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This study examined whether there are neural markers of individual differences in

working memory (WM) capacity and whether these differences are only manifest when
Available online 11 May 2015

Keywords:

Working memory capacity

Individual differences

Event-related potentials

Brain oscillations

Event-related synchronization/

desynchronization
1016/j.brainres.2015.05.00
sevier B.V. All rights rese

to: Department of Psy
.
reder@cmu.edu (L.M. Red
a b s t r a c t

performing a demanding WM task or at all levels of difficulty. Each subject’s WM capacity

was estimated using a modified digit span task prior to participation in an N-back task that

varied difficulty from 1- to 4-back. While performing the N-back task, subjects wore scalp

electrodes that allowed measurement of both event-related potentials (ERP) and event-

related synchronization and desynchronization (ERS/ERD). Those subjects classified as low

WM were more affected by the higher cognitive demands (many more errors in the 4-back

task and generally slower responses) than those classified as high WM. These behavioral

differences between the two groups were also apparent in the neural markers. Specifically,

low WM subjects, when compared with high WM subjects, produced smaller P300

amplitudes and theta ERS, as well as greater alpha ERD at the most difficult level.

Importantly, the observed differences in electrophysiological responses between the two

groups were also observed at the lowest difficulty level, not just when the task challenged

WM capacity. In addition, P300 amplitudes and alpha ERD responses were found to

correlate with individual WM capacities independent of the task difficulty. These results

suggest that there are qualitative neural differences among individuals with different WM

capacities when approaching cognitive operations. Individuals with high WM capacities

may make more efficient use of neural resources to keep their attention focused on the

task-relevant information when performing cognitive tasks.
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1. Introduction

Working memory (WM) is a set of mechanisms involved in the
temporary retrieval, maintenance, and manipulation of infor-
mation for a wide range of cognitive operations (e.g., Baddeley,
1992, 2003). Individual differences in WM capacity have been
shown to correlate with performance in a variety of tasks
including learning, planning, comprehension and problem sol-
ving (Alloway, 2009; Conway, 1996; Engle, 1994) as well as with
general fluid intelligence (Conway et al., 2002; Engle et al., 1999).
Measures of WM capacity have also been shown to predict
academic achievement better than measures of intelligence
(Alloway and Alloway, 2010). Given the centrality of WM to
human cognitive processing, it is important to better under-
stand the nature of individual differences in WM capacity.
Much of the earlier research employed paradigms such as the
traditional digit span test (Dempster and Cooney, 1982), reading
span task (Daneman and Carpenter, 1980) and operation span
task (Conway, 1996; Turner and Engle, 1989) to explore indivi-
dual differences in WM capacity and focused primarily on
behavioral measures.

More recently, researchers have investigated WM effects
within and between individuals using neuroimaging methods,
relying extensively on the N-back paradigm both when employ-
ing functional magnetic resonance imaging (fMRI) (Braver et al.,
1997; Jaeggi et al., 2007; Manelis and Reder, 2014; Owen et al.,
2005) and event-related potentials (ERP) (Daffner et al., 2011;
Gevins and Smith, 2000; McEvoy et al., 2001) studies. The N-back
task requires that the subjects indicate whether the current
stimulus is identical to the stimulus shown N presentations
before. In a given block the value of N remains constant and
blocks are more difficult the higher the value of N. For example,
in the 1-back condition, subjects need only to hold the last item
in WM, while the 2-back condition requires subjects to update
two items to be held in WM as well as decide whether the item
2-back matches the current one. A reason for the popularity of
this paradigm is that input and output aspects of the task do
not vary with increased WM load. Specifically, the visual input
(a sequential presentation of stimuli) and the nature of the
response (one of two button presses) remain constant across
values of N. Therefore, any differences in performance or
neuroimaging measures across values of N can be attributed
to differences in WM demands as opposed to differences in the
visual display or nature of the response.

Parametric variations of difficulty in the N-back task have
enabled researchers to investigate neural changes as a function
of WM demands (Braver et al., 1997; Daffner et al., 2011; Jaeggi
et al., 2007; McEvoy et al., 2001; Pesonen et al., 2007; Watter
et al., 2001). However, there have been few studies that have
examined whether load-dependent changes in neural
responses vary across individuals that have been shown to
have different WM capacities, with the exception of a recent
ERP study by Daffner et al. (2011). In addition, previous neuroi-
maging studies using the N-back task have not gone beyond 3-
back. There have been several behavioral studies that have
gone as high as 4- and 5-back (Jaeggi et al., 2010; Juvina and
Taatgen, 2007; Verhaeghen and Basak, 2005), but no neurophy-
siological recordings have examined performance at such a
high load. The current study explored whether there were
electrophysiological signatures of individual differences in
WM capacity and whether these differences were only manifest
when performing a highly demanding WM task or at all levels
of difficulty. We recorded scalp electroencephalography (EEG)
signals in order to measure both ERP and event-related syn-
chronization/desynchronization (ERS/ERD) during performance
of the N-back task that varied N from 1 to 4.

The ERS/ERD measure tracks task-related changes in the
synchrony of underlying neural populations (Klimesch, 1999;
Pfurtscheller and Lopes da Silva, 1999). While the high temporal
resolution of ERP enables researchers to examine the time
course of cognitive operations, the spectral EEG oscillation
(represented by ERS/ERD) can provide information about the
dynamics of functional network formation (Bastiaansen and
Hagoort, 2003). There has been a number of studies that suggest
both measures are correlated with attentional resource alloca-
tion, WM capacity and general cognitive abilities (Gevins and
Smith, 2000; Grabner et al., 2004; McEvoy et al., 2001; Polich,
2007). In a review article, Polich (2007) demonstrated that the
P300 component played a role in attentional resource allocation
among concurrent operations. Gevins and Smith (2000) found
that the P300 amplitudes are positively correlated with subjects’
WM capacities and general cognitive abilities. They also exam-
ined brain oscillations and found this same positive correlation
with individuals’ WM capacities and cognitive abilities for the
frontal theta (�3–7 Hz) ERS. Similarly, McEvoy et al. (2001)
reported that theta ERS is greater in younger than older adults
when performing the N-back task. Lee et al. (2005) proposed
that theta oscillations might be responsible for regulating the
activation of relevant information maintained in WM. Finally,
while the theta ERS findings showed a positive correlation with
larger WM capacity, Grabner et al. (2004) found that higher
intelligence is associated with lower alpha (�8–12 Hz) ERD
responses, reflecting more efficient brain functioning in those
scoring high on intelligence tests.

To extend the findings from the above research, the current
study examined the P300 ERP component and EEG oscillations
in the low frequency band (o15 Hz, including both theta- and
alpha-band oscillations), in particular focusing on how these
measures differed for subjects with different WM capacities.
The expectation is that subjects with higher WM, as compared
with subjects classified as having lower WM capacity, will show
better performance on behavioral measures, greater amplitudes
for the P300, larger values of theta ERS and attenuated alpha
ERD. This pattern of differences based on WM capacity is
expected to be strongest at the more challenging level of the
N-back task. Conceivably, neural signals at the high difficulty
level may result from something other than individual differ-
ences in WM capacity, such as the subject’s effort to seek
various strategies (Jaeggi et al., 2007), or the low WM subject’s
inability to engage in such a difficult task. Therefore, we were
interested in looking at whether differences in the electrophy-
siological response patterns would also be observed at the
lowest difficulty level, which placed few demands on
individuals’ WM.

It is important to note that prior studies that have
explored individual differences in WM tasks such as the N-
back have classified subjects as high and low groups based on
their performance in the task itself (e.g., Daffner et al., 2011;
Jaeggi et al., 2007). To avoid this circularity problem, we used



Fig. 1 – Behavioral results of the MODS task. (A) Performance as a function of memory set size in the MODS task; (B) Mean
estimated W values from the MODS task for the High and Low Working Memory Groups (HW and LW). The error bars in this
and the following figures reflect one SEM.

Fig. 2 – Behavioral results of the N-back task. Mean accuracy (left) and reaction time (right) as a function of task load and group
for targets (upper) and non-targets (lower). *po0.05; **po0.001.
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a different task, the Modified Digit Span (MODS) task (Daily
et al., 2001; Lovett et al., 1999, 2000) prior to performing the N-
back task. Performance on the MODS task was used to assign
subjects into the high and low WM capacity (HW/LW) groups.
In that way we could ask whether an independent estimate of
WM capacity predicts behavioral and neural measures on the
N-back task. With this method, any differences we observed
between the groups could not be attributed to how indivi-
duals were affected by the N-back task, per se, but would be
due to differences in WM capacity. Previous studies by Lovett
and colleagues (Lovett et al., 1999, 2000) have shown that the
MODS task can provide a reliable estimate of WM, and they
have also reported good fits for individual performance on
other WM tasks such as serial recall and the N-back task by
using the WM estimate derived from the MODS task.
2. Results

2.1. Behavioral results of the MODS task

Fig. 1, panel A plots the proportion of memory sets that were
recalled without any errors as a function of the memory set
size in the MODS task (see Daily et al., 2001; Lovett et al., 1999;
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for a description of the task and the methods for estimating
WM capacity). Lovett et al. (1999) developed a method to
estimate W, an index of an individual’s WM capacity based
on the MODS task performance. W is assumed to have a
mean of 1.0 and the range of values in our sample was from
0.6 to 1.5. Based on this distribution, subjects were split into a
HW group and a LW group. The mean W for HW and LW
groups are displayed in panel B of Fig. 1. A two-sample t-test
yielded significant differences on W between the two groups
(t(26)¼6.177, po0.001). Although the subjects were divided
based on a median split of W, the average W scores were
reliably different in the two groups.

2.2. Behavioral results of the N-back task

Mean accuracy and mean correct response times (RTs) in each
memory load condition (1-, 2-, 3- and 4-back) for target and non-
target stimuli for both WM groups are displayed in Fig. 2. A
repeated-measures analysis of variance (ANOVA) was conducted
on accuracy using memory load and stimulus type as within-
subject factors, and group as a between-subject factor. Accuracy
dropped with increasingmemory load (F(3, 78)¼81.272, po0.001),
and was lower for target than non-target stimuli (F(1, 26)¼
108.675, po0.001). Performance was also worse for LW subjects
than HW subjects (F(1, 26)¼7.02, p¼0.01). There was a significant
interaction between load and stimulus (target vs. non-target) (F(3,
Fig. 3 – Grand-average ERP waveforms of the N-back task. Grand-
F4) and parietal (P3, PZ, P4) sites for HW (upper) and LW (lower
windows used for analyses of the P300 component. Note that th
78)¼46.956, po0.001) such that performance dropped more for
targets than non-targets. Likewise there was an interaction of
stimulus type and group (F(1, 26)¼4.347, po0.05) such that the
accuracy difference between HW and LW groups was greater for
targets than non-targets.

We also analyzed the accuracy data separately for each
stimulus type. For non-target stimuli, there was only a signifi-
cant effect of load condition (F(3, 78)¼30.044, po0.001). In
contrast, for the target stimuli accuracy differed reliably between
groups (F(1, 26)¼7.643, p¼0.01) as well as across load conditions
(F(3, 78)¼82.937, po0.001). The effect of N-back load on accuracy
was larger in the LW group, supported by an interaction of load
and group (F(3, 78)¼14.102, po0.001). Post hoc analyses indi-
cated that the HW group’s advantage in accuracy over the LW
group was only reliable in the 4-back condition (t(26)¼5.351,
po0.001).

The same type of analysis used for accuracy was performed on
the RT data. For target stimuli, RT increased with increasing
memory load (F(3, 78)¼25.308, po0.001), and subjects in the HW
group responded faster than those in the LW group (F(1, 26)¼4.806,
po0.05). There was also a significant interaction of load and group
(F(3, 78)¼3.704, po0.05). Post hoc analyses indicated that the HW
group responded faster in the 2- (t(26)¼�2.198, po0.05) and 4-back
(t(26)¼�2.096, po0.05) conditions. Like with accuracy measures,
the only significant main effect for non-target stimuli was the
manipulation of load (F(3, 78)¼19.645, po0.001).
average ERPs as a function of task load at the frontal (F3, FZ,
) groups. Dashed squares on each graph represent the time
e scales of the y-axis are different for the two groups.
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Since group differences is of central importance to this
study and we only observed reliable differences between the
two groups for target stimuli (on either behavioral measure),
we focus on the target stimuli for electrophysiological ana-
lyses presented below.

2.3. ERP results

Grand-mean waveforms for the N-back task are shown for each
memory load condition at the frontal and parietal sites for each
group in Fig. 3. The P300 peak amplitude and latency data from
the two regions are presented in Fig. 4. A repeated-measures
ANOVA using memory load and electrode site as within-subject
factors and group as a between-subject factor was applied to the
P300 peak amplitude data. The amplitude of the P300 diminished
as memory load increased (F(3, 78)¼7.117, po0.001) and the
amplitude was larger at the parietal site than the frontal site
(F(1, 26)¼42.881, po0.001). In addition, the effect of load inter-
acted with site (F(3, 78)¼3.261, po0.05) such that the effect of
load was larger at the parietal site. While the amplitude of the
P300 was reliably greater for the HW group (F(1, 26)¼10.181,
po0.005), no other factor interacted with the group variable,
suggesting that the two groups showed the same trend across
different load conditions and electrode sites. A parallel analysis
was conducted for the P300 peak latency, and the only effect to
reach significance was electrode site (F(1, 26)¼4.796, po0.05).

2.4. ERS/ERD results

Given that the behavioral data showed the LW group was more
affected by manipulations of WM load than the HW group but
P300 waveforms did not display such a difference, we decided to
investigate whether we would obtain a more sensitive measure
Fig. 4 – ERP results of the N-back task. Mean P300 peak amplitud
at the frontal (averaged across F3, FZ and F4, upper panel) and
* po0.05; n po0.01.
of our manipulations by examining ERS/ERD patterns. The
electrodes selected for ERS/ERD analyses were those where we
observed the biggest effects. Specifically, those showing task-
related increases in theta-band power compared to the baseline
period over frontal regions (spatial peaks around F3, FZ and F4,
Fig. 5A) and those with the most pronounced task-related
decreases in alpha-band power over parietal areas (spatial peaks
around P3, PZ and P4, Fig. 5A) were selected.

Theta (�3–7 Hz) ERS responses: Grand-average time–fre-
quency plots over the frontal region showed long-lasting
(0–1750 ms) theta ERS responses (Fig. 5B). Condition-specific
theta ERS data within the time–frequency window that pro-
duced the largest magnitudes (marked with a dashed square in
Fig. 5B) are shown for each group in Fig. 6A. The repeated-
measures ANOVA indicated that theta ERS responses declined
reliably as the task became more difficult (F(3, 78)¼18.873,
po0.001). While the magnitude of theta ERS was significantly
greater for the HW group than the LW group (F(1, 26)¼4.716,
po0.05), the difference in magnitude between groups did not
change as a function of load (i.e., there was no interaction). Post
hoc analyses indicated that the HW group exhibited larger theta
ERS in the 1- (t(26)¼2.185, po0.05) and 4-back (t(26)¼2.843,
po0.01) conditions relative to the LW group.

Alpha (�8–12 Hz) ERD responses: With regard to alpha-
band, ERD responses were elicited at about 200 ms after
stimulus presentation, as shown in the grand-average time–
frequency plots over the parietal area (Fig. 5C). Condition-
specific alpha ERD data within the time–frequency window
that produced the largest ERD magnitudes (marked with a
dashed square in Fig. 5C) are illustrated for each group in
Fig. 6B. Contrast to theta ERS, alpha ERD responses did not
vary significantly in magnitudes across the four load condi-
tions even though group differences were still significant
e (left) and latency (right) as a function of task load and group
parietal (averaged across P3, PZ and P4, lower panel) sites.



Fig. 5 – Task-related changes in theta and alpha power. (A) Topographical maps of theta ERS and alpha ERD averaged over
100–700ms post-stimulus; (B) Grand-average time–frequency ERS/ERD plots over frontal electrodes (averaged F3, FZ and F4);
(C) Grand-average time–frequency ERS/ERD plots over parietal electrodes (averaged P3, PZ and P4). Dashed squares in (B) and (C)
represent the time–frequency windows used for statistical analyses.
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(F(1, 26)¼5.042, po0.05). Post hoc analyses showed that the HW
group exhibited reliably lower magnitudes of alpha ERD in the
1- (t(26)¼�2.102, po0.05), 3- (t(26)¼�2.164, po0.05), and 4-back
(t(26)¼�2.303, po0.05) conditions compared with the LW group.

2.5. Comparison of different measures

Pearson correlation coefficients were computed for each load
condition between W values and all the behavioral and electro-
physiological variables, including the N-back task accuracy and
RT, ERP and ERS/ERD measures. As is shown in Table 1, more
variables tended to correlate with the W values as the memory
load increased. For instance, in the 1-back condition, only the
P300 amplitude and alpha ERD at the parietal site were associated
with W; while in the 4-back condition, all the variables except for
the RT and parietal P300 latency were closely related to W.
Nevertheless, the parietal P300 amplitude and alpha ERD corre-
lated with W regardless of WM demands. That is, subjects with
higher W values produced greater P300 amplitudes as well as
lower alpha ERD responses at all difficulty levels of the WM task.

In order to further compare the three sets of analyses in
the current study, the statistical power (η2p) for each measure-
ment was computed to compare effect sizes of WM-based
group differences across behavioral, ERP and EEG measures
(Gulbinaite et al., 2014). These are summarized in Fig. 7. As
can be seen from the figure, the behavioral measures have
similar effect sizes compared with EEG measures, while one
of the ERP measures, P300 amplitude over the parietal region,
produced the largest effect size. This suggests that the index
of P300 amplitude is a more sensitive measure of WM-related
differences than others.
3. Discussion

Previous research has examined changes in electrophysiological
response as a function of WM demands (Daffner et al., 2011;
Jaeggi et al., 2007; McEvoy et al., 2001; Pesonen et al., 2007; Watter
et al., 2001), but less research has focused on whether these
changes vary across individuals with different WM capacities.
The current study aimed to uncover whether there are electro-
physiological signatures that distinguish individuals with high
vs. low WM capacities, and to see whether such electrophysio-
logical differences are only manifest when WM is severely
challenged or the differences are apparent even in relatively
easy WM tasks. While previous studies that have explored
individual differences in WM tasks have used performance on
the task itself as a way to distinguish among subjects (e.g.,
Daffner et al., 2011; Jaeggi et al., 2007), we opted to use an
unrelated WM task to classify subjects prior to asking them to
perform in the N-back task. By using the MODS task (Daily et al.,
2001; Lovett et al., 1999, 2000) to derive an independent estimate
of WM capacity, any differences we observed in the N-back task
between groups could not be due exclusively to how people
performed in the N-back task itself.

Consistent with previous studies that categorized subjects’
WM capacities based on performance on the N-back task
(Daffner et al., 2011; Jaeggi et al., 2007), we found that our
independently classified HW and LW subjects also showed
load-dependent changes in the P300, theta ERS and alpha ERD
patterns for both groups, with differences between groups larger
at the most challenging level of the N-back. An important
distinction between our study and previous ones is that previous
researchers speculated that differences in the observed neural
activity patterns between groups were due to differences in
strategy or an exhaustion of WM capacity (e.g., Jaeggi et al., 2007;
Vogel et al., 2005). Our results, however, showed similar differ-
ences in the neural patterns between groups even at the lowest
level of N-back difficulty, suggesting that more is going on than
merely differential adoption of strategies at the highest level of
N-back or complete depletion of WM resources. Specifically, in
the 1-back task, both HW and LW subjects performed near
ceiling, indicating that the task was not challenging and did not
tax WM. Given that our subjects were classified based on their



Fig. 6 – EEG results of the N-back task. The left graph represents theta ERS responses as a function of task load and group at
the frontal site (averaged F3, FZ and F4); the right graph represents alpha ERD responses as a function of task load and group
at the parietal site (averaged P3, PZ and P4). * po0.05; ** po0.01.

Table 1 – Pearson correlation coefficients computed
between W (estimates of individual’s working memory
capacity) values and the behavioral and electrophysiolo-
gical measures for each memory load condition (n¼28)a.

W

1-Back 2-Back 3-Back 4-Back

Accuracy �0.21 0.17 0.25 0.83nn

RT �0.20 �0.34n �0.31 �0.31
F_P300
amplitude

0.30 0.28 0.46nn 0.50nn

F_P300 latency 0.15 0.24 0.34n 0.45n

P_P300
amplitude

0.38n 0.49nn 0.46nn 0.43n

P_P300 latency �0.08 0.18 �0.08 �0.03
F_theta ERS 0.32 0.10 0.12 0.57nn

P_alpha ERD �0.34n �0.39n �0.39n �0.45n

a F, frontal; P, parietal. F_theta ERS here denotes the value of theta
ERS at the frontal site during 250–450 ms; P_alpha ERD represents
the absolute value of alpha band ERD at the parietal site during
450–650 ms.

n po0.05.
nn po0.01.

Fig. 7 – Summary of results depicting effect sizes of different

measures. The color of the circles represents small (light
gray), medium (dark gray) and large (black) effect sizes in the
current study. Asterisks denote analyses in which the effect
of WM was significant.
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behavioral performance in a different task, it seems unlikely that
the difference could be due to strategy adoption, per se. As
further evidence that these observed neural differences between
groups are not based solely on task difficulty, we found that both
the P300 amplitudes and alpha ERD magnitudes correlated with
WM capacities (estimated from the independent task we used to
classify subjects), and those correlations did not factor in task
difficulty. Taken together, our findings suggest that qualitative
neural differences exist among individuals with different WM
capacities. Below we provide further evidence for this position.

3.1. The effects of excessively challenging tasks on LW
subjects

Very few studies have examined the neural markers of excessive
demands on WM. The fMRI study by Jaeggi et al. (2007)
investigated the cortical activation patterns when individuals’
WM capacity limits were reached or even exceeded. Their
subjects tried to perform two N-back tasks concurrently, one
auditory and one spatial. They found that those subjects who
performed poorly in the 3-back dual-task showed significantly
greater activation in prefrontal areas than the high performing
group. They speculated that the low performing group used less
effective strategies than the high performers. In the current
study, we examined the electrophysiological signatures of indi-
vidual differences in WM capacities under the excessively
demanding 4-back task and found large differences between
HW and LW groups as well. Like Jaeggi et al. (2007)’s results of
greater activation for poorer performers, we found that our LW
subjects showed enhanced alpha ERD, the magnitudes of which
are proportional to the amount of cortical neurons recruited into
a transient functional network for task performance (Gevins and
Smith, 2000; Klimesch, 1999). This suggests that LW individuals
need to integrate relatively more neural resources to accomplish
a demanding cognitive task andmay recruit additional resources
irrelevant or even detrimental to the current performance.

We also observed smaller P300 amplitudes and theta ERS
for the LW subjects in the challenging 4-back task. The P300
amplitude has been thought to reflect the limits on cognitive
resources that can be allocated to concurrent operations such
that the smaller the P300 the less available WM resources
(McEvoy et al., 1998; Watter et al., 2001). The smaller P300
amplitudes observed in the LW group thus suggest that
individuals with lower WM capacities have fewer cognitive
resources to allocate to the demanding task and are more
influenced by other competing operations or thoughts. Theta
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ERS is also thought to index the extent of cognitive resources.
For example, when sustained mental effort is required, theta
ERS is frequently observed (Gevins et al., 1997) and it is
thought to be associated with the functioning of the central
executive aspect of WM (Sauseng et al., 2005). Norman et al.
(2007) proposed that theta oscillations can also function to
facilitate memory retrieval and suppress competing mem-
ories. Based on our findings and the prior research, it seems
plausible to conclude that during demanding cognitive tasks,
individuals with LW capacities are less able to exert addi-
tional effort to control the functioning of the central execu-
tive and avoid interference from irrelevant information,
consistent with our interpretation of the ERP results.

3.2. Qualitative differences or strategy differences?

The above findings suggest that individuals with different WM
capacities differ in their ability to allocate attention as well as in
their efficiency to use neural resources to perform challenging
cognitive tasks. One might wonder whether the effects we
observed under the most demanding condition resulted from
subjects' differential tendency to give up on the task, or adopt a
different strategy when the task is especially challenging (e.g.,
Jaeggi et al., 2007). To explore this possibility, we compared the
neural differences between the two groups at the lowest difficulty
level, when both groups could easily perform the task. Interest-
ingly, the same group differences in the pattern of P300, theta ERS
and alpha ERD responses were manifest in the 1-back task
compared with the 4-back. That finding makes an explanation
based on strategy differences, per se, or differential “quitting” on
hard tasks less tenable. It is also unlikely that the observed
differences in the 4-back condition were somehow an artifact of
a floor effect for the LW group. While the LW subjects certainly
found the 4-back taskmore challenging than did the HW subjects,
their performance was still reliably above chance even for the
targets. Given that group differences in the neural responses
(particularly, the P300 amplitudes and alpha ERD patterns) were
consistent across all levels of difficulty, it is difficult to argue that
the difference in neural patterns for the two groups is based on a
strategy difference or performance difference. In addition, the two
WM groups were assigned based on performance of an indepen-
dent task, and thus our a priori determination of WM capacity
allows us to account for differences in the electrophysiological
patterns without postulating strategic or other differences.

A particularly compelling result related to neural correlates of
individual differences came from the finding that both the P300
amplitudes and alpha ERD magnitudes were found to correlate
with WM capacities independent of the task difficulty. Taken
together, these findings suggest that there are qualitative differ-
ences among individuals with different WM capacities when
engaging in cognitive operations. Specifically, individuals with
higher WM capacities (compared to those with lower WM) can
make more efficient use of neural resources to support function-
ing of the central executive.

3.3. Summary

In summary, the current study used a separate task to define
WM capacity prior to the N-back task. We found that task
performance of LW subjects was more affected by increasingly
WM demands. In terms of the electrophysiological measures,
there were large inter-individual differences in both ERP and EEG
oscillatory patterns during cognitive processing at excessive WM
demands, and such differences were also observed to exist even
when individuals performed near ceiling. Furthermore, the P300
amplitudes and alpha ERD magnitudes were observed to corre-
late with WM capacities independent of task difficulty. The P300
amplitudes, in particular, were found to better capture the WM-
related differences among individuals. Therefore, our indepen-
dent estimate of WM capacity was supported both by the
behavioral performance and the neural evidence. Our results
suggest that there are qualitative neural differences among
individuals with different WM capacities when approaching
cognitive operations. Specifically, individuals with higher WM
capacities can make efficient use of their neural resources to
keep focused attention on the task-relevant information. Given
the centrality of WM to human cognitive processing, this study
would help us to further understand the neural mechanisms
associated with individual differences in WM capacity. To the
best of our knowledge, there are few studies on electrophysio-
logical responses at mental overload, and thus our findings may
also provide fresh insights into this area.
4. Experimental procedures

4.1. Subjects

A total of 28 undergraduate students (16 males, mean ages of
19.7 years) from Carnegie Mellon University participated in
this study. All subjects were right-handed young adults with
normal or corrected-to-normal vision. For their participation,
subjects were given credit towards fulfillment of a research
experience requirement.

4.2. Experimental design and procedure

Subjects first participated in the MODS task (Daily et al., 2001;
Lovett et al., 1999, 2000) in order to get an independent
estimate of WM capacity. Panel A of Fig. 8 provides an
illustration of a trial from this task. The subject’s task was
to recall, in chronological order, the final digit of each “string”
presented on that trial. The number of strings varied across
trials as did the number of letters presented in a string before
the digit that terminated each string. Subjects were required
to read each character aloud as it appeared, at a rate of
910 ms per character, and maintain the string-final digits in
memory. At the end of each trial, a recall prompt appeared
and subjects were told to enter the digits from that trial in the
exact order as they were presented. The more digits that
needed to be recalled, the greater the memory set size, from 3
to 6. Subjects’ performance was then evaluated according to
their accuracy in the recall.

Immediately after performing the MODS task, subjects
were asked to participate in the N-back task, with scalp EEG
signal recorded simultaneously. Panel B of Fig. 8 illustrates
the procedure for the N-back task in the 2-back condition.
The values of N in the N-back task varied from 1 to 4. For
convenience, we will refer to these different values of N in the
N-back task as differences in WM load, with the larger values



Fig. 8 – Procedures of the experimental tasks. (A) The procedure of one trial in the MODS task; (B) The procedure of the N-back
task in the 2-back condition.
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of N assumed to be conditions of higher WM load. For each
load condition, there were six blocks, and the order of blocks
was randomly determined for each subject. For a given block,
18 to 22 stimuli would be displayed, with 5 to 7 target stimuli
per block. Overall, there were 36 target and 84 non-target
stimuli for each load. A set of letters were presented one at a
time and subjects were instructed to compare the currently
displayed letter with the one presented N trials earlier. A
letter was a target when it matched the stimulus shown N
items previously (in the illustration of Fig. 8, N¼2); all other
letters were treated as non-targets. The stimulus stayed on
the screen until the subject responded and then disappeared
and the next stimulus appeared 2.5 s later. By allowing the
task to be self-paced (see Krause et al., 2000; Pesonen et al.,
2007), the highest load conditions (3- and 4-back) may not
have been impossible. At the same time, allowing subjects to
go as quickly as desired for easier trials minimized the risk of
boredom. Assignment of target and non-target keys to left or
right hand was counter-balanced. Subjects were given 20
practice trials for each load condition before performing the
task formally and feedback was provided after each response
only during the practice trials.

4.3. EEG recording

Subjects were tested in an electrically shielded and dimly lit
room during EEG recording. EEG activity was recorded continu-
ously with SynAmps amplifiers from 21 Ag–AgCl sintered
electrodes (FP1, FPZ, FP2, F7, F3, FZ, F4, F8, T7, C3, CZ, C4, T8,
P7, P3, PZ, P4, P8, O1, OZ, O2) using a 64-channel Quick-cap
(10–20 system) of a NeuroScan system. The vertical EOG was
recorded from two electrodes placed above and below the left
eye, and the horizontal EOG was recorded from two electrodes
placed at the external canthi of both eyes. Scalp recordings were
referenced on-line to the left mastoid, and were further re-
referenced off-line to the average of the two mastoids. All
signals were digitized at a sampling rate of 1000 Hz, and were
filtered with a band-pass of 0.01–100 Hz. Electrode impedances
were kept below 5 kΩ.

4.4. Behavioral analyses

Performance on the MODS task was assessed according to the
criterion that all of the digits in the memory set (a trial) had to
be recalled in their correct serial positions. An individual’s
mean performance for given levels of set size was then used
to estimate W, a measure of an individual’s WM capacity (see
Daily et al., 2001; Lovett et al., 1999; etc.). Subjects were
median split by W into a HW group and a LW group, with
14 subjects in each group.

With respect to the N-back task, mean accuracy and mean
RT for correct trials were analyzed in each memory load
condition for target and non-target stimuli for each group.
The statistical significance of the differences in the measures
across task conditions and between the two groups was
analyzed using repeated-measures ANOVA.

4.5. ERP analyses

ERP analyses were conducted only for correct responses to
the target stimuli. Vertical and horizontal ocular artifacts
were corrected using an independent component analysis
(ICA) based algorithm (Delorme and Makeig, 2004). After the
correction, the continuous EEG data were segmented into
epochs from �200 to 1000 ms locked to stimulus onset. Data
were then baseline-corrected with respect to the pre-
stimulus interval and low-pass filtered at 50 Hz. Epochs
exceeding 7100 mV were rejected as artifacts. The average
number of observations per condition per group included in
the statistical analysis were as follows: for the HW group,
there were 34 (SD¼2), 35 (SD¼1), 31 (SD¼3) and 30 (SD¼3) for
1-, 2-, 3- and 4-back, respectively; for the LW group, there
were 35 (SD¼2), 35 (SD¼1), 31 (SD¼3) and 24 (SD¼3) for 1-, 2-,
3- and 4-back conditions. Peak amplitude and latency of the
P300 component were measured with a time window of
250–500 ms after the onset of stimuli at frontal (F3, FZ and
F4) and parietal (P3, PZ and P4) electrodes.

4.6. ERS/ERD analyses

The preprocessing procedures were the same as for the ERP
analyses, except that the continuous EEG data were segmented
into epochs from �500 to 2000ms around stimulus onset. Each
epoch was split into overlapping data segments of 500ms, and the
overlap was 450ms. Within each individual segment, the Hann
window function (defined as ω nð Þ ¼ 0:5 1� cos ð2πn=ðN�1ÞÞ� �

,
where N represents the window width and 0rnrN�1) was
applied, and the time–frequency decomposition was performed
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using the discrete Fourier transform (DFT) (defined as Xðf Þ
¼ PN�1

n ¼ 0 xne
� i2πfn, where f represents the frequency). The mean

squared magnitude of the DFT results was regarded as the power
at the center of each segment. The power data were then averaged
across epochs to produce absolute power values as a function of
time and frequency for each subject in each load condition. The
average power during the time window prior to each stimulus
presentation was calculated as the power over the reference
period. The percentage of relative difference in the power of EEG
between the stimulus presentation and the reference was
expressed as ERS/ERD, in which positive values reflect relative
power increase (ERS) and negative values reflect relative power
decrease (ERD) (Krause et al., 2000; Pfurtscheller and Aranibar, 1977;
Pfurtscheller and Lopes da Silva, 1999; Sauseng et al., 2005). In
order to draw the regions of interest for theta and alpha band,
topographical plots for task-related power changes in the two
frequency bands within 100–700ms were created respectively and
averaged over all conditions and subjects (Fig. 5A). Electrodes that
showed the largest ERS/ERDmagnitudes were selected, and grand-
average time–frequency ERS/ERD plots were constructed for these
electrodes. Time–frequency windows with the largest magnitudes
were selected based on visual inspection (marked with dashed
squares in Fig. 5B and C). The condition-specific ERS/ERD data
within these windows were extracted for each subject for statis-
tical analyses.
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