associated with higher
levels of spatial WM performance. These findings underscore the
need of taking performance level into account when studying
changes in functional brain activation patterns from early to late
adulthood.

aging | fMRI | premotor cortex | performance load

Working memory (WM), the process of holding information
“on-line” to perform tasks in the absence of external cues
(1,2), is compromised in old age (3, 4). Spatial WM, which refers
to the on-line retention of spatial memory contents, appears to
be more affected in aging than verbal WM (5, 6). Furthermore,
there are marked individual differences in WM performance
(7-11) that seem to increase with age (12-14).

The neural network typically activated during spatial WM
tasks involves lateral prefrontal cortex (PFC), premotor cortex
(PMC), posterior parietal cortex (PPC), and temporal brain
regions (15-19). fMRI studies reveal that decreased WM per-
formance in older adults is paralleled by age-related changes in
functional brain activation patterns (20-22).

In younger adults, activation of the WM network is affected by
memory load (23-26). The load-dependent change of the blood
oxygen level-dependent (BOLD) signal can be characterized as
a dose-response function. Interestingly, the shape of dose—
response functions differs among studies. Some researchers have
reported monotonically increasing functions that are either
linear (23) or nonlinear (27, 28). Others have found inverted
U-shaped functions (24), where activation in dorsolateral PFC
(DLPFC) increases with load up to a certain difficulty level, and
then decreases.

Only a few studies have investigated the shape of dose—
response functions in older adults (29-32). Mattay et al. (29)
reported brain activations peaking at load three in younger and
at load 1 in older adults during a spatial n-back task, and
concluded that older adults reach their capacity limits at lower
levels of difficulty than younger adults. By contrast, Petrella et
al. (31) reported that activation in task-relevant regions in-
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creased with load in a delayed-recognition task among older
adults as well. Conceivably, these discrepancies across studies
reflect the dependency of the BOLD response on performance
levels, which may have differed across studies, both within and
across age groups. Indeed, there are individual differences in
WM performance (7) that increase with age (13, 14, 33), and
functional activation is associated with performance in both
younger and older adults (30, 34-36). The modulation of age
differences in memory-related brain activation patterns by per-
formance levels has, however, only rarely been investigated, and
when considered, it has been for long-term memory rather than
WM (30, 32, 34, 35). Thus, performance heterogeneity in WM,
which can be expected to be particularly high within samples of
older adults, is often left unanalyzed (7), thereby confounding
differences in BOLD responses across age groups with differ-
ences in performance level within age groups (37).

In this study, we tested 30 younger adults (mean age 25.6) and
30 older adults (mean age 64.1) with a spatial WM delayed
matching task during fMRI scanning. We investigated the
general hypothesis that performance modulates the BOLD
response to a WM challenge in both younger and older adults.
Furthermore, we hypothesized that the modulation differs be-
tween age groups, such that signal change increases linearly in
young high performers and follows a quadratic pattern in old low
performers, with young low and old high performers showing
intermediate patterns (30).

Results

Behavioral Performance. ANOVA revealed significant age effects
for accuracy, F(1, 58) = 22.25, P < 0.01, n> = 0.28, and correct
response times, F(1, 58) = 16.04, P < 0.01, n? = 0.27. Similarly,
the effects of load were statistically reliable both for accuracy,
F(2, 116) = 205.62, P < 0.01, n?> = 0.78, and correct response
times, F(2, 116) = 456.50, P < 0.01, n*> = 0.89 (see Fig. 1).
Furthermore, the age X load interaction was reliable for both
accuracy, F(2, 116) = 7.28, P < 0.01, n*> = 0.11, and correct
response times, F(2, 116) = 5.53, P < 0.01, n* = 0.09, with older
adults showing a greater decline with load than younger adults.

We selected extreme groups of the 10 highest and 10 lowest
performers for each age group based on their mean accuracy
levels at loads 3 and 7. An ANOVA revealed no reliable
difference in years of education between the four extreme
groups (young high, young low, old high, old low: F(1,31) = 1.14,
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Fig. 1. Behavioral performance during the spatial WM task. (A) Accuracy. (B)
Response times (RT) for younger and older adults at the three different load
levels with significant effects of age, load, age X load (P < 0.005). Error bars
represent =1 SEM.

P = 0.35). We first conducted an age X performance X load
repeated-measures ANOVA for accuracy and response times to
test whether the difference between performance groups was
reliably greater in one age group (the younger) than the other.
This analysis revealed no reliable three-way interactions. For
accuracy, the age X performance interaction was reliable [F(1,
36) = 16.12, P < 0.01, n> = 0.31], indicating that the perfor-
mance effect differed between age groups. Also, the age X load
[F(2,72) = 6.60, P < 0.01, n?> = 0.16] and performance X load
group interactions [F(2, 72) = 27.38, P < 0.01, n* = 0.43] were
reliable. These effects reflect greater change in accuracy with
load in the old and in low performers. For response times, only
the age X load interaction [F(1, 36) = 6.60, P < 0.05, n* = 0.16],
was reliable. A two-way repeated-measures ANOVA testing the
effects of performance and load separately in each age group
revealed a significant performance level X load interaction in
younger adults, F(2, 36) = 15.46, P < 0.01, n* = 0.46, reflecting
an increase in group differences across load (Fig. 2 Left). The
performance X load interaction was also significant in older
adults, F(2, 36) = 12.04, P < 0.01, n* = 0.40 (Fig. 2 Right). For
correct response times, the performance X load interaction was
not significant in either age group (P > 0.10). As can be seen
from Fig. 2, accuracy levels of young low performers were much
lower than those of young high performers, such that the
accuracy levels of young low performers fell in between those of
old high and old low performers. In accordance with this
observation, an independent samples ¢ test confirmed that young
low and old low performers did not differ significantly in their
performance (P > 0.05).

Imaging Results. Voxelwise analysis. We investigated the effect of
task load in the WM network by comparing load 7 against load
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Fig. 2. Performance of the extreme groups. In each age group, the 10

highest- and 10 lowest-performing participants were selected based on mean
accuracy atload 3 and load 7. (Left) Younger adults. (Right) Older adults. Error
bars represent £1 SEM.
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Fig. 3. Load and age group effects in the SWM network. Load 7 compared
with load 1: (A) Conjunction of younger and older adults (colors range from
light yellow, z = 3.1, to dark red, z = 7). (B) Load X age interaction (blue,
young > old; red, old > young). Both common and age-specific increases in
BOLD signal with load can be seen.

1 separately for each age group (for peak activations see Table
S1). A conjunction image was generated depicting regions where
activation increased with task load in both younger and older
adults. Common increases were observed in bilateral medial
frontal gyrus, PMC, PPC, and visual cortex (Fig. 34). We also
obtained an age X load interaction, with older adults showing
a greater increase of activation with load in right inferior
frontal gyrus (IFG) and temporal regions, and younger adults
showing more load-dependent activation in posterior parietal
regions (Fig. 3B).

Region-of-interest (ROI) analysis. To examine the influence of age
and performance group on BOLD signal changes in the spatial
WM network under varying load conditions, we extracted
percent signal change from ROIs in the left and right DLPFC,
RDPMC, and PPC for both age groups and for high and low
performers in each age group (for details on ROI locations see
Table S2).

In the first step, we extracted percent signal change of younger
and older participants. As can be seen in Fig. 4, in younger adults,
the BOLD response increased from load 1 to 7 in all ROIs except
right DLPFC. By contrast, in older adults, activation increased
linearly only in left DLPFC and left PPC. Instead, in right
DLPFC, bilateral PMC, and right PPC, activation did not change
with load. These group differences were tested statistically by
using a repeated-measures ANOVA testing the age X load
interaction, and a second analysis testing the load effect within
each age group. Instead of reporting the main effects from the
omnibus test, polynomial contrasts are reported because they
correspond directly to the hypotheses of this investigation. The
first analysis revealed a trend toward a level X age X load
interaction contrast in left PMC [linear contrast: F(1/58) = 3.68;
P = 0.06; n> = 0.06; quadratic contrast: ns] and a reliable
interaction contrast in right PMC [linear contrast: F(1/58) =
4.23; P < 0.05; »*> = 0.07; quadratic contrast: ns].

The second repeated-measures ANOVA, testing the effect of
load separately for each ROI and age group, revealed that in
younger adults the BOLD response increased from load 1 to 7 in
left DLPFC [linear contrast: F(1,29) = 7.74; P = 0.009, n* = 0.21;
quadratic contrast: ns], left PMC [linear contrast: F(1, 29) = 12.24;
P =0.002, 0> = 0.297; quadratic contrast: ns], and right PMC [linear
contrast: F(1,29) = 10.86; P = 0.003, n*> = 0.27; quadratic contrast:
F(1, 29) = 3.26; P = 0.08, o> = 0.10]. In older adults, activation
increased reliably in left DLPFC [linear contrast: F(1, 29) = 6.62;
P = 0.015, n?> = 0.17; quadratic contrast: F(1, 29) = 3.6, P = 0.06,
7> = 0.11] and left PPC [linear contrast: F(2, 58) = 5.34; P = 0.028,
7 = 0.15; quadratic contrast: ns], and increased at trend level in left
PMC [linear contrast: ns quadratic contrast: F(1, 29) = 3.41; P =
0.07, 72 = 0.10]. In right DLPFC, PMC and PPC, activation did not
change significantly with load in the older sample.

Notably, the age effects reported above were qualified by
differences between high and low performers within each age
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Fig. 4. ROl analysis for younger and older adults. BOLD signal changes in
younger and older adults with load (younger adults, blue; older adults, red;
lower task demand is represented by lighter colors). *, P < 0.05; +, 0.05 < P <
0.10; L, linear contrast; Q, quadratic contrast. A monotonic increase of the
BOLD response is seen in younger but not in older adults. Note that this
pattern is modulated by performance (see Fig. 5).

group. As can be seen in Fig. 5, activation patterns were
substantially modulated by performance level, both across and
within age groups. In the young sample, the BOLD signal of high
performers increased up to load 7 in left DLPFC and bilateral
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RDPMC and less so in right DLPFC and bilateral PPC. In the
sample of old low performers, there was no increase in activation
from load 3 to load 7 for any ROL. In fact, in old low performers,
activation declined reliably in most ROIs after load 3. Thus, the
compromised BOLD response at high load in the older sample
was primarily driven by old low performers. In contrast, old high
performers showed an increase of activation with load that
resembled the pattern observed in younger adults. In both young
low and old high performers, the change in BOLD with WM load
was less pronounced than in the other two groups. In this context,
itis important to consider the shape of the dose—response curves.
A reliable change with load does not necessarily indicate better
function. Instead, the response seems to follow an inverted
U-shaped curve whereby the young low and old high performers
are placed close to the apex, which is why there is no reliable load
effect although performance is better than in old low perform-
ers, who showed a decline in BOLD response after the inter-
mediate load condition.

To test the patterns for high and low performers in both age
groups statistically, we first conducted a three-way repeated-
measures ANOVA (age X performance X load) to test inter-
active effects of age and performance on the load-related BOLD
response. This analysis revealed reliable contrast effects in left
DLPFC [linear: F(1, 36) = 6.6, P = 0.014, »* = 0.16], right
DLPFC [quadratic: F(1, 36) = 4.3, P = 0.045, n* = 0.11], left
PPC [quadratic: F(1, 36) = 4.4, P = 0.043, n> = 0.11], and right
PPC [quadratic trend: F(1, 36) = 3.7, P = 0.062, n* = 0.09]. We
then ran two additional repeated-measures ANOVAs to test
modulatory effects of performance on changes in BOLD signal
separately for each age group, the first testing the perfor-
mance X load interaction and the second testing the effect of
load separately for each performance group. The first analysis
revealed a significant interaction contrast in the young sample in
left DLPFC [F(1, 18) = 4.85; P = 0.041, n? = 0.22]. In the older
sample, the performance by load contrast interaction was reli-
able in right DLPFC [linear contrast: ns; quadratic contrast: F(1,
18) = 4.99; P = 0.038, n* = 0.22] and left PMC [linear contrast:
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ROl analysis for the extreme groups. BOLD signal changes in high- and low-performing younger and older adults across load (younger adults, blue; older

adults, red; lower task demand is represented by lighter colors). *, P < 0.05; +, 0.05 < P < 0.10; L, linear contrast; Q, quadratic contrast. There are marked
differences in BOLD response between high and low performers within and across age groups as shown by reliable age X performance X load interactions in

four of the six ROIs investigated here (see Results for details).
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ns, quadratic contrast: F(1, 18) = 9.67; P = 0.006, n> = 0.35]. The
interaction reached trend level in right PMC [linear contrast:
ns, quadratic contrast: F(1, 18) = 3.84; P = 0.066, n*> = 0.176]
and left PPC [linear contrast: ns; quadratic contrast: F(1, 18) =
3.203; P = 0.09; n*> = 0.15]. Finally, we also compared
statistically the patterns of young low and old high performers.
When comparing the signals at loads 1, 3, and 7 between these
two groups, we found no reliable group differences for any of
the ROIs (P > 0.05).

The second analysis testing load contrasts in each perfor-
mance group separately revealed reliable linear contrasts in all
ROIs in young high performers [left DLPFC: F(1/9) = 22.28;
P < 0.001; n?> = 0.712; right DLPFC: F(1/9) = 6.91; P = 0.027;
7w = 0.43; left PMC: F(1/9) = 9.72; P = 0.01; n*> = 0.519; right
PMC: F(1/9) = 5.93; P = 0.038; > = 0.40; and left PPC: F(1/9) =
14.35; P = 0.004; »*> = 0.615]. In right PPC, there was a trend
level increase [F(1/9) = 3.43; P = 0.097; n* = 0.28]. By contrast,
in young low performers there were no changes, except for a
weak tendency in left PMC [F(1/9) = 3.31; P = 0.10; n? = 0.27].

In the sample of older adults, the repeated-measures ANOVA
testing the load contrast in each performance group revealed no
change in old high performers except for a quadratic trend level
effect in right DLPFC [F(1/9) = 3.86; P = 0.08; n?> = 0.30]. Thus,
even though the BOLD response was greater overall in old high
than in old low performers, there was no reliable increase of
activation in this group. In old low performers, quadratic load
contrasts were found to be reliable in most ROIs. There was a
linear increase with load only in left DLPFC [F(1/9) = 10.97; P =
0.009; n* = 0.55] and reliable quadratic load contrasts in bilateral
PMC [left PMC: F(1/9) = 16.38; P = 0.003; n?> = 0.65; right
PMC: F(1/9) = 8.68; P = 0.020; n* = 0.49]. In left PPC, the linear
as well as the quadratic contrasts were reliable [F(1/9) = 20.28;
P =0.001 n*> = 0.69 (linear); F(1/9) = 5.69; P = 0.041; n* = 0.39
(quadratic)]. In right PPC, the quadratic contrast was reliable at
trend level [F(1/9) = 3.86; P = 0.081; n?> = 0.30]. Quadratic
contrasts in old low performers reflected an increase in activa-
tion from load 1 to 3 and decrease from load 3 to 7.
Correlation between load-dependent BOLD signal change and behavior.
The correlation of the A-index (signal change at load 7 minus
signal change at load 3) with accuracy at load 7 was statistically
reliable in left PMC (Fig. 6) for both younger (r = 0.42; P < 0.05)
and older (r = 0.45; P = 0.01) adults.

Discussion

We investigated whether and how the BOLD response to a WM
challenge is modulated by performance in younger and older
adults. We found that the dose-response functions differed
between high and low performers within both age groups and
particularly in older adults.

Nagel et al.

Behavioral research demonstrates individual differences in
WM (7) that increase with age (33), but imaging studies on WM
and aging typically do not consider within-age-group differences.
The relatively large sample size of the present study allowed
comparisons of dose-response functions across groups of low-
and high-performing younger and older adults. These compar-
isons yielded several findings. A first key finding was the reliable
increase in activation across load for all ROIs in the group of
young high performers. In contrast, the BOLD response to load
changes was less consistent in the other three groups. Appar-
ently, the conjunction of being young and high-performing was
associated with a superior ability to adaptively modulate brain
activity to increasing cognitive demands. Second, there were
pronounced differences in activation patterns between high and
low performers within both age groups. Third, the modulation
by performance was greater in older adults, where the compro-
mised BOLD response observed in the full group was restricted
to the group of low performers, who showed a drop of activation
from load 3 to 7 in five of the six examined ROIs. In contrast,
old high performers did not show such a drop. In both young low
and old high performers, activation reached a plateau at load 3.
Furthermore, in comparison with young high performers, young
low were more similar in their performance to old high per-
formers. The fact that dose-response functions of old high
performers resembled those of the young suggests that similarity
of functional activation patterns is related not only to chrono-
logical age, but also—and even more so—to performance level.
Thus, in addition to and in interaction with age, performance
level was strongly associated with demand-related modulations
of the BOLD response. We add as a caveat that low performers
contributed fewer data points to the analysis than high perform-
ers because we were able to exclude error trials, owing to the
event-related design of the study.

In general, the shapes of the dose-response functions within
each group were similar across DLPFC, PMC, and PPC, al-
though there were some regional differences. Compared with the
other groups, young high performers showed the most pro-
nounced load—-BOLD covariation in DLPFC, a region known to
be critically involved in cognitive control (2, 38). Old low
performers instead showed a decline after the intermediate load
condition. The pattern of dose-response functions in PMC was
similar to DLPFC (Fig. 5) and corresponded even more closely
to behavioral performance. The PMC ROI was located in the
rostrocaudal section of PMC, a region that is placed just in front
of and slightly dorsal to the frontal eye fields (39) and has been
implicated in spatial WM (15, 39—41). It appears to be involved
in maintenance of locations and in attentional processes during
spatial WM tasks and is sensitive to task load (19, 39). In PPC,
a key region in spatial WM engaged in storage operations, item
organization, and attention (19, 42), young adults showed large
BOLD responses at all load levels. Older low performers showed
reduced activation across load in this region. This pattern of results
is in accordance with the suggestion that PPC is a key neural locus
for capacity limitations in WM (19).Thus, despite apparent simi-
larities across ROIs, the observed load-dependent activation
changes in the different regions likely reflect load-dependent
modulations in different cognitive processes, including attention,
cognitive control, response preparation, and maintenance.

If activation patterns differ between performance groups, the
question arises why these different patterns would lead to higher
or lower performance. One difference in the dose-response
functions of the performance groups may refer to the system’s
ability to respond adequately to a challenge (e.g., greater WM
load). Activation typically increases with load, thus showing
sensitivity to WM demand (18, 23). However, there seems to be
a limit to such increases (43), and this limit has been suggested
to reflect limitations in WM capacity (24, 44, 45). Specifically,
failure in keeping PFC engaged appears to be the basis for
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capacity limitations (29, 46). The need to keep PFC sufficiently
engaged seems to be an age-invariant characteristic limiting WM
performance.

Previous findings regarding older adults’ response to a WM
challenge are contradictory, with some reporting a decreased
response (29, 30), and others reporting no age-related decline in
responsivity (31). The present study adds to this picture in two
ways. First, as can be seen in Fig. 4, similar to Mattay et al. (29),
we found differences in responsivity between age groups. Sec-
ond, we provide evidence that the responsivity not only differs
between age groups but also differs between high and low
performers of the same age (Fig. 5), such that low performers
reach their responsivity limits sooner than high performers, an
effect that is particularly pronounced in older adults (as shown
by the age X performance X load interactions). Thus, not only
does performance modulate dose—response functions in most
ROlIs, but this effect is greater for older adults in the majority
of ROIs. Old-age specific factors might dampen the responsivity
of the BOLD response to WM challenge in older adults (36).
First, because of age-related decline in processing efficiency,
older adults might need to activate control regions already at a
low load, so that activation cannot be much increased when task
difficulty increases (47, 48). The present data suggest that young
high performers do not require much prefrontal activation at low
task demands and show an adaptive increase of activation as
difficulty increases. Old high performers recruit PFC more
extensively already at a low load and do not show much change
with load, reflected in performance decreases compared with
high-performing younger persons (Figs. 2 and 5). Old low
performers do not seem to be able to recruit PFC control regions
sufficiently. Second, physiological changes, which differ reliably
between older individuals (49), may reduce the responsivity of
PFC to a WM challenge. PFC regions are known to be partic-
ularly compromised in old age, reflecting senescent changes in
neuroanatomy, such as gray- and white-matter losses (49), and
neurochemistry, such as impaired dopaminergic neuromodula-
tion (50).

We directly examined the relation of neural responsivity to
WM performance by creating a difference score as an index of
change in activation from load 3 to load 7, and relating this
score to accuracy at load 7. If greater responsivity leads to
better performance there should be a positive correlation
between the difference score and accuracy. Critically, we
found a positive correlation in PMC across both age groups,
suggesting that responsivity in this region is closely linked to
spatial WM functioning. Rostro-dorsal PMC is known to be
involved in spatial memory and spatial attention (15, 39). Thus,
as task difficulty increases, the use of PMC seems to become
increasingly beneficial to performance. The observed corre-
lation extends findings of a positive correlation between
activity in the right PMC and WM performance under high-
load conditions in younger adults (39).

The present data show that responsivity of the WM network
to changing task demands is critical to successful task perfor-
mance and that age differences in dose-response functions are
modulated by performance. In a prior study on age differences
in spatial WM, Mattay et al. (29) found an inverted U-shaped
BOLD response in younger adults and a decreasing response in
older adults across load. Probably, the younger adults in that
study were placed at the top of the inverted U-shaped curve and
older adults at the declining part. The present study adds to this
evidence by demonstrating that the relative position on the curve
is also determined by performance level within age group,
particularly in older adults. Thus, some of the discrepant results
in fMRI aging studies on WM may reflect differences in
performance level, in addition to differences related to age.
Given the marked heterogeneity in neuronal and behavioral
aging (13, 49), it seems warranted to qualify statements about

22556 | www.pnas.org/cgi/doi/10.1073/pnas.0908238106

adult age differences in brain activation patterns in light of
individual differences in performance within age groups. Hidden
heterogeneity in activation patterns may lead to inadequate
generalizations. For instance, in this study, the brain activation
patterns observed in the full group of older adults (Fig. 4) did not
provide a valid approximation of the patterns observed in older
low and high performers.

It is debated whether the activation of additional brain regions
in older participants is compensatory or dysfunctional depending
on the specific site activated (34, 48, 51-53). Our results con-
tribute to this debate, because older adults were able to attain
levels of performance within the range of younger adults without
showing signs of compensatory activation in the WM network.
Put differently, showing a “youth-like” load-dependent modu-
lation of the BOLD signal when being old was associated with
higher levels of spatial WM performance.

Methods

Participants. Thirty younger and 30 older adults participated. The mean age of
the younger sample was 25.6 years (SD = 3.0, 13 females), and the mean age
of the older sample was 64.1 years (SD = 3.0, 13 females). Due to technical
failure, additional demographic information of four young and one old
participant was missing. Of the remaining 55 participants, years of education
were 18.0 (SD = 2.9) for the younger adults and 16.2 (SD = 3.4) for the older
adults. Participants were recruited from a database of the Max Planck Institute
for Human Development in Berlin and via newspaper announcements and
were paid for their participation. They were all right handed, had normal or
corrected-to-normal vision, no history of neurological or psychiatric disease,
and did not take psychiatric medication. The study was approved by the ethics
committee of the Charité University Medicine, Berlin, and written consent was
obtained from participants before investigation.

Behavioral Task. We used a spatial delayed-matching task, in which subjects
saw points appearing on a screen. After a mask and a fixation delay, a probe
point appeared. Participants had to indicate by a button press whether the
location of the probe matched the location of one of the stimulus points they
had seen in a given trial (for details, see S/ Methods and Fig. S1).

Testing Procedure. Before entering the scanner, participants filled out a form
for demographic information and received verbal instructions about the task
and then practiced the task for up to three runs.

MRI Data Acquisition. Acquisition of imaging data were carried out by using
standard procedures described in S/ Methods.

Data Analysis. Behavioral data. Behavioral data were analyzed with ANOVAs
using SPSS for Windows 15.0 (SPSS). Repeated-measures ANOVAs were con-
ducted with age (young, old) as a between-subjects factor and load (one,
three, seven points) as a within-subjects factor. Analyses were conducted
separately for accuracy and response times. For the analysis of response times,
trials <200 ms were discarded, and only correct responses were included in the
analysis.

In a second step, participants were grouped based on their performance.

The 10 highest and the 10 lowest performers were selected based on the mean
of their performance level (accuracy) at load 3 and load 7. To examine group
differences in task performance, first an age X performance X load repeated-
measures ANOVA was conducted for accuracy and correct response times.
Second, for each age group, a repeated-measures ANOVA (performance X
load) was conducted. Finally, by using an independent samples t test, the
accuracy of young low and old low performers was compared directly, because
these groups had very similar performance levels.
MRI data. MRI data were analyzed by using a mixed-effects approach within
the framework of the general linear model (GLM) asimplemented in FSL. Each
regressor of the GLM was set to model a whole trial, including encoding,
maintenance, retrieval, and response with a duration of 7,000 ms. Group
effects were computed by using the transformed contrast images in a mixed-
effects model treating subjects as a random factor. A threshold of z > 3.1 (P <
0.001, cluster threshold of 20) was used for the exploratory whole-brain
analysis. For FSL analysis details, see S/ Methods.

The WM network was investigated in a voxel-based analysis by comparing
load 7 with load 1 in both age groups. The load effect was assessed in two
steps: First, we examined whether there were regions where both younger
and older adults showed an increase with load. We computed a conjunction
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map of the load effects (load 7 compared with load 1) in the two age groups
(P < 0.001, uncorrected) (see Table S1). Next, we tested whether there was a
load X age interaction by contrasting the load effect maps of younger and
older adults.

We conducted a ROl analysis, with ROls in bilateral DLPFC, rostrodorsal PMC
(RDPMC), and PPC. We defined the ROIs based on functional activation during
spatial WM task performance. Within each age group, we calculated a con-
trast comparing WM task-related activation (mean of loads 1, 3, and 7) to
fixation baseline. Based on this contrast, we then generated a conjunction
map showing regions where the increase in BOLD signal was significant (P =
0.005, uncorrected) for all conditions in both younger and older adults. Finally,
we defined ROIs by placing an 8-mm sphere around the peak activation in
these regions (for MNI coordinates of ROIs, see Table S2). From these ROls,
percent signal change was extracted per subject for the three load conditions.
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Several repeated-measures ANOVAs were conducted to test age and perfor-
mance group differences in signal change with load in these ROIs. For a
detailed description of the analyses see S/ Methods.
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