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Working memory (WM) capacity increases across childhood, peaks in young adulthood, and declines
thereafter. Developmental and aging theories suggest that deficient inhibitory control processes in children
and older adults may underlie the lower performance relative to younger adults. Recently, oscillatory alpha
power (7–13 Hz) of the electroencephalogram (EEG) has been suggested as a neural marker of inhibition
processes contributing to WM performance (Sauseng et al., 2009). We examined 20 children (10–13 years),
12 younger adults (20–26 years), and 20 older adults (70–76 years) in a cued change-detection paradigm.
Behaviorally, we observed the expected lifespan peak in younger adults. EEG alpha power was generally
reduced in older adults compared to children and younger adults. In line with previous research, hemispheric
differences in alpha power related to attention and WM processes during the retention interval increased
with load in younger adults. In children and older adults, lateralized alpha power increased from low to
medium load conditions, but decreased for high load conditions. Furthermore, older adults showed higher
inter-trial phase stability shortly after stimulus onset compared to children and younger adults. Our results
show that inhibitory control processes as indexed by local alpha power modulations can be observed in
children and older adults but seem to break down when WM load is high. In addition, older adults are more
entrained by external stimulation what may increase a need for inhibitory control during later processing. We
conclude that differences in inhibitory control processes and information uptake as reflected in amplitude
modulations and inter-trial phase stability of alpha rhythms interactively determine WM constraints across
the lifespan.
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Introduction

An important aspect of visual workingmemory (WM) refers to the
ability to temporarily maintain perceptual input of the environment
inmind so that the information can be used for goal-directed behavior
(D'Esposito, 2007). WM capacity is assumed to be limited (Cowan,
2011; Miller, 1956), with considerable variability of capacity
estimates across individuals (Luck and Vogel, 1997; Vogel and
Machizawa, 2004) and age groups (Cowan et al., 2006; Jost et al.,
2011; Riggs et al., 2006; Sander et al., 2011a). WM performance is not
only dependent on successful retention of relevant information but
also on efficient suppression of irrelevant information (McNab and
Klingberg, 2008; Vogel et al., 2005; Zanto and Gazzaley, 2009) during
early and late stages of processing (Lavie et al., 2004; Zanto and
Gazzaley, 2009). Vogel et al. (2005) recently provided evidence for a
positive relation between individual differences in “filter efficiency”
and WM capacity. Investigating event-related potentials (ERPs) in a
cued change detection paradigm, they could show that individuals
who are better able to prevent processing of irrelevant information
have higher WM capacity. Conversely, individuals with lower WM
capacity thus seem to keep irrelevant information in mind (see Jost et
al., 2011, for a similar study including older adults).

Recently, Sauseng et al. (2009) studied the oscillatory neuronal
substrates ofWMusing similar procedures as Vogel et al. (2005). They
observed that the amplitude of alpha oscillations (~8–12 Hz) during
the retention interval was larger ipsilaterally than contralaterally to
the attended hemifield. Importantly, this lateralized difference in
alpha power increased with load and predicted individual WM
capacity. In line with previous research, the results by Sauseng et al.
(2009) point to the importance of alpha oscillations for inhibitory
processing (Kelly et al., 2006; Rihs et al., 2007). In addition, these
results suggest that inhibitory control mechanisms,WMperformance,
and alpha oscillations are intertwined (Jensen and Mazaheri, 2010).

Ontogenetically, WM performance shows an increase in childhood
(Gathercole, 1999), a peak in young adulthood, and marked decline
with advancing adult age (Park and Payer, 2006). Prominent theories
of child development (Dempster, 1992) and cognitive aging (Hasher
et al., 2007; Hasher and Zacks, 1988) relate this lifespan trajectory to
the late maturation and early decline of the prefrontal lobes and the
neural circuitry connecting the prefrontal lobes to more posterior
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Table 1
Descriptive summary of covariate measures.

Measure Children Young adults Older adults
(n=20) (n=12) (n=20)

M (SD) M (SD) M (SD)

Digit symbol 50.75 (7.35) 66.92 (10.67) 50.52 (9.38)
Vocabulary 17.20 (3.49) 24.17 (3.69) 29.14 (3.18)
Close vision .86 (.13) .82 (.12) .42 (.14)
Far vision 1.22 (.44) 1.39 (.55) 1.01 (.34)
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parts of the brain (for child development, see Sowell et al., 1999, 2003;
Toga et al., 2006; for adult development and aging, see Lindenberger
et al., in press; Raz et al., 2005; Raz and Rodrigue, 2006). To some
extent, then, age-related performance differences in WM may reflect
less efficient inhibitory processing in children and older adults due to
immature or senescing prefrontal lobes.

In linewith these considerations, a recent study observed adult age
differences in the suppression of irrelevant information (Gazzaley
et al., 2008) as indicated by age group differences in early ERP
components during WM encoding (see also Zanto et al., 2009). At the
same time, Gazzaley et al. (2008) also found that later suppression
processes as indicated by modulations of alpha band activity were
relatively intact in older adults. The authors suggested that normal
aging does not abolish inhibitory processes in WM, but rather delays
them to later processing stages (see also Jost et al., 2011). Gazzaley
et al. (2008) presented stimuli sequentially, whichmakes it difficult to
distinguish between encoding and retention processes. Furthermore,
WM load was rather low and held constant in that study. Based on the
results of recent functional magnetic resonance imaging studies (e.g.,
Nagel et al., 2009; Schneider-Garces et al., 2010), it seems likely that
age-related differences in alpha oscillations are more pronounced
when WM load is high.

Child-developmental research on the role of alpha oscillations in
memory tasks is scarce. One study (Gomarus et al., 2006) investigated
effects of stimulus load and stimulus relevance in a visual memory
task in children. In this study, the presentation of the memory array
was followed by a sustained desynchronization of alpha power, which
was more pronounced for larger memory load conditions (see also
Ciesielski et al., 2010). Doesburg et al. (2010) recently investigated
local alpha-band synchronization and long-range alpha phase
synchronization during short-term memory retention in children. In
this study, alpha amplitudes over posterior MEG sensors decreased
during the early retention interval. Doesburg et al. (2010) suggested
that this desynchronization reflects the task-dependent activation of
the visual cortex. The authors furthermore observed increased alpha
band synchronization between posterior sensors and widespread
cortical regions, which was interpreted as a mechanism for main-
taining memory traces. However, WM load was not varied in this
study.

In sum, alpha oscillations have been reliably observed in children
and older adults, and their age-related changesmay relate to cognitive
changes in childhood (Uhlhaas et al., 2010) and adulthood (Klimesch,
1999). However, to our knowledge, no study has investigated the
relation between age group differences in WM capacity and alpha
oscillations across the lifespan. Given the role of alpha oscillations in
inhibitory processing, age differences in the task-dependent modu-
lation of alpha band activity may contribute to age-related behavioral
differences in WM performance.

We therefore asked children, younger, and older adults to perform
a cued change detection task. In the typical change-detection
paradigm, the observer is presented with a memory array of varying
number of items (e.g., colored squares). After a short retention
interval of about 1 s, the participant has to compare the internally
maintained representation of the memory array to a probe array in
which one of the items has or has not been altered. By varying the
number of presented items, this procedure yields an estimate of the
individual WM capacity, the so-called k-score (Cowan, 2001). In the
cued version of this task, a cue prior to the memory array instructs
the participant to only maintain the items of the indicated hemi-
field, where changes may occur. Thus, beside the maintenance of the
relevant information, this version of the task also requires the
inhibition of information from the not-attended hemifield.

In the present study, load levels and presentation times were
varied within subjects. Prior ERP analyses of this data set, which were
reported elsewhere (Sander et al., 2011b), focused on age differences
in the contralateral delay activity, a difference wave occurring during
the maintenance period of the task (Vogel and Machizawa, 2004). In
the present analyses, we focus on alpha power differences between
ipsilateral and contralateral hemisphere relative to the attended
hemifield during the retention interval, henceforth referred to as
lateralized alpha power. Age differences in alpha frequency (Kli-
mesch, 1999) were taken into account by basing the analyses on
individual alpha frequencies (IAF). We assumed that lateralized alpha
power would be less strong in children and older adults than in
younger adults, especially at high WM load, reflecting less efficient
inhibitory control operations in these two groups relative to younger
adults. Furthermore, we investigated alpha inter-trial phase stability
prior to the retention interval as an indicator of age differences in the
control of early stimulus-evoked encoding processes (Freunberger
et al., 2009). Based on previous research using event-related
potentials (Gazzaley et al., 2008; Zanto et al., 2009), we predicted
that older adults might also show early selection deficits in the time–
frequency domain.

Material and methods

Participants

Given that interindividual variation is usually larger in children
and older adults relative to younger adults, we aimed at larger sample
sizes for these two age groups. The effective sample comprised 20
children (Mage=11.91, SDage=.53, range 10–13 years), 12 younger
adults (Mage=24.19, SDage=1.57, range 20–26 years), and 20 older
adults (Mage=73.30, SDage=1.58, range 70–76 years).

The original sample included 31 children, 19 younger adults, and
31 older adults. From this sample, we excluded participants that
showed excessive EEG artifacts due to muscle activity or eye
movements. Furthermore, we excluded 1 older adult because
behavioral performance was at chance levels. Compared to our
analysis of the ERP data (Sander et al., 2011b), the sample was further
reduced in this study because resting state data was not available for 2
children and 2 older adults due to technical problems.

To document the age typicality of the sample, all participants were
assessed on tests of verbal knowledge (Spot-a-Word; cf. Lehrl, 1977)
and perceptual speed (digit symbol substitution test, cf. Wechsler,
1955) as well as on a test of sustained attention (d2; Brickenkamp,
1994). In addition, visual acuity was measured in Snellen decimal
units at two different distances (30 cm and 5 m) using Landolt rings
(Geigy, 1977). Table 1 displays sample descriptives. The ethics
committee of the Max Planck Institute for Human Development,
Berlin, approved the study.

Experimental paradigm

During the experimental procedure, 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 EEG, 3 min with eyes closed and
3 min with eyes open). Relaxation served to adapt the participants to
the lab environment and was followed by the task. A hemifield
version of the change-detection task (Vogel and Machizawa, 2004)
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was used to test the hypotheses (see Fig. 1). Memory arrays of colored
squares were presented in four blocks to the participants. Presenta-
tion times of the memory array were set to 100 ms and 500 ms in two
blocks each. The first two and the last two blocks were always
presented at the same presentation time, and the order of the
presentation time was counterbalanced across participants. Targets
were defined as squares presented in one hemifield as indicated by a
centrally placed cue before each trial. To keep the difficulty of the task
comparable for the different age groups, we presentedmemory arrays
of 2, 4, or 5 targets to younger adults and memory arrays of 2, 3 or 4
targets to older adults and children. In the following, we will refer to
these set sizes as representing low, medium and high levels of WM
load. Set sizes were randomized within blocks. After a retention
interval of 1000 ms, a probe array of colored squares was shown and
participants had to indicate whether all the colors of the probe array's
targets were identical to the memory array or whether one of the
squares had changed in color. Subjects answered by pressing buttons
labeled as “same” (in German: “gleich”) or “different” (“ungleich”).
The mapping on response alternative on participants' hands was
counterbalanced across individuals. Participants were encouraged to
respond as accurately as possible and to guess if they were not sure of
their response. Maximum response time was restricted to 5000 ms.
Each block started with 12 practice trials to allow participants to get
used to the current presentation time. Afterwards, each participant
completed 360 trials of varying set size per presentation time. Set
sizes were randomized within blocks. After each block, participants
got feedback about the accuracy of their responses.

Given that we assumed older adults and children having additional
difficulties with a cued hemifield presentation, we always presented
the cue for 500 ms and showed it until the memory array was
presented to minimize cue-related memory load. We also blocked the
cue direction for 30 consecutive trials to prevent a task-switching
situation that would differentially affect the age-groups (e.g.,
Davidson et al., 2006; Kray and Lindenberger, 2000).
Stimuli

Stimulus presentation and recording of behavioral responses were
controlled with Eprime v1.2 software (Psychology Software Tools,
Inc., Pittsburgh, PA, USA). Stimuli consisted of colored squares
(0.65°×0.65° of visual angle) presented on gray background (RGB
values: 200, 200, 200) within an area of 4°×7.3° of visual angle right
and left of the fixation cross (distance to the fixation cross was 1.5°).
Spatial locations of the squares were random, with a minimum
distance of 2° between the centers of the squares. Participants sat at a
viewing distance of 70 cm. Colors were randomly selected from a set
of 11 highly discriminable values, black (RGB values: 0,0,0), white
(RGB: 255, 255, 255), gray (RGB: 126, 123, 126) blue (RGB: 0, 0, 255),
green (RGB values: 0, 255, 0), red (RGB: 255, 0, 0), cyan (RGB: 0, 255,
255), violet (RGB: 255, 0, 255), brown (RGB: 153, 102, 51), orange
(RGB: 255, 112, 1), and yellow (RGB: 255, 255, 0). The same color was
not repeated more than twice per array. Pilot testing indicated that
some color changes were difficult to detect for older adults. Hence, we
excluded changes from black to blue or gray, from blue to black or
gray, from red to orange, brown or magenta, from magenta to red,
Fig. 1. Experimental paradigm. Different patterns of the squares represent different
colors.
from brown to red or orange, from orange to red or brown and from
gray to black or blue.

EEG recording and preprocessing

EEG was recorded continuously with BrainVision amplifiers
(BrainVision Products GmbH, Gilching, Germany) from 61 Ag/Ag–Cl
electrodes embedded in an elastic cap. Three additional electrodes
were placed at the outer canthi (horizontal EOG) and below the left
eye (vertical EOG) to monitor eye movements. During recording, all
electrodes were referenced to the right mastoid electrode, while the
left mastoid electrode was recorded as an additional channel.
Electrode impedancesweremaintained 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 preprocessing, the EEG was re-referenced to mathematically
linked mastoids, downsampled to 256 Hz, and band-pass filtered
between 0.5 Hz and 125 Hz. Four-second data epochs were extracted
from −2 s to 2 s with respect to the memory array onset. The
extracted segments were visually inspected for eye movements and
excessive muscle activity. Trials with eye movements (especially
saccades) and muscle activity were rejected from analysis. After-
wards, an independent-component analysis (ICA) was used to correct
for remaining eye blink, noise, and muscle activity (Jung et al., 2000).
ICs representing artifactual sources were visually identified and
removed from the data.

Data analysis

Previous studies have examined load modulations of lateralized
alpha power activity at 100 ms presentation times (Sauseng et al.,
2009). Therefore, the analyses presented in this study are focused on
this presentation time condition, which is the standard condition used
in change detection paradigms.1

Behavioral analysis
Behavioral performance as a function of age group and task load

was assessed with the Pr-score (i.e., hit rate minus false alarm rate). In
addition, we also calculated the k-score for each set size [i.e., k=(hit
rate− false alarm rate)×set size; cf. Cowan, 2001]. Generally, k is
assumed to increase with increasing set size until it reaches an
asymptote at the individual maximum performance level. To
characterize age group differences inWM performance, we compared
the maximum k-score between age groups. Note that maximum k-
scores were achieved under different load conditions in the different
age groups and should therefore be compared with caution.

Electrophysiological analysis
All analyses were performed with the Fieldtrip software package

(developed at the F. C. Donders Centre for Cognitive Neuroimaging,
Nijmegen, The Netherlands; http://fieldtrip.fcdonders.nl/) supple-
mented with custom-made MATLAB code (The MathWorks Inc.,
Natick, MA, USA).

To determine the individual alpha peak frequencies (IAFs), power
spectra were computed for the eyes-closed resting state data (+0.5 s
to +2.5 s) by means of fast-Fourier transformations (FFT) and
averaged across all occipito-parietal electrodes (Oz, Pz, POz, O1/2,
PO3/4, PO7/8, P1/2, P3/4, P5/6, P7/8). The IAF was then defined as the
maximum peak of the averaged power-spectra between 7 and 13 Hz.
IAF distributions for each age group are presented in Fig. 2.
1 In exploratory analyses we tried to identify load dependent lateralized alpha
power also in the condition of 500 ms presentation time. Given that we did not
observe the effect of interest in our reference group of younger adults, we refrained
from further analyses of that condition.

http://fieldtrip.fcdonders.nl/


Fig. 2. Distributions of individual alpha frequencies separately for each age group.
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With regard to the task, ICA-cleaned, artifact-free EEG trials with
correct responses were analyzed. To extract oscillatory power and
phase from 4 Hz to 20 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 (Tallon-Baudry et al., 1997)with a cycle lengthof 7. 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 tangens of
the ratio of the real and imaginary parts of the wavelet-coefficients.

For the analysis of alpha power, we collapsed data across all load
conditions and defined successively frequency of interest, time
window of interest, and electrode of interest. We defined the IAF
+/−1 Hz as frequency of interest at the individual level. In line with
previous research we defined the time window of interest (TOI) from
400 to 900 ms after stimulus onset, covering most part of the
retention interval, but excluding evoked activity due to the stimulus
presentation. We then calculated the hemispheric difference in alpha
power, that is, ipsilateral power minus contralateral power, and
searched for the maximum hemispheric difference over posterior
electrodes (O1/2, PO3/4, PO7/8, P1/2, P3/4, P5/6, P7/8) on the group
level across load conditions. The selection of the electrode cluster to
determine the EOI was chosen based on the results of prior studies,
according to which the peak of ipsi-contra differences is found over
parietal regions (Sauseng et al., 2009). Electrodes of interest (EOI)
were chosen as electrodes showing the largest effects: PO7/PO8 in
younger adults, P7/P8 in older adults and PO3/PO4 in children (see
Fig. 3). Age differences in load-modulated lateralized alpha power
during the retention interval were investigated by extracting the
Fig. 3. Topographic distribution of alpha power differences during the retention interval
across all load conditions. The electrode of interest used for later analyses is highlighted
in black. Note the difference in scaling between age groups.
mean power across the TOI at the EOI for the individual alpha
frequency range.

The inter-trial phase stability of ongoing oscillations across trialswas
assessed with the phase-locking factor (PLF; see Tallon-Baudry et al.,
1996), which was calculated as follows. First, the norm of the resultant
mean direction vector was estimated across trials for each subject,
electrode, and time–frequency point, separately for each load condition
and cue direction. It has been shown that the number of trials used for
analysis influences PLF estimates (Vinck et al., 2010). Therefore, we
estimated the standard error for the PLF at each time–frequency point
via a jackknife procedure (see e.g., Werkle-Bergner et al., 2009 for
similar procedure). The estimated standard errors were used to derive
t-values with the number of degrees of freedoms (df) corresponding to
the number of trials. The resulting t-values were transformed into z-
values (Hughett, 2007). A larger z-value then represents increased
phase stability across trials. The z-values were averaged over lateral
electrodes according to the cue direction resulting in ipsilateral and
contralateral estimates of inter-trial phase stability. For analyses at the
group level,we extracted the z-values for the corresponding IAF and EOI
as determined from the analyses of oscillatory power. To analyze
stimulus-evoked inter-trial phase stability, we determined the maxi-
mum phase stability after stimulus presentation in all age groups
separately for the averaged z-values across participants and load
conditions. Children showed maximum inter-trial phase stability at
around 240 ms, younger adults at 228 ms and older adults at 180 ms
(see Fig. 4). For statistical comparisons, we extracted the mean of the
z-values separately for each load condition in time windows of
+/−30 ms of maximum inter-trial phase stability.

Statistical analysis
Main analyses of age differences in performance, alpha power, and

inter-trial phase stability were conducted with the Proc Mixed
Procedure in SAS (SAS 9.1 forWindows). The ProcMixedmodel allows
for heterogeneous variance and covariance structures across age
groups and conditions in a repeatedmeasures design. To constrain the
data as little as possible,wefitted anunstructured covariancematrix to
the data (for a similar approach in lifespan research see Shing et al.,
2008; Werkle-Bergner et al., 2009). One-way ANOVA comparing age
groupswith regard to IAF andmaximum k-scores was conducted with
SPSS 15.0 for Windows (SPSS Inc., 1989–2006). The alpha level for all
statistical analyses was set to α=.05. Effect sizes are indicated by
reporting the intraclass correlation coefficient ρI or Cohen's d.

Results

Behavioral markers of working memory capacity

To keep task difficulty comparable across age groups, we used
different load conditions in children and older adults than in younger
Fig. 4. Time-varying grand-average of PLF z-values. The vertical gray lines indicate
stimulus onset and probe onset, respectively.

image of Fig.�2
image of Fig.�3
image of Fig.�4
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adults. Therefore, in a first step, we conducted an overall mixed model
onperformance, calculated asPr-score=hit rate− false alarmrate,with
AGE GROUP (3) as between-subject factor and LOAD (3) as within-
subject factor to test whether this adaptation was successful. There was
a main effect of LOAD, F(2,31)=174.96, pb .05, ρI=.96, indicating that
performance decreased with increasing memory load. Contrasts
indicated that performance varied reliably by load; for low load versus
medium load, t(25.5)=12.85, pb .05, d=2.28; for medium versus high
load, t(36.9)=8.33, pb .05, d=1.06. Importantly, there was no main
effect of AGE GROUP, F(2,36.4)=.23, pN .8, thus overall performance in
the task did not differ between age groups. Nevertheless, we observed a
significant interactionbetweenAGEGROUP and LOAD, F(4,35.8)=3.45,
pb .05, ρI=.53. Contrasts showed that this interactionwas due to lower
performance of children and older adults relative to younger adults in
the low load condition; for children versus younger adults, t(31.4)=
2.43, pb .05, d=.76; for older adults versus younger adults, t(31.4)=
2.43, pb .05, d=.81, respectively. In medium and high load conditions,
the three age groups did not differ, all tb1.47 and all pN .15. The finding
that children and older adults did not show close-to-perfect perfor-
mance under low load conditions is consistent with previous results
from our lab (Sander et al., 2011a) and probably reflects age-related
differences in the ability to sustain attention during the task.Means and
standard errors of behavioral performance are displayed in Table 2.

In a second step we aimed at characterizing WM capacity
differences between age groups by comparing the maximum
k-score estimates. The k-score takes into account that comparable
levels of performance are achieved under conditions of different loads
in the three age groups. Using ANOVA, we found a main effect of AGE
GROUP, F(2,49)=6.00, pb .05, ρI=.44, that was driven by higher
k-scores in the group of younger adults (M=2.89, SE=.21) compared
to children (M=2.34, SE=.10), t(30)=2.69, pb .05, d=.93, and
older adults (M=2.20, SE=.11), t(30)=3.38, pb .05, d=1.14.
Children and older adults did not differ from each other, t(38)=.80,
pN .05.

Individual alpha frequencies

Mean IAFs were 9.53 (SE=.31) in children, 9.75 (SE=.26) in
younger adults, and 9.52 (SE=.25) in older adults. One-way ANOVA
indicated that age groups did not differ with regard to mean IAF,
F(2,49)=.174, pN .84. A one-way ANOVA of resting power showed a
main effect of AGE GROUP, F(2,49)=4.853, pb .05, ρI=.41. Contrasts
showed that alpha resting power was significantly lower in older adults
(M=1.00, SE=.28) than in children (M=2.73, SE=.51), t(38)=2.67,
pb .05, d=.94, and younger adults (M=2.94, SE=.76), t(30)=2.60,
pb .05, d=1.03, whereas children and younger adults did not differ,
t(30)=.28, pN .05.

Power of alpha oscillations during the retention interval

Alpha amplitudes of the retention interval were subjected to an
overall mixed model with AGE GROUP as between-subject factor (3),
and HEMISPHERE (2) and LOAD (3) as within-subjects factors. We
found a main effect of AGE GROUP, F(2, 27.7)=13.07, pb .05, ρI=.70.
Contrasts showed that older adults had lower alpha power
Table 2
Behavioral performance (Pr-score=hit rate− false alarm rate) separated for load
condition and age group.

Load Children Young adults Older adults
(n=20) (n=12) (n=20)

M (SE) M (SE) M (SE)

Low .86 (.02) .93 (.02) .87 (.02)
Medium .71 (.03) .62 (.05) .67 (.03)
High .55 (.03) .55 (.05) .52 (.03)
(M=347.03, SE=66.58) than children (M=1541.31, SE=267.14)
and younger adults (M=1110.97, SE=280.48), t(22.5)=4.45, pb .05,
d=1.37 and t(13.4)=2.77, pb .05, d=1.20, respectively, whereas
children and younger adults did not differ, t(29.5)=1.15, pN .25.
There was also a main effect of HEMISPHERE, F(1, 32.6)=8.38, pb .05,
ρI=.45, with larger alpha power at ipsilateral (M=1014.77,
SE=135.41) than at contralateral sites (M=984.77, SE=126.68).
Also, the expected interaction between HEMISPHERE and LOAD, F(2,
32.1)=5.22, pb .05, ρI=.50 was reliable. Contrasts revealed that
hemispheric differences in alpha power were not detectable for small
load conditions, t(28.1)=0.11, pN .91, but for medium, t(31.5)=3.24,
pb .05, d=.08 , and large load levels, t(23.9)=2.75, pb .05, d=.04.
The interaction of AGE GROUP and HEMISPHERE showed a trend with
F(2, 15.5)=3.15, pb .10, ρI=.54, and, more importantly, the three-
way interaction of AGE GROUP, HEMISPHERE and LOAD reached
significance, F(4, 18.9)=2.87, p=.05, ρI=.61. Given our a priori
hypotheses, we conducted planned contrasts within each age group
for the hemispheric difference at the different load conditions. In
younger adults, ipsi- and contralateral activity did not differ for low
load conditions, t(12)=− .16, pN .87, revealed a trend for medium
load conditions, t(12)=2.04, pb .10, d=.06 , and were significantly
different for high load levels, t(12)=2.45, pb .05, d=.07. In children
and older adults, only medium WM demands revealed significant
differences between ipsilateral and contralateral activity, t(20)=
2.27, pb .05, d=.09 and t(20)=2.14, pb .05, d=.05. All other psN .15
and Fsb1.47. Results are illustrated in Fig. 5.

Inter-trial phase stability of alpha oscillations after stimulus presentation

In accordance with the analysis of alpha power, measures of inter-
trial phase stability were subjected to an overall mixedmodel with AGE
GROUP (3) as between-subject factor and HEMISPHERE (2) and LOAD
(3) as within-subject factors. This analysis yielded only a main effect of
AGE GROUP, F(2, 34.5)=4.14, pb .05, ρI=.44. Contrasts revealed that
older adults (M=4.03, SE=.29) showed higher inter-trial phase
stability than younger adults (M=2.86, SE=.34), t(27.7)=2.68,
pb .05, d=.95, and children (M=3.18, SE=.24), t(38.4)=2.28,
pb .05, d=.72, whereas the children and younger adults did not differ,
t(23.6)=− .81, pN .42. For all remaining main effects and interactions
psN .06 and Fsb2.3.

Discussion

The present study investigated oscillatory neural correlates of WM
selection processes in children, younger adults, and older adults.
Behavioral markers revealed the expected differences inWM capacity
between age groups, with children and older adults showing lower
estimates compared to younger adults. The strength of alpha
oscillations was generally reduced in older adults compared to
younger adults and children. Most importantly, hemispheric differ-
ences in oscillatory power were differentially modulated by WM
demands in the three age groups: In younger adults, hemispheric
differences in alpha amplitudes were present at medium and high
load. In contrast, children and older adults showed an inverted
U-shape relation between alpha lateralization and load; lateralization
of alpha oscillations increased from low to medium load, and declined
frommedium to high load. In addition, older adults exhibited stronger
inter-trial phase stability immediately after stimulus presentation
than younger adults and children.

Age differences in task-related amplitude modulations of alpha
oscillations during WM retention

In line with previous studies that reported lower alpha amplitudes
in older than younger adults (Müller et al., 2009; for a review see
Klimesch, 1999), both resting and task-related alpha amplitudes were

http://dx.doi.org/10.1037/a0023055


Fig. 5. Mean alpha power differences between ipsilateral and contralateral sites during retention separated for age groups and load conditions. Error bars indicate standard errors.
Note that due to general age differences in alpha power, scales differ between the plots for the different age groups.
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smaller in older adults than in children and younger adults. However,
general amplitude differences 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. In
contrast, decreased alpha amplitude during the delay interval in older
adults in our study cannot be solely attributed to smaller tonic power
because (a) the computation of difference scores between hemi-
spheres effectively controls for general age differences in tonic alpha
power; (b) alpha power during the delay interval varied by memory.
Therefore, the modulation of alpha amplitudes by cognitive demands
provides stronger evidence for understanding age differences in the
functionality of alpha oscillations than age main effects (for similar
arguments see Segalowitz and Davies, 2004; Werkle-Bergner et al.,
2009).

Studies with samples of young adults have established an
association between alpha oscillations and WM performance. Several
studies observed an increase in alpha amplitudes over task-irrelevant
regions during the retention interval with increasing load (e.g., Jensen
et al., 2002; Tuladhar et al., 2007). Amplitude modulations of alpha
oscillations seem to contribute to WM performance by inhibiting
irrelevant information to prevent interference from conflicting stimuli
(Freunberger et al., 2011; Klimesch et al., 2007b). The observation that
alpha amplitudes are generally higher on sites not involved in target
processing (Kelly et al., 2006; Rihs et al., 2007; Thut et al., 2006;
Worden et al., 2000) further strengthens the assumption that alpha
oscillations are associated with inhibitory control during visual spatial
attention (Freunberger et al., 2011).

In the present study, we observed attention-related hemispheric
differences in alpha amplitudes in all three age groups. In line with
findings by Sauseng et al. (2009), younger adults showed a positive
relation between alpha lateralization and WM load; ipsilateral alpha
power was higher than contralateral power at medium and high
loads, but not at low load. Note that the number of irrelevant items in
the not-attended hemifield also increased with load. The present
experimental design cannot disambiguate the relative contribution of
relevant items and distracters. However, to disentangle the effects,
Sauseng et al. (2009) performed a control experiment in which the
number of targets and distracters was varied independently. The
authors provided convincing evidence that lateralized alpha ampli-
tudes vary with the number of distracters, and not with the number of
targets. Based on their results and the theorizing of others
(Freunberger et al., 2011; Jensen and Mazaheri, 2010; Klimesch et
al., 2007a,b), we interpret the positive association between alpha
lateralization and WM load in younger adults as a signature of
increasing inhibitory control.

Interestingly, children and older adults showed a strikingly
different pattern. Here, the modulation of lateralized alpha followed
an inverted-U shape. Similar to younger adults, children and older
adults did not show hemispheric differences in alpha power when
WM demands were low, whereas lateralization was present at
medium load conditions. However, when load levels were high and
likely exceeded the WM capacity of children and older adults, the
hemispheric differences in alpha power in these two age groups
reverted to the level observed with low load.

This finding is important in two ways. First, it has not been known
so far whether lateralized alpha modulation during spatial visual
attention can be identified in children and older adults. Given that the
hemispheric difference in alpha power can be interpreted as an
indicator of attentional selection processes (Thut et al., 2006), the
present study shows for the first time that both children and older
adults are, in principle, able to attend to only one hemifield while
suppressing distracting information in the irrelevant hemifield.

Second, lateralized alpha power was highest for the condition in
whichWM capacity was challenged, but not overtaxed. Given that the
behavioral measures yielded mean estimates of about 2.3 items in
children and 2.2 items in older adults, memory arrays with 3 items
arguably were the appropriate load condition for these two age
groups. Pr-Scores showed a significant decline in performance for high
load conditions compared to medium load conditions. Hence, the
decrease in alpha lateralization from medium to high load condition
suggests that inhibitory control contributing to WM performance
breaks down in children and older adults when task difficulty is too
high. In line with this reasoning, Rissman et al. (2009) recently
showed that participants failed to inhibit irrelevant distracters and did
not show reliable signatures of neural suppression when WM load
was high, whereas neural signatures of enhancement were not
influenced by the WM load manipulation. The authors suggested that
distracter filtering requires active cognitive control that cannot be
exerted when WM capacity is taxed beyond optimal levels.

Though younger adults showed a comparatively reduced mean
performance level under high load conditions as children and older
adults, they continue to show reliable alpha power lateralization.
Recent evidence suggests that neural correlates of WM do not differ
between age groups when accounting for task difficulty (Schneider-
Garces et al., 2010). Our results suggest that individuals of different
ages recruit similar neural mechanisms when performance levels are
calibrated, with the notable exception that younger adults' neural
mechanisms may be more robust than children's and older adults'
when taxed at exceedingly high levels of task difficulty.

Age differences in alpha inter-trial phase stability after
stimulus presentation

Recent studies also noted early selection deficits in older adults
using ERP measures (Gazzaley et al., 2008; Zanto et al., 2009). We
examined the inter-trial phase stability of oscillatory activity shortly
after stimulus presentation as an indicator of early perceptual
encoding processes. In younger adults, higher phase stability has
been found to be associated with better performance in perceptual
(Hanslmayr et al., 2005) and memory (Klimesch et al., 2004) tasks.
Accordingly, it has been suggested that high inter-trial phase stability

image of Fig.�5


652 M.C. Sander et al. / NeuroImage 59 (2012) 646–654
reflects the efficient temporal coordination of cortical activation
processes (Klimesch et al., 2007a; Sauseng and Klimesch, 2008).

In the present study, we observed increased inter-trial phase
stability in all three age groups 180–240 ms after stimulus onset.
Children and younger adults did not differ with regard to the amount
of inter-trial phase stability. In line with a previous study (Yordanova
and Kolev, 1997), this finding suggests that at the age of 10 to
13 years, the processing and transmission of visuo-spatial information
are relatively mature. At the same time, inter-trial phase stability was
actually higher in older adults than in children and younger adults.
Given that several aging theories postulate a general decrease in the
signal-to-noise ratio of neural processing with advancing adult age (Li
et al., 2006; MacDonald et al., 2006), the finding that older adults
show higher inter-trial stability of neuronal oscillations, than younger
adults and children may seem counterintuitive. However, recent
studies reported similar evidence. For example, in an auditory oddball
task, Müller et al. (2009) found that phase locking was higher in older
adults than in younger adults. This effect was particularly pronounced
during the first 200 ms after stimulus onset. Independent measures of
perceptual speed showed a positive correlation to phase stability in
younger adults, but a negative correlation in older adults. Similarly, in
a recent study from our own lab (Werkle-Bergner et al., 2010), we
observed that inter-trial phase stability was higher in to-be-
remembered items than in not-to-be-remembered items in a
Sternberg WM-task (see Freunberger et al., 2009, for similar results
in young adults). The preferential encoding of to-be-remembered
items, presumably indicated by higher phase stability, predicted WM
performance in younger adults and high-performing older adults, but
not in low-performing older adults, again pointing to the possibility
that high levels of phase locking may tax a different process in
advanced old age than in childhood and in earlier periods of
adulthood.

Based on these considerations, we suggest that stimulus-evoked
inter-trial phase stability of oscillatory activity may change its
meaning in the transition from early to late adulthood. The high
levels of inter-trial phase stability of the older adults in the present
and related studies may reflect a loss of complexity in the
neurophysiological response (Cantero et al., 2009; cf. Thaler, 2002),
that is, the response becomes more dependent on external stimula-
tion. According to this line of thought, the inability of older adults to
resist neural entrainment by the visual stimulus may underlie the
early inhibition deficit in older adults, observed in other studies
(Gazzaley et al., 2008; Zanto et al., 2010). Zanto et al. (2010) recently
reported that in both attended and ignored conditions P1 amplitudes
were enhanced in older adults compared to a passive viewing
condition. Although the enhancement was larger in the attend
condition, this result suggests that the inability to inhibit irrelevant
informationmay result in inadvertent encoding of that information. In
line with this interpretation, in a recent fMRI study, Schmitz et al.
(2010) found that age-related impairments in perceptual attention
may already be present at the level of the receptive field. They
observed that older adults unintentionally co-encoded irrelevant
information together with the relevant information, andmaintained it
in memory (cf. Campbell et al., 2010). In sum, we suggest that
increased inter-trial phase stability after the stimulus in older adults
may indicate less differentiated processing at the level of stimulus
encoding (Park et al., 2004) due to senescent changes in neuronal
architecture and/or neuromodulatory mechanisms (e.g. Backman et
al., 2000, 2006; Raz et al., 2005).

If this interpretation is correct, we may speculate that the
abundant encoding of irrelevant information may lead to a greater
need for inhibitory control operations at later processing stages. This
hypothesis is consistent with the load-shift model of executive
functioning suggested by Velanova et al. (2007). In this model,
younger adults rely on a combination of top–down mediated early-
and late selection processes. Older adults may be characterized by an
early selection deficit in terms of unconstrained processing, leading to
more effortful processing of less distinct representations at later
stages. This additional need for processing at later stages may add to,
or interact with, the breakdown of early inhibition processes,
especially when WM capacity is taxed.

Conclusion

In line with previous research, we observed larger alpha power
ipsilateral to the attended hemifield during the retention period in
younger adults. Furthermore, age group differences in alpha power
lateralization were load-dependent. Similar to younger adults,
children and older adults showed an increase in lateralization alpha
power from low to medium load, demonstrating that inhibitory
processing in the service of attention regulation is present in
childhood and old age. However, under conditions that highly taxed
WM capacity, the lateralization of alpha power disappeared in
children and older adults, pointing to difficulties in sustaining
inhibition of the unattended hemisphere at high load. This effect
was not due to differences in relative task difficulty between age
groups. Furthermore, older adults showed higher inter-trial phase
stability of alpha activity shortly after stimulus presentation, probably
indicating a stronger entrainment by external stimulation leading to
abundant information encoding. This effect was unique for the group
of older adults. The present study went beyond the apparent
symmetry in the behavioral development of WM capacity from
childhood to old age, and provided initial evidence that the oscillatory
mechanisms associated with lower WM performance in children and
older adults relative to younger adults show both commonalities and
differences.
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