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a b s t r a c t
Efﬁcient encoding of relevant information and suppression of irrelevant information inﬂuence working memory (WM) performance, which is limited and declines in adulthood. A cued Sternberg WM task and electroencephalographic recordings (EEG) were used to investigate encoding and control operations in response to
to-be-remembered (REM) and not-to-be-remembered (NREM) stimuli in younger and older adults. Younger
and older adults selectively remembered REM items in a ﬁnal recognition memory test. During early stages of
stimulus processing, inter-trial phase stability was higher for REM than for NREM items in younger and older
adults, presumably reﬂecting preferential encoding of REM items. At later stages, the oscillatory power of oscillations in the alpha/beta frequency range was higher for NREM than for REM, presumably reﬂecting the inhibitory top–down suppression of task-irrelevant information. Early phase stability was selectively related to
working memory performance in younger adults and high-functioning older adults. The results of this study
reveal the differential contributions of low-level feature binding and strategic control components to adult
age differences in WM, and show that older adults with more youth-like processing dynamics tend to achieve
higher levels of performance.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction
The capacity of working memory (WM), our ability to shortly
maintain and manipulate relevant information, is constrained (Luck
and Vogel, 1997; Miller, 1956) and shows large variation within and
between persons (Eng et al., 2005; Vogel and Awh, 2008). One important factor contributing to interindividual differences in the WM performance range is the efﬁcient control of WM contents (Freunberger
et al., 2009; Gazzaley et al., 2005, 2008; Sauseng et al., 2009; Vogel et
al., 2005), in particular, when both relevant and irrelevant information is present in the environment.
Recent evidence suggests that the inhibition of irrelevant information is closely related to the power of oscillatory brain activity in the
alpha-frequency range (i.e., 7–14 Hz) (Freunberger et al., 2009, 2011;
for a recent review, see Klimesch et al., 2007; Palva and Palva, 2007;
Romei et al., 2008; Thut et al., 2006; van Dijk et al., 2010). For example, by combining EEG and repetitive transcranial magnetic stimulation (rTMS), Sauseng et al. (2009) recently found that the amplitude
of lateralized alpha oscillations co-varies with the amount of
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irrelevant information and predicts individual WM capacity. More
importantly, the application of rTMS (at alpha frequencies) over cortical sites processing irrelevant information led to increments in WM
performance. Relatedly, when participants successfully ignore taskirrelevant stimuli, alpha amplitudes increase already prior to
stimulus-onset (Freunberger et al., 2009) (Fig. 1).
In addition to the role of oscillatory power for inhibition processes,
the synchronicity of neural oscillations provides a mechanism for the
timing of neuronal information processing and the successful formation
of integrated representations, i.e., binding (Fries, 2005; Klimesch et al.,
2007; Singer and Gray, 1995; Von der Malsburg, 1981). For example, increased inter-trial phase stability for relevant compared to irrelevant information reﬂects a restructuring of neuronal information processing in
the service of perceptual encoding (Hanslmayr et al., 2005; Mathewson
et al., 2009). In a similar vein, Klimesch et al. (2011) argue that alpha
phase locking in response to stimulus presentations reﬂects the successful encoding of global stimulus features, i.e., feature binding.
With advancing adult age, WM performance declines (Cowan et
al., 2006; Park and Payer, 2006). Prominent aging theories posit decrements in control processes as one of the key determinants of general cognitive decline (Baltes and Lindenberger, 1997; Hasher and
Zacks, 1988; Salthouse, 1996). This theoretical proposition is supported by recent studies that observed a selective age deﬁcit in the
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Fig. 1. Schematic depiction of experimental procedures in the modiﬁed Sternberg WM task and examples of stimuli used. Each item was preceded by a cue either indicating to remember (thumb up) or to not remember (thumb down) the upcoming item. In each run 12 items were presented, with the number of to-be-remembered items (REM) and not-tobe-remembered items (NREM) depending on the load condition. Each run ended with the presentation of a single memory probe, for which the participant should indicate whether
it was part of the memory set (‘old’) or not (‘new’).

suppression of irrelevant information in particular during early stages
of WM encoding (Gazzaley et al., 2005, 2008). These studies suggest
that inhibitory control of WM contents may not be disabled
completely in older adults, but rather delayed in time (Jost et al.,
2011; Zanto et al., 2010). In addition, the robustness of inhibitory
mechanisms depends on the task difﬁculty and the individual performance level. A recent study by Sander et al. (2012) demonstrated that
late inhibitory processes reﬂected in lateralized alpha power differences between relevant and irrelevant information are less robust in
older adults and break down when WM capacity is overtaxed.
How the interaction between early and late WM control processes
is affected in advancing age is still an open question. Nevertheless, the
above cited ﬁndings suggest that, age deﬁcits in early control mechanisms may impair later processing stages by increasing the demands
on late selection processes (Velanova et al., 2007) and this effect may
be exaggerated when individual processing limits are reached
(Sander et al., 2012).
Here, we examine whether phase-locked and non-phase-locked
oscillatory brain activity differentially contributes to age differences
in controlling the contents of WM, by assessing task related modulations of inter-trial phase-stability and oscillatory power, respectively.
Towards this end, younger adults and older adults performed a cued
version of the Sternberg WM paradigm with variable set sizes
(Freunberger et al., 2009; Sternberg, 1966). In this task, participants
were informed prior to stimulus presentation whether they should
memorize or ignore the upcoming stimulus. This procedure allowed
to dissociate neuronal processes related to the encoding of relevant
information from control mechanisms in the service of suppression
of irrelevant information. A ﬁrst set of analyses therefore used a
data-driven approach to identify reliable effect patterns that dissociate the processing of relevant versus irrelevant information in younger and older adults. To anticipate the results, we observed similar

neural mechanisms in both age groups. To test for the possibility
that younger and older adults differentially recruit a subset of processes to support performance, we conducted neuro-behavioral correlation analyses for the identiﬁed effects in order to reveal their
contribution to inter-individual differences in WM performance.
At the same time, individual differences in WM performance increase with advancing age (Lindenberger et al., 2008). This increase
in performance heterogeneity is often ignored when younger and
older adults are compared in neural correlates of WM. However, recent reports from functional magnetic resonance imaging studies
(fMRI) suggest a dependence of fMRI brain activation patterns on
the performance level in WM tasks (Nagel et al., 2009; SchneiderGarces et al., 2010). Therefore, we checked the age groups in the present study with regard to performance homogeneity in the WM task.
To foreshadow the results, we found evidence for a unimodal performance distribution in younger, but a bimodal distribution in older
adults, supporting the assumption of homogeneous performance
levels in younger, but not in older adults. A second set of analyses
therefore took the performance level of older adults (high versus
low performers) into account when comparing the oscillatory EEG
correlates of WM processes.
2. Materials and methods
2.1. Participants
The effective sample comprised 20 younger adults (YA; mean age
23.9 years, range 21.6 to 25.8 years, 11 women), and 22 older adults
(OA; mean age 72.9 years, range 70.3 to 76 years, 8 women). Descriptive sample characteristics and a summary of covariate measures are
presented in Table 1. The participants were recruited from the participant pool of the Max Planck Institute for Human Development,
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Table 1
Descriptive summary of covariate measures.
Measure

Age
Digit symbol substitution test
Vocabulary
Close vision
Far vision

Young adults
(n = 19)

Older adults
(n = 21)

M (SD)

M (SD)

23.93 (1.39)
76.16 (10.74)
24.11 (3.68)
0.90 (.09)
1.39 (.49)

72.90 (1.68)
51 (8.96)
28.82 (2.84)
0.38 (.16)
0.80 (.47)

Note: Independent samples t-tests (assuming unequal variance and sample size) reveal
reliable differences between age groups in all covariate measures (with t-values ranging from 3.92 to 12.64; all p b 0.0004). The high- and low-performing groups of older
adults did not differ in any of the measures (all t b 1.38; all p > .18).

Berlin, Germany (MPIB). All participants provided written informed
consent according to institutional guidelines of the ethics committee
of the MPIB. All participants were right-handed, as assessed with the
Edinburgh Handedness Inventory (Oldﬁeld, 1971), reported to be in
good health with no known history of neurological or psychiatric diseases, and were paid for participation. In addition to participants included in the effective sample, data from one younger adult, and
four older adults were also recorded. However, these data had to be
discarded from further analyses after artifact rejection due to excessive muscle noise or technically unsatisfactory recordings. In addition,
one younger participant did not complete the ﬁnal recognition test
due to scheduling issues (data from this participant is included in
the analysis of the WM task).
2.2. Experimental procedures
Prior to electrode placement, participants ﬁlled out a demographic
and health-related questionnaire. Visual acuity and two marker tests
of ﬂuid and crystallized intelligence were assessed as well.
Visual acuity was measured in Snellen decimal units at two different distances using a standard table with Landolt rings (Geigy, 1977).
Close visual acuity was measured separately for the left and the right
eye at a distance of 30 cm. Distance visual acuity was assessed binocularly at a distance of 5 m to the participant. All measures were taken
with the best optical correction (i.e., glasses) available to the participant because the experimental procedures were carried out in the
same mode.
Two cognitive tests were used to document the age typicality of
the sample. Perceptual speed as a broad ﬂuid marker was assessed
with the Digit Symbol Substitution Test (Wechsler, 1958), and verbal
knowledge as a broad crystallized marker was assessed with the
Spot-a-Word test (adapted from Lehrl, 1977; see Lindenberger et al.,
1993).
After electrode placement, participants were seated comfortably
in a dimly lit as well as electromagnetically and acoustically shielded
room. The EEG measurement started with a 6-minute relaxation
phase (resting-state EEG: 3 min with eyes closed and 3 min with
eyes open). Afterwards, the participants performed one practice
block and six experimental blocks (with eight trials per block) of
the WM task described below.
After the EEG measurement, participants had a short break of
15–20 min, and were then informed about a surprise recognition
memory test for the images from the WM phase (described in detail
below). The whole session lasted approximately 3.5 h.
2.3. Stimuli
Scene stimuli were taken from a publicly available database (Fei-Fei
and Perona, 2005). Each stimulus was depicted in gray-scale (8 bit/
pixel) and had a size of 256 × 256 pixel. All images were equated for
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luminance and contrast, and had identical magnitude spectra (i.e., the
average magnitude spectrum of all images used). The average magnitude spectrum was combined with the corresponding phase spectrum
of each single image (see Philiastides and Sajda, 2006 for similar procedures). Stimuli were presented on a gray background via a Liquid Crystal Monitor (LCD, refresh rate: 60 Hz). The stimuli subtended
approximately 4° by 4° of visual angle from a viewing distance of
70 cm. Stimulus-presentation and recording of behavioral responses
were controlled with the E-Prime v1.2 software (Psychology Software
Tools, Inc., Pittsburgh, PA, USA).
2.4. Modiﬁed Sternberg WM task
During WM assessment, each trial began with a screen presented
for 1000 ms indicating the start of the next trial. Afterwards, a cue
was shown for 800 ms. Cues indicated whether the following scene
stimulus should be part of the memory set or should be ignored.
The cues were 100% valid. After a blank screen interval (600 ms) a
scene stimulus was shown for 2000 ms, which was again followed
by a blank interval (1000 ms). Within each trial, 12 stimuli were presented in total. WM load was manipulated by varying the number of
to-be-remembered (REM) and not-to-be-remembered (NREM) cues.
Accordingly, a LOAD 4 condition contained four REM and eight
NREM stimuli, while the LOAD 6 condition contained six REM and
six NREM items. Immediately after the last scene stimulus of a given
trial, a blank screen interval of 2000 ms marked the retention delay.
This was followed by a warning screen (1000 ms), after which one
memory probe was shown for up to 5000 ms, or until the participant's response.
After practice, participants performed six experimental blocks,
with eight trials per block. Each experimental block contained four
LOAD4 and four LOAD6 trials. For half of the trials in each block and
load-condition, the probe stimulus had been part of the memory
set. For the other half of the trials, the probe stimulus was a completely new item. Responses were collected with a custom build response
pad and the response assignment to the left and right index ﬁnger
was balanced across participants. The start of the following trial was
self-paced by the participant.
2.5. Final recognition memory test
For the unexpected ﬁnal recognition test, 40 REM and 56 NREM
stimuli were selected from the third and fourth experimental block
of the WM task (the unequal numbers are due to the number of available stimuli in the third and fourth block). These old scene stimuli
were intermixed with 91 new items, not seen before. The two ﬁrst
and two last blocks of the WM task were discarded to prevent primacy and recency effects on later recognition performance. To assure
that none of the old items in the recognition test had been presented
more than once before, probe items were not included. Participants
were instructed to respond ‘old’ to all items seen during the WM assessment, that is, to both REM and NREM items. Each trial started
with a ﬁxation cross for 1000 ms, followed by presentation of the recognition probe (3000 ms). After indicating their old/new judgment,
participants were asked for their conﬁdence on a three-point scale
from ‘sure’ (in German ‘sicher’) to unsure (‘unsicher’).
2.6. EEG recordings and preprocessing
EEG was recorded continuously (BrainAmp ampliﬁers, Brain Products GmbH, Gilching, Germany) from 60 Ag/Ag–Cl electrodes embedded in an elastic cap (EASYCAP GmbH, Herrsching, Germany). To
monitor eye movements, three additional electrodes were placed at
the outer canthi (horizontal EOG), and below the left eye (vertical
EOG). During recording, all electrodes were referenced to the right
mastoid electrode, the left mastoid electrode was recorded as an
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additional channel, and ground was placed at location AFz. Electrode
impedances were maintained below 5 kΩ before recordings. The EEG
was recorded with a pass-band of 0.1 to 250 Hz and digitized with a
sampling rate of 1000 Hz for later off-line analyses.
Preprocessing comprised the following steps: First, after rereferencing to linked mastoids, the Laplacian current source density
was calculated for all EEG channels (order of splines: 4; maximum degree of Legendre polynomials: 10; lambda: 1 e−5) in order to attenuate effects due to volume conduction. Second, the data from the WM
encoding phase were segmented from − 2 s (600 ms prior to cueonset) until 2 s after stimulus onset and the mean across the entire
4 s epoch was subtracted to control for drifts. Note that no further
baseline correction was applied in any of the later processing steps.
Third, trials from all experimental conditions were combined (within
subjects) and automatically screened for extreme or untypical eye/
muscle artifacts by means of kurtosis and frequency measures
(Delorme et al., 2007) as follows: We computed the kurtosis and
Fourier-spectra of each single trial. Afterwards, the distribution of
kurtosis values, as well as the mean power in low (0.5 Hz to 5 Hz)
and high frequency ranges (15 Hz to 100 Hz) was determined. Trials
were discarded from further analyses if the respective kurtosis/
power value exceeded the 99% conﬁdence interval at any electrode
location. The remaining trials were concatenated. Fourth, an independent component analysis (ICA; Delorme et al., 2007; Jung et al., 2000)
was performed. Each independent component (IC) was visually evaluated based on their topographical proﬁle, time course, and frequency characteristics. ICs reﬂecting eye or muscle activity were discarded,
and the remaining ICs were used for backprojection into sensorspace. All further analyses were carried out in sensor-space based
on the backprojection of non-artifact ICs.

3. Data analysis
3.1. Analysis of EEG data
Time- and frequency-domain analyses of the EEG data were carried out using the FieldTrip software package (developed at the F.C.
Donders Centre for Cognitive Neuroimaging, Nijmegen, The Netherlands; http://www2.ru.nl/fcdonders/ﬁeldtrip/) and custom-made
routines operated in MATLAB 7.4 (The MathWorks Inc., Natick, MA,
USA).
To extract oscillatory power and phase from 4 Hz to 30 Hz in steps
of 1 Hz, the amplitude time-series of each single trial at each electrode was convolved with a set of Morlet-wavelets of seven cycles
length. The time-varying power of the signal for each center frequency is given by the squared norm of the respective complex-valued
wavelet-coefﬁcients. The time-varying phase is given by computing
the inverse tangents of the ratio of the real and imaginary parts of
the wavelet coefﬁcients (e.g., Tallon-Baudry et al., 1998; WerkleBergner et al., 2009).
The general analysis strategy for the time-frequency decomposed
data followed a summary statistics approach as it is common for functional magnetic resonance imaging (fMRI) data (Holmes and Friston,
1998; Mumford and Poldrack, 2007). For the ﬁrst-level analysis, we
quantiﬁed the main effect of interest, i.e., the difference between to
be remembered and not to be remembered items, within subjects
across trials by means of t-tests. The resulting statistical maps were
further subjected to second-level between subjects analyses by comparing the mean effect across subjects (expressed as z-values) against
zero. To control for multiple comparisons, the resulting groupstatistical maps were thresholded by means of a false-discovery rate
procedure (FDR, Benjamini and Hochberg, 1995; Nichols and
Hayasaka, 2003) assuming an overall signiﬁcance level of p b 0.01.
Note that therefore Figs. 4 and 7 directly represent the statistical results, similar to statistical parameter maps in fMRI analyses. The

speciﬁc details for the analysis of power and phase information will
be outlined below.
For analyses of oscillatory power, the difference between NREM
and REM items was quantiﬁed within subject by means of independent sample t-test (assuming unequal number of trials and unequal
variance) for each time-frequency point at each electrode. The resulting t-values were converted to z-scores (Hughett, 2007), and pooled
across posterior channels (i.e., P1/2, P3/4, P5/6, P7/8, Pz, PO3/4,
PO7/8, POz, O1/2, Oz). The choice for this cluster of electrodes was
motivated by previous studies reporting oscillatory correlates of
WM-control mechanisms to be maximal over posterior regions (e.g.,
Freunberger et al., 2009; Sander et al., 2012). The ﬁnal z-values represent the normalized difference between REM and NREM items (van
Dijk et al., 2010). Variance estimates for each time-frequency point
were derived with a leave-one-out jackknife procedure (Bauer et al.,
2006). Afterwards, group analyses were conducted separately for
younger and older adults. At each time-frequency point, we tested
the mean z-score across subjects against zero by means of a z-test, assuming no difference between NREM and REM items on the group
level. From the resulting statistical maps, masks were created to identify regions with statistically reliable differences. To control for multiple comparisons, a FDR was applied assuming an overall signiﬁcance
level of p b 0.01.
To quantify the phase stability of ongoing oscillations across trials
(= inter-trial phase stability), the phase-locking index (e.g., Lachaux
et al., 1999) was computed for each subject, electrode, and timefrequency point, separately for REM and NREM items. Again, variance
estimates were derived with a jackknife procedure (for details see,
Werkle-Bergner et al., 2009). Afterwards, the same statistical procedures (within subject t-test, conversion to z-scores, pooling, group
analysis, thresholding etc.) were performed as described for the analyses of oscillatory power.
This procedure allowed for a data-driven deﬁnition of timefrequency regions of interest (TF-ROIs), based on the resulting statistical maps separately for each age group for power (Fig. 4) and intertrial phase-stability (Fig. 7) analyses. Note that these tf-ROIs themselves
represent already statistically signiﬁcant results, similar to statistical parameter maps in fMRI analyses.
To extract a mean z-score for each subject within the TF-ROI, the
respective z-score maps (pooled over posterior electrodes) were
masked with the group-level effect. In each TF-ROI, the mean zvalue for each subject was then calculated by averaging timefrequency points that revealed a reliable difference at the group
level. Note that this procedure guarantees that all time-frequency
points contributing to the single-subject estimates do indeed show
a statistically reliable, i.e., p b .05, difference at the group level. These
individual z-scores were then used for age group comparisons and
neuro-behavioral correlation analyses.
3.2. Analysis of behavioral data
To compare performance in the WM task between age groups the
percentage of correct responses as well as the median response latencies within subjects was computed separately for each of the two load
levels. Afterwards, mixed measures analyses of variance (ANOVA)
were conducted with age group (YA vs. OA) as between-subjects factor and load (four items vs. six items) as within-subjects factor, separately for percentage correct and RT.
To quantify the performance in the unexpected ﬁnal recognition
test, hit rates (HR; i.e., correct ‘old’ responses to items shown during
the WM test) and false alarm rates (FAR; i.e., incorrect ‘old’ responses
to new items) were computed for each subject. Corrected recognition
scores (i.e., Pr-values; Snodgrass and Corwin, 1988) were calculated
as HR minus FAR, and analyzed with a mixed measures ANOVA
with age group (young adults vs. older adults) as between-subjects
and item type (REM vs. NREM) as within-subjects factor.
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Omnibus ANOVAs were followed up by contrasts when appropriate. The alpha level for all statistical analyses was set to α = .05,
with Bonferroni adjustments when needed. For reliable effects and
for trends (.1 > p > .01), effect sizes are indicated by reporting partial
eta-squared (ηp2; (Hullett and Levine, 2003) or Cohen's d (Cohen,
1988). All analyses involving behavioral data were computed with R
(http://www.r-project.org/).
Recent reports suggest that age differences in neural activation
patterns in WM tasks may depend on the individual performance
level (Nagel et al., 2009; Schneider-Garces et al., 2010). In addition
to mean level comparisons of performance, we therefore checked
the homogeneity of our YA and OA samples (see Fig. 2B). To quantify
age-group speciﬁc between-person differences in WM performance,
we compared the distribution of percentage correct scores across
load conditions within age groups for deviations from unimodality
by means of the dip test (Hartigan and Hartigan, 1985). To test for
statistical signiﬁcance, 1000 random samples from a uniform random
distribution were drawn, with the same sample size as the groups of
younger and older adults, respectively. For each random sample, the
respective value of the dip statistic was calculated. The actual values
for younger and older adults were compared against the bootstrapped distributions of dip values from the uniform random
distribution.
3.3. Analysis of neurobehavioral correlations
To test whether task dependent modulations in oscillation amplitude and/or phase-stability predict WM performance, we conducted
neurobehavioral correlation analyses between the percentage of correct responses in the WM task and the normalized differences

Fig. 2. Summary of behavioral results in the WM task. (A) Mean percentage of correct
responses (left-hand side of panel A, “WM Accuracy”) and mean of the median response latencies (right-hand side of panel A, “WM Reaction Time”), for older and younger adults, separately for LOAD 4 (black) and LOAD 6 (gray) conditions. Note: Error
bars in panel (A) indicate the standard error of the mean. Reliable effects (p b .05) are
marked my asterisks. (B) Inter-individual differences in WM accuracy (percentage of
correct responses averaged across LOAD 4 and LOAD 6 conditions) reveal a unimodal
distribution (black curve) in younger adults (left-hand side of panel C) and a bimodal distribution in older adults (right-hand side of panel C). Each dot represents a
single participant. The broken vertical line marks the group-speciﬁc median. Participants below or above median performance (group-speciﬁc) are marked in gray and
black, respectively.
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(expressed in z-scores) in oscillatory power (NREM minus REM)
and indicators of phase-stability (REM minus NREM).
To control for possible effects of outliers that are likely to bias the
analyses with small samples, we conducted a bootstrap analysis on
the neurobehavioral correlations, separately for the different participant groups. For this set of analyses, we drew 10,000 random samples
with replacement. For each bootstrap replication, we calculated the
correlation coefﬁcient. Afterwards, we determined the 95% conﬁdence interval (CIboot) around the mean correlation, by identifying
the lower and upper 2.5%-values of the sorted bootstrapcorrelations. Correlations were regarded reliable, if the bootstrapped
95% CI did not include zero, which corresponds to a signiﬁcance
level of α b .05.
4. Results
4.1. Behavioral performance
With regard to WM performance (see Fig. 2), mixed measures
ANOVAs revealed a main effect of age group for correct responses,
F(1,40) = 8.3, p b .05, η 2 = .17, and response latencies, F(1,40) = 48.3,
p b .05, η2 = .55. YA (M = .87, SE = .02) showed higher performance
than OA (M =.78, SE = .03) as well as shorter response latencies (YA:
M = 1788 ms, SE= 91.9; OA: M = 2654 ms, SE= 88.2). Neither the
load main effects (LOAD 4 vs. LOAD 6), nor the age group × load interactions reached signiﬁcance, all Fsb 1.8, all ps >.18.
The omnibus ANOVA of the ﬁnal recognition test (see Fig. 3) revealed
a main effect of item type (REM vs. NREM), F(1,39) = 95.3, p b .05,
η2 = .71, and an item type x age group interaction, F(1,39) = 8.7,
p b .05, η2 = .18. Post-hoc t-tests conﬁrmed that in both age groups
REM items were recognized reliably above chance, YA: t(18) = 7.7,
p b .0125; OA: t(21) = 7.1, p b .0125. In contrast, recognition performance for NREM items was at chance level in both age groups, YA:
t(18) = 1.1, p > .1; OA: t(21) = 1.5, p > .1. Thus, apparently, participants
from both age groups actively suppressed the processing of NREM
items during the WM phase while trying to efﬁciently encode the relevant information from REM items. In addition, younger adults showed
higher recognition performance for REM items than older adults, Welch's test: t(31)= 2.5, p b .05, d = .88.
In addition to mean performance level differences between younger and older adults, we observed larger performance heterogeneity
in our sample of older relative to younger adults. The analysis of age
group homogeneity by means of the dip test revealed p-values of
p > .80 and p b .05 for younger and older adults, respectively, supporting the assumption of unimodality for younger but not for older
adults. Put differently, this result suggests the presence of two distinct groups of OA within our participant sample. Close inspection
of Fig. 2B reveals that the low (OA-L) and high (OA-H) performing
groups are indeed clearly separated by the median (broken vertical

Fig. 3. Summary of recognition memory performance. Corrected recognition scores, i.e.,
Pr-values (computed as HR minus FAR), for older and younger adults, separately for
REM (black) and NREM (gray) items. Note: Error bars indicate the standard error of
the mean. Reliable effects (p b .05) are marked by asterisks.
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line in Fig. 2B), i.e., a traditional median split would result in exactly
the same division of older participants. In fact, WM performance
was reliably higher in OA-H (M = 0.88, SE = .02) compared to OA-L
(M = 0.68, SE = .02), t(19.8) = 9.3, p b .05. Although not originally
intended as a design factor, for some analyses of the EEG measures,
we will split the group of older adults in order to highlight the role
of performance heterogeneity for the interpretation of age-group differences in oscillatory EEG measures.
4.2. Oscillatory power
With regard to oscillatory power, four effect patterns were found
to reliably dissociate the processing of NREM from REM items in
both younger and older adults during WM encoding (see Fig. 4),
with higher oscillatory power for NREM than for REM items. First, already in response to the instruction cue, NREM items elicited higher
power (with a peak in the alpha frequency range) than REM items
(CUE effect; 1000 ms to − 500 ms; 7 Hz to 12 Hz). Second, also at
stimulus onset, alpha power was higher for NREM items than for
REM items (STIM effect; −200 ms to 200 ms; 7 Hz to 12 Hz). In addition, two additional effects representing reliable differences in

oscillatory power between NREM and REM items occurred during
later phases of stimulus presentation (600 ms to 1700 ms) that
could be divided into a lower component in the alpha frequency
range (LATE LOW, 7 Hz to 12 Hz) and a higher component in the
beta frequency range (LATE HIGH, 13 Hz to 19 Hz). The results are
graphically summarized in Fig. 4. The gray rectangles mark the TFROIs referring to the four effects described above that were then
used to extract mean z-scores for comparisons across age groups
and neuro-behavioral correlation analyses.
A direct comparison of YA and OA with regard to the four effects of
interest revealed no reliable age differences in power modulations, all
Fs b 1.75 and all ps > .19, suggesting that overall similar inhibitory
neuronal mechanisms related to alpha and beta oscillations contribute to the control of WM in both age groups.
To investigate the functionality of these mechanisms, we conducted neuro-behavioral correlation analyses between the neural effects and WM performance separately for the two age groups (see
Fig. 5).
For young adults, the difference in oscillatory power between NREM
and REM items was positively associated with WM performance during
the late phases of stimulus processing in both low, LATE LOW: r = .67,

Fig. 4. Time-frequency representations (TFR) of differences in oscillatory power (NREM minus REM), separately for younger and older adults. The TFRs depict the mean z-scores for
each age group masked at a signiﬁcance level of p b .01 (FDR-corrected; for details, see Materials and methods). Gray rectangles mark the TF-ROIs for CUE (− 1000 ms to − 500 ms;
7 Hz to 12 Hz), STIM (− 200 ms to 200 ms; 7 Hz to 12 Hz), and LATE effects (600 ms to 1700 ms; LOW: 7 Hz to 12 Hz; HIGH: 13 Hz to 19 Hz) effects. Topographical maps below each
TFR depict the scalp distribution of the normalized NREM minus REM difference averages in the respective TF-ROI. The locations of the posterior electrode ROI used for averaging
are highlighted in gray.
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CIboot: 0.25–0.74, p b .05, and high frequency ranges, LATE HIGH: r = .51,
CIboot: 0.44–0.82, p b .05. Neither during cue-processing, CUE: r = .24,
CIboot: − 0.25–0.61, p > .05, nor during the early phases of stimulus
processing, STIM: r = .22, CIboot: −0.23–0.6, p > .05, was the difference
in oscillatory power predictive for WM performance in young adults.
Also among older adults, the differences in oscillatory alpha and
beta power during later processing stages were predictive for interindividual differences in WM performance, LATE LOW: r = .57, CIboot:
0.31–0.77, p b .05, LATE HIGH: r = .58, CIboot: 0.25–0.8, p b .05. In addition, the differential deployment of top–down control in anticipation
of an upcoming WM item differentially contributed to the performance
on the WM task in the group of older adults, as reﬂected in a signiﬁcant
correlation between WM performance and alpha power in the cue interval, CUE: r = .55, CIboot: 0.22–0.78, p b .05. Like in younger adults, the differences in oscillatory power during early phases of stimulus processing
were not associated with inter-individual differences in WM performance, STIM: r = .25, CIboot: −0.23–0.66, p > .05.
We followed up on this analysis by taking into account the larger
heterogeneity in the sample of older adults. Univariate ANOVAs with
group (three levels: YA, OA-H, OA-L) as between subjects-factor were
conducted separately for each effect of interest identiﬁed in the prior
analysis (see Fig. 6). Early oscillatory markers of WM control (CUE,
STIM) revealed comparable effects across the three groups, Fs
(2,39) b 2.7, ps > .08. However, for late time windows, the main effect
of group reached signiﬁcance, both Fs(2,39) > 3.2, ps b .05. Post-hoc
contrasts revealed signiﬁcantly smaller differences in oscillatory
power (NREM − REM) at low and high frequency ranges for OA-L
compared to YA (both t > 2.48, both p b .02) and OA-H (both t > 2.42,
both p b .02), pointing to a speciﬁc impairment for low-performing
OA in late selection processes. YA and OA-H did not differ (both
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t b 1, both p > .75). Thus, the analysis of mean-level differences between younger adults and the high- and low-performing older adults
groups corroborated the important role of late inhibitory selection
processes in controlling the contents of WM.
4.3. Inter-trial phase stability
With regard to inter-trial phase stability, we observed in both age
groups a strong effect in response to the onset of the scene stimuli
(0 ms to 400 ms) with reliably stronger inter-trial phase locking for
REM than for NREM items. This effect was most pronounced in
lower frequency ranges (5 Hz to15 Hz), with a slightly more widespread topography in older adults (see Fig. 7). The comparison of
this effect between age groups revealed no signiﬁcant age effect,
F b 1.19 and p > 28, suggesting again that similar neuronal mechanisms contribute to the control of WM in both age groups.
To test the hypothesis of a functional contribution of increased
phase stability to WM performance, we conducted neurobehavioral
correlation analyses between the normalized differences in estimates
of inter-trial phase-stability (REM minus NREM z-scores) and the
percentage of correct responses in the WM task (see Fig. 8).
In young adults, the difference in inter-trial phase stability between REM and NREM items reliably predicted WM accuracy,
r = 0.45, CIboot: 0.05–0.77, p b .05. In older adults, the correlation was
not signiﬁcant, r = 0.12, CIboot: −0.33–0.66, p > .05.However, when
taking into account the presence of two separate groups of older
adults (see Fig. 8, lower panels), we found a similar positive correlation of the difference in phase-stability with WM performance in
high-performing older adults, r = 0.53, CIboot: 0.01–0.94, p b .05. Only
low-performing participants did not show a reliable correlation, r =

Fig. 5. Scatter-plots illustrating the results for neuro-behavioral correlations between average working memory performance and all effects of interest with regard to oscillatory
power. The results for the group of young adults are presented on the left-hand side, while the results for older adults are shown on the right. The gray lines in each subplot represent the best-ﬁtting linear function illustrating the association between oscillatory and behavioral measures. The magnitude of the correlations is given in the upper left corner of
each subplot (in gray or black color). Reliable correlations (α b .05, i.e., the bootstrapped 95%-CI did not include zero) are shown in black, highlighted with an asterisk. The mean zscores for the differences in oscillatory power between NREM and REM items were extracted from the following TF-ROIs: CUE effect: − 1000 ms to − 500 ms, 7 Hz to 12 Hz; STIM
effect: − 200 ms to 200 ms, 7 Hz to 12 Hz; LATE ALPHA: 600 ms to 1700 ms, 7 Hz to 12 Hz; LATE BETA: 600 ms to 1700 ms, 13 Hz to 19 Hz.
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Fig. 6. Bar-charts representing group differences in power increases for NREM compared to REM items. Each bar depicts the mean z-score averaged within the TF-ROIs
for the effects of interest: CUE, STIM, LATE (LOW), and LATE (HIGH). YA are depicted
in black, high-performing OA (OA-H) in dark gray, and low-performing OA (OA-L) in
light gray. The asterisks mark the reliably lower z-scores for OA-L in the late effect windows. Error bars denote the standard error of the mean.

−0.41, CIboot: −0.78–0.12, p > .05, with a numerical trend in the opposite direction.
5. Discussion
The present study investigated whether non-phase locked and
phase-locked oscillations contribute differentially to adult age differences in the processing of relevant and irrelevant items in WM (e.g.,
Freunberger et al., 2009). Younger and older participants were
asked to remember REM items for later use while suppressing the
processing of NREM items to prevent interference.
On the behavioral level, this differential processing of REM and
NREM items led to a reliable memory advantage of REM over NREM
items in a surprise recognition memory test in both age groups.
Thus, participants from both age groups were clearly able to actively
suppress the processing of NREM items and tried to efﬁciently encode
the relevant information from REM items.
In addition to general age-differences in WM performance measures, we observed larger performance heterogeneity in the group
of older adults. The increased heterogeneity of performance differences in groups of older adults has been mostly discussed on a theoretical level before (Lindenberger et al., 2008), and had only recently
be considered as an inﬂuential factor for understanding neural correlates of attentional and memory functions (e.g., Duverne et al., 2009;
Hedden et al., in press; Nagel et al., 2009; Nagel et al., 2011). We
added to this evidence by reporting speciﬁc performance-dependent
differences in oscillatory correlates of WM processes.
5.1. Age and performance differences in control mechanism related to
oscillatory amplitude
In line with recent empirical evidence (e.g., Capotosto et al., 2009;
Romei et al., 2008; Sauseng et al., 2009) and theoretical propositions
(e.g., Jensen and Mazaheri, 2010; Klimesch et al., 2007), we regard the
amplitude of oscillations in the alpha frequency range as an indicator
of processes controlling the excitability of cortical regions.
Previous age comparative studies already reported overall reduced power as well as increasing phase-stability estimates in lower
frequency ranges (e.g., delta/theta/alpha frequencies) with advancing

age (e.g., Duffy et al., 1993; Muller et al., 2009), resonating with suggestions of impaired inhibitory control in older adults (Hasher and
Zacks, 1988). However, general amplitude differences (see Supplemental ﬁgures) between age groups can hardly be interpreted unambiguously since they might be related also to age differences in brain
size, brain geometry, or skull thickness (Frodl et al., 2001) and not to
differences in cognitive processing per se. Accordingly, in the present
report we did not focus on age main effects in the oscillatory EEG
measures as they might reﬂect an accumulation of various inﬂuence
not directly related to the task at hand (for similar arguments, see,
Gazzaley and D'Esposito, 2005; Rugg and Morcom, 2005; Segalowitz
and Davies, 2004; Werkle-Bergner et al., 2009). Here, we rather compared differences in task related phase and amplitude modulations
and their contribution to WM performance in the different age
groups, reﬂecting changes in the functionality of oscillatory
mechanisms.
With regard to amplitude modulations induced by task affordances, we observed higher oscillatory power for NREM items compared to REM items during the cue, as well as early and late
stimulus processing intervals in the alpha and beta frequency range
in both younger and older adults. Increased oscillatory power for
NREM compared to REM items reﬂects the amount of top–down control exerted during the different stages to suppress processing of
NREM items (Freunberger et al., 2009; Jensen and Mazaheri, 2010;
Klimesch et al., 2007; Romei et al., 2008). The observation of effect
patterns common to both groups suggests that in principle the very
same oscillatory mechanisms are present during neural information
processing in younger and older adults and contribute to the control
of WM contents. However, even when similar neuronal mechanisms
are available, it is plausible that younger and older adults differentially recruit a subset of processes to support performance (e.g., Sander et
al., 2011a; Velanova et al., 2007). We observed that in both age
groups, differences in oscillatory power in late phases of stimulus
processing were predictive for WM performance. The important role
of late inhibitory selection processes in controlling the contents of
WM was further corroborated by the observation that high and low
performing older adults differed only in this late oscillatory marker.
Thus, in contrast to results obtained by Gazzaley and co-workers
(Gazzaley et al., 2008; Zanto et al., 2010), in our study the amplitude
of alpha oscillations in response to cue and stimulus onset, which
were conceived as markers of top–down control during early selection processes, did not discriminate between younger and older
adults nor between high and low performing older adults. Rather,
the comparison of high- and low-performing older adults points to
late selection processes as the primary source of limitations in WM
performance in the current study.
5.2. Functional differences in phase-locked oscillations between younger
and older adults
We examined the temporal stability of oscillatory processes related to stimulus encoding by analyzing differences in phase stability
between REM and NREM items. We expected that higher phase stability for relevant than for irrelevant information, as a signature of
preferential encoding or feature binding, would predict WM accuracy
(Hanslmayr et al., 2005; Mathewson et al., 2009). In line with this assumption, we observed positive correlations between increased
phase stability for relevant compared to irrelevant information and
WM performance in young adults. This result supports the hypothesis
that phase synchronization improves the efﬁciency with which relevant information is encoded and processed (e.g., Freunberger et al.,
2009; Fries, 2005; Hanslmayr et al., 2007; Klimesch et al., 2007,
2011; Mathewson et al., 2009). Phase synchronized neural oscillations may thereby gate information processing by providing time
windows for efﬁcient neural communication (Fries, 2005; Klimesch
et al., 2007).
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Fig. 7. Time-frequency representations (TFR) of differences in inter-trial phase-stability (REM minus NREM), separately for younger and older adults. The TFRs depict the mean zscores for each age group masked at a signiﬁcance level of p b .01 (FDR-corrected; for details, see Materials and methods). The gray rectangle marks the TF-ROI (0 ms to 500 ms, 5 Hz
to 15 Hz) used for evaluation of neuro-behavioral correlations between differences in phase-stability and WM performance. The topographical map below each TFR depicts the
scalp distribution of the normalized REM minus NREM difference averages for the given TF-ROI. The locations of the posterior electrode ROI used for averaging are highlighted
in gray.

In contrast, within the group of older adults as a whole, no association between phase stability for relevant information and WM performance was observed. Follow-up analyses revealed opposing
correlative patterns in groups of low- and high-functioning older
adults. Whereas younger adults and high-functioning older adults
showed a positive association between phase stability and WM performance, low-functioning older adults did not proﬁt from increased
phase stability when encoding REM items. A similar age-differential
association between inter-trial phase stability and cognitive processing was recently reported by Muller et al. (2009). In their study, relative to younger adults, older adults were characterized by higher
phase-locking in response to auditory stimuli. Among older adults,
the correlations between inter-trial phase-locking and independently
assessed measures of perceptual speed were negative; in younger
adults, the corresponding correlations were positive.
By analogy, we tentatively suggest that the inter-trial phase locking for the low-performing group of older adults in this study may reﬂect an unspeciﬁc form of stimulus-induced, bottom–up entrainment
that does not differentiate between REM and NREM items (Gazzaley
et al., 2005, 2008; Li et al., 2006; Park et al., 2004), perhaps reﬂecting
senescent changes in the neurochemistry of the aging brain (Muller
et al., 2009; Wang, 2010; Werkle-Bergner et al., 2009). In line with

this conjectures, recent evidence from a lifespan study that relied
on a change-detection WM task (Sander et al., 2012) reports higher
inter-trial phase stability for older adults compared to children and
younger adults that was interpreted as a loss of complexity of the
neurophysiological response with advanced age (Cantero et al.,
2009; Garrett et al., 2010; McIntosh et al., 2010; Sander et al., 2012;
Thaler, 2002).
5.3. Performance related differences in the control of WM-contents
among older adults
It is important to note that the group of high-performing older
adults did not differ from the group of younger adults in its ability
to extract relevant information and to exert control during any
stage of stimulus processing. This applies to inhibitory mechanisms
reﬂected in amplitude modulations as well as early encoding processes related to stimulus speciﬁc modulations of inter-trial phasestability. By contrast, low-performing older adults were speciﬁcally
characterized by smaller differences in oscillatory power between
REM and NREM items. Furthermore, encoding processes related to
synchronized oscillatory mechanisms appear less efﬁcient in lowperforming older participants.
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few studies investigated the oscillatory mechanisms related to WM
performance in older adults so far and little is known about how lifespan changes in neuroanatomy (e.g., Raz et al., 2005) and neurochemistry (e.g., Backman et al., 2006; Li et al., 2006) during maturation,
learning, and senescence affect synchronization properties on a network level as they are reﬂected in phase and amplitude measures of
scalp EEG recordings (e.g., Muller et al., 2009; Werkle-Bergner et al.,
2009). Nevertheless, speculative hints on the possible neuroanatomical difference may be derived from fMRI ﬁndings. In line with the present report, recent investigations of age-differences in fMRI activation
patterns during WM-tasks demonstrate a dependence of the ability to
modulate neuro-vascular responses on the individual performance
level (e.g., Nagel et al., 2009, 2011; Schneider-Garces et al., 2010). In
addition, Hedden et al. (in press) could link a failure to modulate
fMRI responses according to attentional demands in a subset of their
older participants to elevated white matter hyperintensity (WMH)
burden. This ﬁnding is of special interest in the present context, as
WMHs were also shown to affect oscillatory EEG patterns (Babiloni
et al., 2008a, 2009), especially related to fronto-parietal networks
(Babiloni et al., 2008b). It is tempting to speculate that interindividual differences in white matter integrity may be commonly related to the ability to modulate attentional resources as reﬂected in
fMRI activation patterns and oscillatory EEG markers. Future research,
preferably with multi-modal imaging approaches (e.g., Debener and
Herrmann, 2008; Debener et al., 2006; Eichele et al., 2009), is deﬁnitely warranted to foster insights into dynamic structure-function relationships across the adult lifespan.
5.4. Conclusion

Fig. 8. Scatter-plots illustrating the results for neuro-behavioral correlations between average working memory performance and differences in phase-stability between REM and
NREM items. The upper and middle panels show the results for the groups of YA and OA,
respectively. The bottom panels summarize the results for high (OA-H) and low performing older adults (OA-L) on the left and right, respectively. Each black circle represents a
single participant. The gray lines in each subplot represent the best-ﬁtting linear function
illustrating the association between oscillatory and behavioral measures. The magnitude
of the correlations is given in the upper left corner of each subplot (in gray or black
color). Reliable correlations (α b .05, i.e., the bootstrapped 95%-CI did not include zero)
are shown in black, highlighted with an asterisk. The z-scores for the difference between
REM and NREM items in estimates of inter-trial phase stability were extracted from the
following TF-ROI: 0 ms to 500 ms, 5 Hz to 15 Hz.

These results are in line with the load-shift model of executive
functioning recently proposed by Velanova et al. (2007). According
to this view, younger adults as well as high-performing older adults
may have relied on a combination of early- and late-selection processes with considerable resources expended at early stages to constrain processing of relevant information. Due to senescent decline
in top–down control mechanisms, i.e., related to frontal-striatal systems (e.g., Backman et al., 2006; Raz et al., 2005), the lowperforming group of older adults may have failed to differentially adjust the processing of REM and NREM items early on, resulting in
poorly constrained representations entering later processing stages
(Li et al., 2006), which increases the demands on late selection mechanisms. But, shifting demands between early and late selection operations appears limited. When individual performance limits are
reached, oscillatory mechanisms of cortical excitability regulation in
the service of differentiating between relevant and irrelevant information break down (Sander et al., 2012).
But what may lead to the inability of low-performing older adults
to adjust control processes during encoding of WM contents? Only a

Taken together, our data are consistent with the propositions
(Freunberger et al., 2011) that (a) the greater inter-trial phase stability
for REM relative to NREM items reﬂects the preferential encoding or
binding of REM items; (b) the higher power of oscillations around the
alpha frequency range for NREM relative to REM items reﬂects the inhibitory top–down suppression of task-irrelevant information. Dissociable patterns of phase-locked and non-phase locked EEG oscillations
revealed age-group and performance differences in component processes of WM. Speciﬁcally, low-level binding mechanisms as reﬂected
in measures of inter-trial phase stability were shown to operate less effectively in low-performing older adults. In addition, non-phase locked
activity reﬂecting the suppression of irrelevant information was also
impaired in this group. Similar to other recent studies (Duverne et al.,
2009; Nagel et al., 2009, 2011; Schneider-Garces et al., 2010), the present results underscore the heterogeneity of WM and episodic memory
functioning among older adults, and are consistent with the proposition
that older adults with more “youth-like” processing patterns tend to
show higher levels of performance (e.g., Nagel et al., 2009). The present
results are in line with a recently proposed conceptual framework for
studying lifespan changes in episodic (Shing et al., 2008, 2009;
Werkle-Bergner et al., 2006) and working memory (Sander et al.,
2011a, 2011b), that dissociates the contributions of low-level feature
binding and (strategic) control components to adult age differences in
memory performance.
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