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Abstract Frontal midline (fm-)theta activity has been
related to working memory (WM) processes, as it typically
increases with WM load. The robustness of this effect,
however, varies across studies and subjects, putting limits
to its interpretation. We hypothesized that variation in the
fm-theta effect may reflect individual differences in task
difficulty with increasing WM load as indicated by
behavioural responses. We further tested whether effects in
the alpha range are robust markers of WM load. We
recorded 64-channel EEG from 24 healthy adults while
they memorized either 2 or 4 unfamiliar symbols (low vs.
high WM load) in a modified Sternberg task. The last 2 s of
the retention phase were analyzed for WM load-related
changes in the theta (5-7 Hz) and alpha range (lower:
8-10 Hz, upper: 10.5-12.5 Hz). Higher WM load led to
less accurate and slower responses. The increase of fm-
theta with WM load was most pronounced at fm electrodes,
localized to anterior cingulate regions, and correlated with
the participants’ decrease in accuracy due to higher WM
load. Alpha peak frequency increased in the high compared
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to the low WM load condition, corresponding to a decrease
in lower alpha range across all channels. The results
demonstrate that previously reported variation in fm-theta
workload effects can partly be explained by variation in
task difficulty indexed by individual task accuracy. More-
over, the results also demonstrate that alpha WM load
effects are prominent when separating upper and lower
alpha.
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Introduction

Cognitive processing in humans relies on a working
memory (WM) system that allows us to temporarily store
and manipulate information (Baddeley 2003). WM dys-
functions are also common in neurological disorders and
mental retardation, and are among the most prominent
cognitive deficits in psychiatric disorders, such as atten-
tion-deficit/hyperactivity disorder (ADHD; Willcutt et al.
2005; Rhodes et al. 2012) or schizophrenia (Lett et al.
2013). WM functions also undergo considerable changes
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throughout the lifespan, and particularly during develop-
ment (Best and Miller 2010; Sander et al. 2012), where
prominent changes beyond childhood reflect late matura-
tion in adolescence (Dumontheil et al. 2011; van Ewijk
et al. 2013). WM dysfunctions are also at least partly
amenable to training (Klingberg 2010; but see also Sonuga-
Barke et al. 2013). Understanding the neurophysiology of
individual differences in WM functions may thus have
considerable clinical implications.

Functional magnetic resonance imaging (fMRI) studies
suggested that prefrontal regions are associated with
executive, and posterior regions with storage processes of
WM (Braver et al. 1997; Cohen et al. 1997). However,
time-sensitive techniques, such as Electro- or Magnetoen-
cephalography (EEG/MEG), are needed to reliably sepa-
rate different processing steps. In a seminal study, Gevins
et al. (1997) demonstrated that frontal midline (fm-)theta
oscillations of the EEG which characterize a wide range of
mental tasks (Ishihara and Yoshi 1972) specifically
increased with WM load in an n-back task and could be
localized to anterior cingulate regions, a region shown to
be activated during attention-demanding tasks (Ishii et al.
1999). But because each n-back stimulus also required a
decision, the effects could not be assigned to the mainte-
nance phase of WM processing only.

Isolating the maintenance phase is possible in Sternberg-
type tasks in which stimulus, retention, and probe are tempo-
rally separated (Sternberg 1966). Accordingly, Jensen and
Tesche (2002) demonstrated in an MEG study that theta indeed
increased with WM load during retention. Not only in visual
associative WM tasks (Boonstra et al. 2013) but also during a
Sternberg WM task, Meltzer et al. (2007) and Michels et al.
(2008) localized the fm-theta increase during retention to
frontal and anterior cingulate regions, i.e. in regions which are
involved in behaviorial monitoring (Luu et al. 2004) and val-
uation of response outcomes. Based on animal studies and
human data it has been suggested that prefrontal theta oscil-
lations during WM maintenance could reflect prefrontal-hip-
pocampal communication, e.g. to promote successful memory
encoding and to induce long-term potentiation and learning
(Benchenane et al. 2010), as well as a physiological mecha-
nism to segregate and select information maintained in WM
(Benchenane et al. 2011; Sauseng et al. 2010).

In the study by Michels et al. (2008), however, a WM-
dependent fm-theta increase was absent in more than 20 %
of the subjects, confirming that these effects are highly
variable (Jensen et al. 2002). Large individual variability
puts limits to the interpretation of fm-theta effects and to
their use for research on WM processes. Especially, as it
could be recently shown that coherence (rather than
amplitude) increased between fm-theta and temporal-pari-
etal sites with increasing memory load (Payne and Kounios
2009).
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Given the relation between behavioural responses and
other EEG frequencies at the individual level (e.g., alpha
rhythm; Surwillo 1961; Klimesch 1999), the aim of the
present study was to test whether differences in task per-
formance would correspond to individual differences in the
increase of fm-theta due to increased WM load. In accor-
dance with the general direction of the WM load effect we
hypothesized that participants, who experience the WM
load increase as more demanding (indicated by lower
accuracy or slower reaction time), also show a larger theta
increase. To test this hypothesis we presented a similar
Sternberg-type task as in Michels et al. (2010), but used
unfamiliar, nonverbal (visual-figural) stimuli in order to
minimize verbal strategies and increase individual vari-
ability in task performance. As previous EEG studies
showed maximal theta WM load effects in the fm scalp
region we focussed on the channel in this region (AFz), but
also applied a mapping approach to remain sensitive to
different topographies reflecting different source configu-
rations (for an overview see: Michel et al. 2009).

We further investigated WM load-related changes in the
alpha range. Previous studies did not agree whether increasing
WM load would lead to an alpha decrease (Gevins et al. 1997),
to an increase (Scheeringa et al. 2009; Jensen et al. 2002;
Boonstra et al. 2013), or whether the direction of change
differed between individuals (Michels et al. 2008; Meltzer
et al. 2007). Based on a previous study (Michels et al. 2008)
we expected a decrease in lower alpha, but an increase in
upper alpha, reflected by an overall shift of the alpha peak
towards higher frequencies with increasing WM load (Klim-
esch et al. 2007), which might reconcile the differing results.

Methods
Subjects

Participants were 24 adults (18 females) between 21 and
30 years old (mean age: 24.6 years) and were right-handed
(except for 2 left-handed subjects). They reported normal
or corrected-to-normal vision and the absence of any
neurological or psychiatric disorders. They provided
informed consent according to a protocol approved by the
local Ethics Committee.

Procedure

In a modified Sternberg task (Fig. 1, similar to: Jensen and
Tesche 2002; Michels et al. 2010, 2008) 80 trials (40 per
condition) were presented, each consisting of the sequential
presentation of a stimulus slide (duration 2.5 s), a retention
slide (duration 3.5 s), a probe slide (duration 0.5 s), and a
fixation cross (random duration between 1.8 and 2.5 s).
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Fig. 1 In a modified Sternberg task the participants saw either 2 or 4
unfamiliar symbols (low vs. high WM load) for 2.5 s. They needed to
retain the symbols in WM for 3.5 s, when the symbols were replaced
by a fixation cross, and decide whether one of the symbols matched a
probe symbol shown at the end of the trial

The stimulus slide consisted of a rectangular grid of 15
crosses (grid: 5.3 x 3.1 degrees of visual angle; one cross:
0.5 x 0.5 degrees) that were randomly replaced by either 2
(low WM load) or 4 (high WM load) unfamiliar, nonverbal
symbols (from a set of 14, with a size of 0.6 x 0.9 degrees
each). The probe slide consisted of the same grid of crosses
with the probe symbol being presented always in the
middle. The probe requested a Yes/No response depending
on whether the symbol was part of the stimulus set or not.

Behavioral Analysis

Percent correct and reaction time was computed for the
responses in the low and high WM load condition, and the
differences between the conditions were tested using
t-tests. In order to correlate accuracy and reaction time data
with the EEG data, the differences between the high and
low WM load conditions were computed (WM load
effect = L4—L2).

EEG Recording and Analysis

64 electrodes were positioned using elastic caps (FMS,
Munich) that included all 10-20 positions plus additional
electrodes: Fpz, AFz, FCz, CPz, POz, Oz, 1z, AF1/2, F5/6,
FC1/2/3/4/5/6, FT7/8/9/10, C1/2/5/6, CP1/2/3/4/5/6, TP7/8/
9/10, P5/6, PO1/2/9/10 and OI1/2. Electrodes O1'/2" and
Fpl'/2" were placed 2 cm more laterally for more even
coverage (as in: Maurer et al. 2007; Schulz et al. 2008).
During the task the EEG was recorded at 500 Hz/channel
using Quickamps amplifiers (high pass filters: DC; low pass
filters: 70 Hz; average reference), except for 6 subjects who
were recorded using Synamps amplifiers with the same set-
tings, but an Fz recording reference. As the different
amplifiers did not affect the WM load effects, the data were
collapsed for this study. Data were downsampled to 256 Hz,

bandpass-filtered (0.1-70 Hz), and re-referenced to an Fz
reference (for Quickamps recordings only) before correcting
for horizontal and vertical (blinks) eye movements (Jung
et al. 2000). All data were re-referenced to the average ref-
erence (Lehmann and Skrandies 1980) for further data pro-
cessing and analysis. The EEG was segmented to include the
last 2 s (i.e., 512 data points) during the retention interval
before the occurrence of the probe. Only segments from
correct trials and without any residual artefacts (maximal
allowed difference: 100 pV for eye electrodes, 200 puV for
the remaining electrodes) were used. For each of these seg-
ments a Fast Fourier Transformation was computed (Han-
ning window: 10 %), and the resulting Power Density values
(resolution of 0.5 Hz) were averaged across segments, sep-
arately for the low and high WM load conditions. The
average power density across all channels was computed
separately for each condition and subject. Mean bands were
computed for theta (5-7 Hz) and for lower (8—10 Hz) and
upper (10.5-12.5 Hz) alpha frequencies at the individual
level. Given the intrinsically skewed distribution of power
spectra (i.e., obtained through squaring), the averaged power
values in each band were log transformed, which has been
shown to result in approximately normal distributions of
power spectra across subjects (Gasser et al. 1982). The WM
load effect in each of the 3 bands was computed as the dif-
ference between the log-transformed power values of the
high and the low WM load conditions (WM load effec-
t = log(L4)—log(L2)) and tested using t-tests (log(L4) vs.
log(L2)) for the average across all channels. Maps showing
WM load effects and the corresponding t-values are illus-
trated for each band. WM load differences between bands
were further tested using an ANOVA on the average of the
log-transformed power values with the within subject factors
“load” (L4 vs. L2) and “band” (theta vs. lower alpha vs.
upper alpha). Given that previous studies had shown maxi-
mal theta WM load effects at fm electrodes (Michels et al.
2008; Gevins et al. 1997), we also tested the WM load effect
in the theta band at electrode AFz (log(L4) vs. log(L2)). In
order to test the relation between behavioural responses and
the theta WM load effect, Pearson correlations were com-
puted between the WM load effect at AFz (log(L4)—
log(L2)) and the WM load effect in accuracy and reaction
time. Sources of the WM load effects were estimated using
SLORETA (Pascual-Marqui et al. 1999). The filtered
(0.1-70 Hz) and the segmented EEG data (correct trials
only) of each subject were transformed into cross-spectra
values, averaged for each frequency band, and transformed
into SLORETA current density values. After log-transfor-
mation the SLORETA current density values were compared
between the high and the low WM load condition for each
band using voxel-wise ¢ tests (two-tailed).

In addition, peak frequency in the alpha band
(8-12.5 Hz) was identified in the average across all
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Fig. 2 Theta (5-7 Hz, log-
transformed) increased during
the last 2 s of the retention
phase in the high WM load
condition compared to the low
WM load condition most
prominently at fm electrodes
(a), where t-values testing
increase also tended to be
significant (c). The sources of
the theta increase were
estimated (SLORETA) to be
located in medial frontal regions
extending into anterior cingulate
and superior frontal areas (MNI
coordinates in Supplementary
Table 1). In addition, a theta
decrease was located in superior
frontal, as well as in inferior A
parietal and superior temporal
regions (Supplementary Table 1
and Supplementary Fig. 2). The
WM load-related increase of
fm-theta (at AFz) was
significantly correlated with the
WM load-related decrease in
accuracy (r = —0.41, p < 0.05;
b)

change (difference)

change (t-values)

-5.0 0t
B

channels in each subject for the high and low WM load
condition separately, and tested using a ¢ test. The differ-
ence of this peak between the two WM load conditions
(L4—L2) was used for correlations with behavioural
measures.

Results

Behavioural Results

The participants were less accurate and slower in the high WM
load compared to the low WM load condition (83.6 % [£6.3
SD] vs. 94.1 % [£3.1 SD], t = —8.2, p < 0.001; 1,118 ms
[+188 SD] vs. 979 ms [£188 SD], t = 7.1, p < 0.001).

EEG Results

Theta effects. The high WM load condition tended to elicit
increased theta power (log-transformed) at electrode AFz

@ Springer
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(—0.03 vs. —0.07; 1[23] = 1.92, p < 0.1; see also Fig. 2a,
b), but not for the average across all channels (—0.13 vs.
—0.12; #[23] = —0.59, p = ns) compared to the low WM
load condition, indicating considerable interindividual
variance at the fm channel in agreement with previous
studies (Jensen and Tesche 2002; Michels et al. 2008).

sLORETA showed increased theta activity in the ante-
rior cingulate cortex (Fig. 2d) and decreased theta activity
in left parietal and right superior frontal regions (Supple-
mentary Fig. 2). The theta increase at AFz (difference of
log-transformed power) correlated significantly with
accuracy difference (r = —0.41, p < 0.05; Fig. 2¢), indi-
cating larger theta increase with larger accuracy decrease
(Fig. 2). It was, however, not significantly correlated with
reaction time difference (r = —0.14, p = ns).

Alpha Effects

The high WM load condition elicited less alpha power
across all channels in the lower band compared to the low
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Fig. 3 Higher WM load
induced a power decrease in the
lower alpha band across the
entire map compared to lower

WM load (log-transformed; a), O
which was most significant at a g %
left temporal electrode (TP7: o -
t(23) = —3.35, p < 0.01; b), in &az)
agreement with left temporal S
sources (d; see details in \GJ/
Supplementary Table 2). >
Higher WM load also led to an % o
increase in upper alpha at -S =
frontal and occipital channels
(both; a), reaching significance
at frontal channels and
localizing to medial occipital
regions (d; see details in A
Supplementary Table 3). The
alpha peak in the average across
all channels (AVG) occurred at
higher frequencies in the high
compared to the low WM load
condition (c) —_ O
0 =
Q o
s =
©
>
+4
0]
2
g 2
s 5
B

WM load condition (—0.03 vs. 0.02, #[23] = —2.09,
p < 0.05; Fig. 3a, b). The corresponding increase for the
upper alpha band, however, was not significant (—0.01 vs.
—0.02; 1[23] =0.37, p =ns; Fig. 3a, b). The alpha
decrease in the lower band with higher WM load was also
reflected by a shift of the (overall) alpha peak towards
higher frequencies with higher WM load (mean: 10.4 vs.
10.0 Hz, #[23] = —-3.5, p < 0.01; Fig. 3c). The WM load-
dependent shift of the alpha peak was not significantly
correlated with neither accuracy difference (r = 0.27) nor
with reaction time difference (r = —0.17). sLORETA
showed a robust WM load-related reduction of lower alpha
activity in left temporal and right superior frontal regions
and a weak increase of upper alpha activity in medial
occipital regions.

Discussion
At the group level, an increase of fm-theta with increasing

load has been found in most previous WM studies using
EEG or MEG (Gevins et al. 1997; Michels et al. 2008;

lower and upper alpha bands
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Jensen and Tesche 2002; Onton et al. 2005; Raghavachari
et al. 2001; Gevins and Smith 2000). Some studies, how-
ever, also reported the absence of the WM load effect in
some subjects (Michels et al. 2008; Jensen et al. 2002). The
question about the nature of these individual differences is
important, given the prominent role of WM in some clin-
ical disorders (Lett et al. 2013; Willcutt et al. 2005). While
replicating the general WM load effect as a trend towards
an increase of fm-theta at the group level, we demonstrate
here, that such individual differences in this effect can be
partly explained by the behavioural task performance.
Specifically, the increase of the fm-theta was larger, the
less accurate a participant performed in the difficult com-
pared to the easy condition. Thus, the direction is the same
as for the general WM load effect comparing the difficult
(high WM load) to the easy (low WM load) condition at the
group level. This correlation was not due to the larger
number of excluded trials in the subjects with lower
accuracy, as a reanalysis of the data using all trials irre-
spective of response accuracy revealed an even larger
correlation of the same direction (r = —0.50, p < 0.05).
We thus believe that the accuracy decrease reflects
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individual task difficulty with an increase in WM load and
further qualifies the individual effects of a WM load
manipulation. We suggest that the reliability of the increase
of fm theta as a marker of WM processing may improve, if
task performance is included in the analysis. Although the
decrease in accuracy was paralleled by response slowing
with higher WM load in our study, the correlation between
theta increase and behavioural measures was only signifi-
cant for accuracy. It remains to be investigated in future
studies whether in tasks with accuracy performance at
ceiling in high WM load conditions, similar correlations
can be found with reaction time instead.

The fm-theta WM load effect has been shown to appear
in a narrow frequency band (5-7 Hz) in previous studies
(Gevins et al. 1997; Michels et al. 2008; Onton et al. 2005),
rather than spanning the entire theta band. Still a reanalysis
of the present data using the entire 4-7.5 Hz theta band
confirmed our WM load effects and behavioural correla-
tions, although the statistical effects became less robust
(not reported).

Moreover, the fm-theta WM load effect showed a very
focal topography, as it was restricted to a few fm elec-
trodes, similar to previous studies (Gevins et al. 1997;
Michels et al. 2008). This characteristic topography resul-
ted in anterior cingulate sources, corroborating earlier
source localization attempts (Gevins et al. 1997; Michels
et al. 2008). This finding is in agreement with intracranial
recordings from epileptic patients during WM tasks which
found prominent load-related increases in fm regions
(Meltzer et al. 2008), although theta activity during WM
processing could be found in many areas throughout the
cortex (Raghavachari et al. 2006), which could also reflect
alpha activity slowing by antiepileptic medication.

Involvement of anterior cingulate regions in WM pro-
cesses has also been suggested by fMRI studies, although
activation in this region actually decreased with paramet-
rically increasing WM load (Braver et al. 1997), in contrast
to the increase in bilateral dorsolateral prefrontal and left
inferior frontal regions (Braver et al. 1997; Cohen et al.
1997). This divergence in the same region between theta
increase and BOLD decrease with increasing WM load, has
been confirmed in more recent simultaneous EEG-fMRI
studies showing that theta increase during WM tasks cor-
related negatively with the BOLD response in medial
prefrontal and anterior cingulate regions (Meltzer et al.
2007; Michels et al. 2010; Scheeringa et al. 2009).

In the context of WM theories it is generally assumed
that the central executive component is sub-served by
frontal cortex functions, whereas storage functions are
implemented in posterior brain regions (Baddeley 2003).
An increase of fm-theta putatively from anterior cingulate
sources thus may indicate an increasing demand of exec-
utive control if WM load increases or if task difficulty
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increases for a particular individual. Such control mecha-
nisms may be needed either to organize representations of
multiple items or to integrate various cognitive sub-pro-
cesses in WM (Sauseng et al. 2010). Fm-theta and its
relation to executive control (Cavanagh et al. 2013),
however, may not only be influenced by load and difficulty,
but also by expertise. This has been shown in a study by
Doppelmayr et al. (2008), in which experts showed
increased fm-theta compared with novices in the pre-shot
phase during rifle shooting. This may suggest that experts
know more aspects of the task at hand that need to be
controlled for compared with novices, which increases the
demand for executive control. Similarly, the increased
theta synchronisation in a modified RAVEN task in sub-
jects with high compared to those with average intelligence
(Doppelmayr et al. 2005) may reflect that highly intelligent
subjects control more aspects of this intelligence test.
However, such effects may be task dependent, and in the
context of the present study expertise is supposed to have
played a minor role, because all subjects were equally
unfamiliar with the stimuli and task.

Similarly, a recent study (Itthipuripat et al. 2013)
reported increased theta power in trials that could be
manipulated successfully compared to unsuccessfully
manipulated trials. This may be due to a larger degree of
executive control in the successful trials, whereas
engagement of executive control to a lesser degree may
have led to unsuccessful task manipulations. Importantly,
our findings derive from trials which were always correct,
and the number of incorrect trials in our data was too low
to compare correct and incorrect trials. Moreover, theta
increase may not be linked to behavioural success per se, as
increased theta activation could be observed under more
difficult conditions, without necessarily affecting behav-
iour (Park et al. 2013).

In a recent study, Langer et al. (2013) could demonstrate
that WM training was uniquely linked to theta power
increase during the resting eyes-closed state. The rather
widespread distribution of these theta effects on the scalp
may suggest that these effects are not just due to an
increase of fm theta, and also reflect other sources. Still,
WM training may be associated with enhanced executive
functions in general and thereby with increased fm theta at
rest (Langer et al. 2013).

Although fm-theta seems to play an important role for
WM processing as indicated by this and by previous
studies, the fm-theta increase reached only the level of a
statistical trend at a few frontal electrodes and could not be
detected across the average of all electrodes. In contrast, a
prominent WM load-related decrease was found for the
lower alpha range in the average across all electrodes.

The alpha peak shifted upward with higher WM load
resulting in a decrease in the lower alpha range and a (non-
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significant) increase in the higher alpha range. Task-spe-
cific modulation in the alpha band was first reported by
Jensen et al. (2002) showing an alpha increase with higher
WM load. Subsequent studies reported either an overall
increase with higher WM load (Scheeringa et al. 2009;
Jensen et al. 2002) or a subject-specific modulation with an
increase in some subjects, but a decrease in other subjects
(Meltzer et al. 2007; Michels et al. 2008) - the decrease
being most prominent in the lower alpha range (Michels
et al. 2008).

Moreover, some of the diverging results may also be
driven by outlier values in small groups. In our analysis we
used log-transformed values that are more robust against
the influence of extreme cases. The same analysis, how-
ever, also led to a significant increase of upper alpha (see
Supplementary Fig. 1) without log-transformation but with
percent change ((L4—L2)/L2*100) as in Michels et al.
(2008) and Jensen et al. (2002).

The functional significance of alpha activity during WM
processing has been related to active inhibition of occipito-
parietal areas (Jensen et al. 2002; Klimesch et al. 2007)
through top-down control (Klimesch et al. 2007) extending
the cortical idling theory of alpha rhythms during rest
(Pfurtscheller et al. 1996). Accordingly, alpha would
indirectly support retention of visual material, by sup-
pressing processing of distracting visual information. A
more active role of alpha for retention (Jensen et al. 2002),
however, cannot be excluded and warrants further research.

In summary, the present study corroborates that both
theta and alpha rhythms play an important role for WM
processes, and extends these findings by demonstrating that
fm-theta increase with higher WM load is associated with
individual task difficulty indexed by accuracy and that
lower alpha decreases with higher WM load corresponding
to a shift of the alpha peak towards higher frequencies
within the alpha band. Future work should further clarify
the clinical significance and the plasticity of these separa-
ble WM processes.
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