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A B S T R A C T

Although working memory (WM) is amongst the most studied neurocognitive functions, temporal patterns of its
component processes are not fully understood. We examined the neural underpinnings of active maintenance
and interference management in the n-back task by manipulating load (1-back vs 3-back) and including so-called
lure stimuli. ERPs of 27 young adults revealed that the 1-back condition enabling active maintenance showed a
positive slow wave (PSW) prior to the next stimulus (−600–0ms) and augmented P2 (190–290ms) and P3b
(330–430ms) responses after the stimulus appeared, albeit the latter effects were driven by the initial PSW.
Moreover, PSW amplitude correlated negatively with reaction time in the 1-back condition. Responses to lures
showed interference, accompanied with different ERP effects for the two load levels. Our results support the view
that PSW reflects efficient WM maintenance and suggest two distinct neuronal correlates for interference in WM.

1. Introduction

Flexible updating of working memory (WM) contents is considered
one of the key aspects of executive functioning (Miyake et al., 2000).
Updating entails refreshment of WM contents so that the information
maintained is relevant to the task or goal at hand, as well as selection of
incoming information, inhibition of the irrelevant information, and
continuous monitoring of performance (e.g., Morris & Jones, 1990).
Thus, successful WM updating requires both maintenance and executive
operations. The role of maintenance vs. executive operations in WM
updating is thought to vary depending on the task demands: when the
executive demands are low, there are more resources available for the
active maintenance of relevant information, and vice versa (Ecker,
Lewandowsky, Oberauer, & Chee, 2010; Ecker, Maybery, & Zimmer,
2013; Botto, Basso, Ferrari, & Palladino, 2014). In the present study, we
employed the n-back task commonly used in WM research and si-
multaneously registered event-related brain potentials (ERPs) under
varying task load. We focused on the active maintenance component

(pre-stimulus period) and management of interference, aiming to ex-
amine the neurophysiological correlates underlying these two key WM
functions.

Originally developed by Kirchner in 1958, the n-back is a con-
tinuous performance task that requires the participant to decide whe-
ther the current stimulus matches the one n steps back in the stimulus
sequence. Simply by changing the instruction, the researcher can
parametrically vary the WM load from a minimal (1-back) load up-
wards. Stimulus sequences can also contain lure stimuli that would be
targets for adjacent load levels. Lures tap the management of inter-
ference in WM as they prolong reaction times and decrease accuracy
(e.g., Kane, Conway, Miura, & Colflesh, 2007; Schmiedek, Li, &
Lindenberger, 2009). In addition to parametric design and strict control
of stimulation measures, the advantages of the n-back tasks include
high concurrent validity (Jaeggi, Buschkuehl, Perrig, & Meier, 2010),
and high reliability reported especially in brain imaging studies (Owen,
McMillan, Laird, & Bullmore, 2005). Although n-back does not correlate
strongly with span tasks and both measures appear to account for
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independent variance in fluid intelligence (Kane et al., 2007), evidence
from latent factor analyses has indicated that n-back tasks are valid
indicators of general WM function (Schmiedek, Lövdén, &
Lindenberger, 2014). This paradigm has been widely employed, for
instance, in the study of the neuronal correlates of WM (Owen et al.,
2005) and in training of WM (Au et al., 2015; Soveri, Antfolk, Karlsson,
Salo, & Laine, 2017).

Considering the key role of updating in WM, it is surprising that
only a handful of studies have examined ERP responses during the n-
back tasks. In the 1-back condition, the participant should be able to
keep the previous stimulus actively in mind as it is the one that will be
matched with the immediately following stimulus. However, in a
clearly more demanding condition, such as the 3-back, the decision on
whether or not a trial is the same as three trials back likely calls for
recall of the previous relevant stimulus, as its constant maintenance is
getting difficult when there are intervening stimuli (see Postle, Druzgal,
& D'Esposito, 2003; Bunting, Cowan, & Saults, 2006). The ERP findings
in the 1-back condition, but less so in the 3-back condition, should
therefore show evidence for constant active WM maintenance between
the stimuli.

Based on previous research, including the popular delayed
matching-to-sample paradigm probing short-term memory (e.g.,
Ruchkin, Canoune, & Ritter, 1995; Mecklinger and Muller, 1996;
Mecklinger & Pfeifer, 1996), maintenance of information in mind could
be reflected as a slow-wave component that appears in-between stimuli.
Both positive and negative slow waves with varying topographies have
been reported during short-term memory task performance and tenta-
tively assigned to different functional roles (see Ruchkin, Grafman,
Canoune, & Ritter, 1992; Ruchkin et al., 1995). Consistent with these
findings, several studies in non-human primates have reported antici-
patory activity during retention period of the delayed matching-to-
sample task (see Fuster, 2000 for a review). Similarly, previous studies
have observed slow negative components in posterior electrode loca-
tions persisting throughout the retention interval in visual working
memory tasks (Klaver, Talsma, Wijers, Heinze, & Mulder, 1999), and
that were sensitive to the number of objects to be maintained in
memory (Fukuda, Awh, & Vogel, 2010; Luria, Balaban, Awh, & Vogel,
2016). Similarly, in a recent MEG/EEG study (Albouy, Weiss, Baillet, &
Zatorre, 2017) that used an auditory task requiring the comparison of
two different patterns in temporal order, the authors showed an in-
creased negative slow wave component that was associated to manip-
ulation of information during the retention period. This theta oscilla-
tory component also correlated with participants' performance
accuracy. Importantly for the present purposes, a posteriorly located
positive slow wave (PSW) related to active maintenance of WM con-
tents (Ruchkin, Canoune, & Ritter, 1990; Rösler & Heil, 1991) has been
recently observed between n-back trials as well (Bailey, Mlynarczyk, &
West, 2016). In this study, PSW was strongest for the 1-back condition
during which the participants are expected to actively maintain the
contents of the previous stimulus. Bailey and colleagues also showed
that the PSW distinguished between 1-back and 3-back hits, while it did
not differentiate 3-back hits and misses. Moreover, they found that the
PSW was insensitive to stimulus set size in 2-back and 3-back condi-
tions. Altogether, these findings support the assumption that the PSW is
involved in maintenance of information especially in the 1-back con-
dition.

In the canonical P1, N1, P2, N2, P3 response sequence following
each stimulus, especially P2 and P3 responses are modulated by cog-
nitive load. P2 response (a positive waveform peaking at 200ms post
stimulus) has been linked to efficient selection of information at the
sensory cortices (see Crowley & Colrain 2004). Modulation of P2 re-
sponse has been reported in several types of WM tasks, from span tasks
(e.g., Lefebvre, Marchand, Eskes, & Connolly, 2005; Marchand,
Lefebvre, & Connolly, 2006) to delayed matching-to-sample (Ruchkin
et al., 1995; Mecklinger & Muller, 1996), and updating (e.g., McEvoy,
Smith, & Gevins, 1998; Rämä et al., 2000; Lenartowicz, Escobedo-

Quiroz, & Cohen, 2010; Luu et al., 2014; Dong, Reder, Yao, Liu, & Chen,
2015).

Amplitude modulation in P3 component is one of the most frequent
findings in ERP studies focusing on WM updating. This is the case
especially for its latter subcomponent, the P3b, which is associated to
WM updating, allocation of attentional resources, and/or amount of
resources demanded in the current task (Donchin, Miller, & Farwell,
1986; Dien, Spencer, & Donchin, 2004; Lenartowicz et al., 2010;
Daffner et al., 2011). The modulation of the P3 component in the n-
back could reflect the necessary cross-talk between memory, decision-
making and orientation/change detection mechanisms (Chapman &
Bragdon, 1964; Finnigan, Humphreys, Dennis, & Geffen, 2002; Polich,
2007; Rugg & Curran, 2007). Gevins et al. (1996) showed that updating
modulates orthogonal source derivations (so-called Laplacian deriva-
tions) in EEG epochs at 300–1000ms as compared with a simple target
detection task. These responses were enhanced first at the posterior
prefrontal sites and then at the posterior parietal sites. This investiga-
tion, as well as several other studies (e.g., Gevins et al., 1996; McEvoy
et al., 1998) have reported larger responses to matching vs. non-
matching stimuli at P3 latencies.

Due to multiple overlapping sources and several psychological fac-
tors modulating P2 and P3 responses, the WM load effects on these
components have not been easy to delineate. For example, findings
concerning WM-related modulations of P2 and P3 components are quite
controversial. Furthermore, some studies have reported enhanced ERP
amplitudes by increased WM load (see Marchand et al., 2006; Evans &
Federmeier, 2007; Lefebvre et al., 2005; Chen, Mitra, & Schlaghecken,
2008; Chen & Mitra, 2009) while others have found the opposite pat-
tern (McEvoy et al., 1998; Rämä et al., 2000; Dong et al., 2015; Bailey
et al., 2016). Augmented ERP responses would go together with an
extensive body of functional magnetic resonance imaging literature
consistently showing that neuronal activity is increased in widespread
areas when WM load increases (Owen et al., 2005). On the other hand,
smaller P3 amplitude with increasing WM load is in line with ERP re-
sults from other types of tasks, indicating a reduced P3 amplitude when
attentional demands increase or more resources are needed for the
current task (e.g, Kramer, Wickens, & Donchin, 1987; Kok 2001). In line
with this view, a recent study utilizing an independent component
analysis for ERP data suggested that the posterior and anterior areas of
the attention networks show specific associations with performance
during the n-back tasks (Luu et al., 2014). In addition to these re-
sponses, WM-related modulation of ERPs has been observed at
600–1200ms latencies (e.g., Marchand et al., 2006; Evans &
Federmeier, 2007; Lefebvre et al., 2005; Rämä et al., 2000; Bailey et al.,
2016).

Continuous updating prevents strong binding to an ongoing sti-
mulus stream, leading to increased susceptibility to proactive inter-
ference (Kane et al., 2007; Schmiedek et al., 2009; Szmalec,
Verbruggen, Vandierendonck, & Kemps, 2011). In the n-back task, in-
terference effects are typically examined by using lure stimuli that
would be targets at adjacent load levels. For instance, in a 3-back task
including 2-back targets (n− 1 lure) as well as 4-back targets (n+1
lure), both types of lures are associated with increased RTs and de-
creased accuracy (Kane et al., 2007; Schmiedek et al., 2009; Szmalec
et al., 2011). Lures have been shown to modulate brain activity in
multiple brain areas, and related activity further shares variance in
performance in WM spans and Gf tasks (Burgess, Gray, Conway, &
Braver, 2011). Preliminary evidence from a WM training study
(Oelhafen et al., 2013) and a study with ADHD participants (Stroux
et al., 2016) suggest that the interference effects resulting from binding
of attention to items that are reminiscent of target items may occur at
about 200–300ms post-stimulus. However, it is not quite clear how
interference influences brain functions at varying WM loads.

Following the idea that an important difference between the low-
and high-load conditions in the n-back task lies in the possibilities for
active maintenance of current WM contents, we examined both the pre-
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and post-stimulus interval ERPs. Our first goal was to verify the findings
of a recent important study by Bailey et al. (2016), who demonstrated
that the low-load 1-back condition would trigger a slow-wave pre-sti-
mulus ERP response, reflecting the continuous active maintenance of
the previous stimulus in WM. As there is currently no direct evidence
that this response reflects efficient maintenance of information, our
second goal was to demonstrate a link between PSW response and be-
havioral performance as reflected by decision latencies. We hypothe-
sized that if PSW reflects maintenance of information in the updating
task as suggested by Bailey et al. (2016), its amplitude should predict
the decision latency of the subsequent stimulus in the 1-back task where
the conditions for maintenance are favorable. Finally, our third goal
was to examine how interference elicited by lure stimuli influences
brain responses at low and high WM load. Based on behavioral studies
(Kane et al., 2007; Schmiedek et al., 2009), we expected that lure-re-
lated interference effects would be observed at both load levels. How-
ever, as these two tasks presumably engage WM subfunctions to dif-
ferent degrees, their neural signatures of interference could also differ.
Moreover, the 3-back task allows the comparison between n− 1 vs
n+1 lure effects where the latter lure has just moved beyond the
window for currently relevant stimuli.

2. Materials and methods

2.1. Participants

The current sample included 27 right-handed Spanish university
students. None of them reported any neurological or psychiatric dis-
orders or a history of severe head injury (Table 1). All participants gave
their informed consent. The present data stem from the pretest of a WM
training study (the results from that intervention study will be reported
elsewhere), and the participants were reimbursed with 100 euros after
the completion of the whole study. The study was reviewed and ac-
cepted by the Clinical Research Ethics Committee of the Bellvitge
University Hospital, University of Barcelona, Spain.

2.2. Procedure

We used a digit n-back task adapted to simultaneous measurement
of ERPs (see Fig. 1). The stimuli were numbers from 1 to 9, presented
one at a time in the middle of a computer screen at a viewing distance
of 70 cm. Each trial began with a fixation point. After 450ms, a number
appeared on the screen for 1500ms. The stimulus onset asynchrony was
fixed to 1950ms. When the currently presented number was the same
as the previous number (1-back task) or the number presented three
numbers before (3-back task), the participant was to press the ‘yes’
button (target trial). For other numbers, one was to press the ‘no’ button
(non-target trial). The task consisted of eight 1-back sequences and
sixteen 3-back sequences. Each sequence consisted of 48 trials, resulting
in altogether 1152 trials. To avoid merely familiarity-based decisions
(e.g., Kane et al., 2007), we included lure trials in each sequence.
Specifically, a lure trial in the 1-back condition was an n+ 1 item that
matched with the number presented two numbers back (e.g., in the
sequence 2-3-4-3, the last number ‘3’ is a n+1 lure trial). In the 3-back
sequences, there were two types of lures, n+ 1 (numbers that matched
with the items presented four numbers back) and n− 1 (numbers that

matched with items presented two numbers back). In order to have
enough epochs for the ERP analyses, the number of trials was set to 128
for each type of trials in the 1-back condition (target trials, standard
non-target trials, and lure non-target trials), and to 256 for each type of
trials in the 3-back condition (target, standard non-target, and lure non-
target trials with 128 n− 1 lures and 128 n+ 1 lures).

The order of the sequences was randomized for each participant. At
the beginning of each sequence, there was a brief 10-s instruction in-
dicating if the next block was a 1-back or 3-back block. The participants
could also use these instruction periods to blink. The participants re-
ceived two training sequences of 21 trials each, one with 1-back trials
and the other one with 3-back trials. The total duration of the task was
∼45min.

2.3. Behavioral data analyses

The dependent variables were accuracy measures (d-prime for
overall accuracy, correct rejection rates for non-targets) as well as RTs
for correct trials in the two n-back tasks. The d’ values were calculated
following Stanislaw and Todorov (1999). Regarding the statistical
analyses, repeated measures ANOVAs were at first performed on the
accuracy rates and RTs with load (1-back; 3-back) and trial type (target;
non-target) as within-subject factors. For these initial analyses, the two
types of non-target trials (standard and lure) were lumped together. The
overall analyses were followed by repeated measures ANOVAs that
addressed performance on non-targets in more detail. These analyses
were run separately for 1-back and 3-back. For 1-back, non-targets in-
cluded standard non-targets and n+ 1 lures, and for 3-back standard
non-targets, n+ 1 lures, and n− 1 lures. The whole sample could be
used for the behavioral analyses, as no participant met the criteria of
being an extreme outlier in accuracy or RTs (performance more than
three times the interquartile range below or above the 1st or 3rd
quartile, respectively).

2.4. Electrophysiological recording

Electroencephalogram (EEG) was recorded continuously (digitized
with a sampling rate of 250 Hz, bandpass 0.01–70 Hz) using SynAmp
Neuroscan amplifiers from 29 tin electrodes mounted on an elastic cap
and located at standard positions (FP1/2, F3/4, C3/4, P3/4, O1/2, F7/
8, T3/4, T5/6, Fz, Cz, Pz, FC3/4, FT7/8, CP3/4, TP7/8, FCz, CPz), and
the left and right mastoids. The EEG was referenced on-line to the right
ocular canthus and offline to the mean activity at the two mastoid
electrodes. Vertical eye movements were monitored by an electrode
placed below the right eye. Electrode impedances were maintained
below 5 kΩ.

2.5. Preprocessing of the EEG data

Event-related potentials were time-locked to the stimulus pre-
sentation (time-range from −1000 to 2000ms). First, waveform
averages were separately obtained for each WM load (1-back, and 3-
back) and trial type (target, and non-target trials). In an effort to avoid
the suppression of PSW, a long pre-stimulus baseline period (-1000 to
800ms) was used for the PSW analyses. Regarding the post-stimulus
components (P2, P3b, and late negativity), a baseline from −100 to
0ms was used. After this, to delineate the specific effects of each type of
non-target trial in each condition, additional ERPs were obtained se-
parately for each non-target type (1-back: standard non-target, and
n+1 lure; 3-back: standard non-target, n+ 1 lure, and n− 1 lure).
Importantly, only correct trials were used for the analyses.

Epochs exceeding± 75 μV in electrooculogram (EOG) or EEG were
removed offline for further analysis using the extreme value function of
the EEGlab toolbox. In the behavioral and ERP analyses, only the RT
responses slower than 120ms or faster than 3 standard deviations from
the participant’s mean were considered for the analyses. Only artifact-

Table 1
Summary of Demographics and Average Scores on the Beck Depression
Inventory-II (BDI-II).

N 27
Sex F/M 23/4
Age in years (SD) 21.48 (2.74)
Education in years (SD) 15.48 (1.53)
BDI-II (SD) 3.85 (3.53)
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free correctly responded trials were included in the analyses.

2.6. EEG data analyses

Regarding the ERPs, different analyses were carried out separately
for each component. For the PSW and for the late negativity, the time-
window was set so that it could catch each component as a whole, and
to reduce the influence of previous components. For the P2, and the
P3b, the time window was selected according to visual inspection of the
expected time window, and it was set as± 50ms around the peak
amplitude. The mean amplitudes of the following time windows were
thus selected for the analyses: PSW (−600–0ms), P2 (190–290ms),
P3b (330–430ms), late negativity (800–1200ms).

First, the mean amplitude of the PSW for target trials was submitted
to an exploratory repeated measures (rm) ANOVA including the fol-
lowing three within-subject factors: load (two levels: 1-back vs. 3-back),
anterior-posterior (three levels: anterior frontal [electrodes F3, Fz, and
F4], central [C3, Cz, and C4], posterior [P3, Pz, and P4]), and laterality
(three levels: left [F3, C3, and P3], middle [Fz, Cz, and Pz], and right
[F4, C4, and P4]). Second, in order to reveal the effects of load and trial
type on the P2 and P3b amplitude, the mean amplitudes of both com-
ponents were separately submitted to rmANOVAs. The rmANOVAs in-
cluded the following within-subject factors: load (two levels: 1-back vs.
3-back), trial type (two levels: target, non-target [including both stan-
dard and lure trials]) and electrodes (three levels: Fz, Cz, Pz). To unveil
the specific features of lures in the 1-back and 3-back conditions, ad-
ditional separate analyses per condition were performed for P2 and
P3b. For the 1-back condition, the rmANOVAs included two within-
subject factors: trial type (two levels: standard non-target, n+ 1 lure)
and electrodes (three levels: Fz, Cz, Pz). The same design with two
within-subject factors was performed for the 3-back, but here the trial
type had three levels (standard non-target, n+ 1 lure, n− 1 lure).

To correct for possible violations of the sphericity assumption
(Jennings & Wood, 1976) the Greenhouse–Geisser epsilon correction
was used, and the adjusted p-values after the correction are reported.
Only significant p-values that exceeded the false discovery rate (FDR)
threshold were considered (Cramer et al., 2016). The Cohen's d and f
were reported as a measure of the effect sizes for the t-tests and the
ANOVAs, respectively (Cohen, 1992).

3. Results

3.1. Behavioral results

The overall analyses by a 2× 2 (load, trial type) rmANOVA on RTs
revealed the expected main effect of load, F(1,26)= 80.86, p < .001,
f=1.765, as decision latencies were significantly faster for the 1-back
than for the 3-back condition (see Table 2). The main effect of trial type
was also statistically significant, F(1,26)= 27.60, p < .001, f=1.031,

reflecting the fact that RTs were faster for target than for non-target
trials. The lack of a significant interaction between load and trial type, F
(1,26)= 3.76, p= .063, f= .380, suggested that the difference in RTs
between target and non-target trials was equally distributed across
loads. The results concerning accuracy rates (Table 2) as measured by d’
showed higher accuracy rates for 1-back than 3-back, F(1,26)= 78.05,
p < .001, f=1.732.

The separate rmANOVA on RTs for non-target types in the 1-back
condition (see Table 3) showed a significant main effect, F
(1,26)= 193.50, p < .001, f=2.334, indicating that RTs were slower
for n+1 lures compared to standard non-target trials. For the 3-back,

Fig. 1. Illustration of the n-back task. A. Schematic
example of the first part of a 1-back sequence where
target, standard non-target, and n+ 1 lure non-
target trials are shown. B. Schematic example of the
first part of a 3-back sequence where target, standard
non-target, n− 1 lure non-target, and n+ 1 lure
non-target trials are shown. In the present visual n-
back task, numbers from 1 to 9 were presented one at
a time in the middle of a computer screen. The trial
began with a fixation point for 450ms, followed by
the number shown for 1500ms. The stimulus asyn-
chrony was fixed to 1950ms. Participants had to
press the ‘yes’ button when the trial was a target,
which means that the number was the same as the
previous number (1-back task) or the number pre-
sented three numbers before (3-back task). For the
other, non-target numbers that included standard,

n− 1 lure, and n+1 lure non-target trials, the participants had to press the ‘no’ button.

Table 2
Mean Performance in Reaction Times (in Milliseconds) and Accuracy Rates with Standard
Deviations in the n-back Task.

N M SD

Single n-back Targets 1-back RT 27 570.30 75.56
3-back RT 27 680.05 111.72
1-back accuracy 27 92.49 5.58
3-back accuracy 27 80.27 9.52
1-back d’ 27 3.43 .73
3-back d’ 27 2.07 .63
n-back effect in RT 27 109.75 68.80
n-back effect accuracy 27 12.22 8.86

Non-targets 1-back RT 27 606.78 100.92
3-back RT 27 753.08 129.60
1-back accuracy 27 96.07 2.83
3-back accuracy 27 82.99 10.16
n-back effect in RT 27 146.30 81.22
n-back effect accuracy 27 13.08 9.58

All 1-back RT 27 594.62 90.63
3-back RT 27 734.82 123.14
1-back accuracy 27 94.87 3.31
3-back accuracy 27 82.31 8.93
n-back effect in RT 27 140.20 76.49
n-back effect accuracy 27 12.57 8.72

Table 3
Mean Performance in Reaction Times (in Milliseconds) and Accuracy Rates with Standard
Deviations in the n-back Task for non-target trials.

N M SD

Single n-back 1-back standard non-target RT 27 560.45 95.82
n+1 lure RT 27 653.12 108.57
Standard non-target accuracy 27 98.48 2.12
n+1 lure accuracy 27 93.96 3.91

3-back standard non-target RT 27 696.83 123.40
n+1 lure RT 27 791.86 128.63
n− 1 lure RT 27 770.55 143.15
standard non-target accuracy 27 96.03 3.28
n+1 lure accuracy 27 73.82 14.84
n− 1 lure accuracy 27 79.13 13.73
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the RT analysis revealed a significant main effect of non-target type, F
(2,52)= 71.65, p < .001, f=1.661. Subsequent post-hoc comparisons
showed that RTs were slower for lures compared to standard non-target
trials (n+ 1 lures vs. standard non-target: t(26)= 11.63, p < .001,
d= .780; n− 1 lures vs. standard non-target: t(26)= 8.81, p < .001,
d=−.571), and for n+ 1 than for n− 1 lure trials (t(26)= 2.52,
p= .028, d= .162).

A similar analysis on accuracy rates (correct rejections) for non-
target types in the 1-back condition (Table 3) showed a significant main
effect, F(1,26)= 82.94, p < .001, f=1.784, indicating that accuracy
was worse for n+ 1 lures than for standard non-target trials. For the 3-
back, the analyses showed a main effect for non-target type, F
(2,52)= 65.93, p < .001, f=1.591. The subsequent post-hoc com-
parisons indicated that accuracy was lowest for lures compared to
standard non-target trials (n+ 1 lures vs. standard non-target: t
(26)=−9.38, p < .001, d=−2.139; n− 1 lures vs. standard non-
target: t(26)=−7.54, p < .001, d=−1.753), and for n+ 1 com-
pared to n− 1 lures (n+1 lures vs. n− 1 lures: t(26)=−4.18,
p < .001, d=−.384).

3.2. ERP results

As shown in Fig. 2, PSW can be observed in the 1-back condition for
target trials, with an onset at about 600ms prior to the presentation,
lasting until 100–150ms post-stimulus. Regarding scalp distribution,
this PSW was most prominent over left centro-posterior regions. After
stimulus onset, a P2 component peaking around 240ms with a fronto-
central distribution is seen, followed by a P3b component peaking at
∼380ms with a posterior-central distribution. On visual inspection
(Fig. 2), the P2 and the P3b components appear larger for the 1-back
than the 3-back condition, and for target than non-target trials. How-
ever, after removing the influence of the PSW by using a new pre-

stimulus time-window (−100 to 0ms), the load effect reversed for both
components, being larger (i.e., more positive) for the 3-back compared
to the 1-back condition, and for target compared to non-target trials
(Fig. 3). In order to confirm these effects, the PSW (baseline: −1000 to
−800ms; time-window: −600 to 0ms), P2 (baseline: −100 to 0ms;
time-window: 190–290ms) and P3b (baseline: −100 to 0ms; time-
window: 330–430ms) mean amplitudes were submitted to the corre-
sponding rmANOVAs.

3.2.1. PSW
Concerning load differences, a significant main effect was obtained,

F(1,26)= 72.75, p < .001, f=1.674, revealing the presence of the
PSW for 1-back compared to 3-back targets (see Fig. 2). Importantly,
despite the lack of a significant load× anterior-posterior interaction, F
(2,52)= 2.88, p= .090, f= .333, the significant load× laterality in-
teraction, F(2,52)= 7.38, p= .002, f= .533, and load× anterior-
posterior× laterality interaction, F(4,104)= 3.28, p= .018, f= .355,
together with the post-hoc t-tests indicated that the largest load effect
was at left centro-posterior regions (1-back vs. 3-back at C3: t
(26)= 8.54, p < .001, d=1.582; 1-back vs. 3-back at P3: t
(26)= 9.26, p < .001, d=1.462).

3.2.2. P2
Regarding load and trial type differences, the significant main effect

of load, F(1,26)= 27.52, p < .001, f=1.028, stemmed from the
larger amplitude of the P2 for the 3-back than for the 1-back (see
Fig. 3). Similarly, a significant main effect of trial type, F
(2,52)= 20.09, p < .001, f= .879, confirmed a larger amplitude for
target than for non-target trials.

Importantly, the significant load x trial type interaction, load× trial
type: F(2,52)= 11.98, p= .002, f= .678, and posterior t-test com-
parisons showed that the trial type effect remained significant only in

Fig. 2. ERP responses with a baseline from −1000 to −800ms. Grand average ERPs for the 1-back and 3-back from nine electrode locations. A clear PSW prior to the stimulus was
observed for 1-back. After stimulus presentation, the P2 appeared, being followed by the P3b. Scalp distributions for 1-back vs. 3-back subtractions for the PSW (time-window: −600 to
0ms).
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the 3-back condition (mean 3-back target vs. non-target: t(26)=7.11,
p < .001, d= .501; mean 1-back target vs. non-target: t(26)=1.31,
p= .203, d= .135), being similar across the central electrodes
(load× electrodes: F(2,52)= 2.61, p= .08, f= .316; load× trial

type× electrodes: F(2,52)= .78, p= .43, f= .173). Furthermore, the
rmANOVA together with post-hoc analyses revealed that the trial type
effect was largest at fronto-central regions (trial type× electrodes: F
(2,52)= 30.19, p < .001, f=1.077; Fz target vs. non-target: t

Fig. 3. ERP response with a baseline from −100 to 0ms.
Grand average ERPs for the 1-back and 3-back, and for
target and non-target stimuli from central electrode loca-
tions. P2 and P3b responses were observed for both 1-back
and 3-back trials. Scalp distributions for 1-back vs. 3-back
subtractions for target and non-target stimuli, and for the
P2 (time-window: 190–290ms); and P3b (time-window:
330–430ms).
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(26)= 5.86, p < .001, d= .637; Cz target vs. non-target: t(26)= 4.53,
p < .001, d= .350; Pz target vs. non-target: t(26)=−.30; p= .771,
d= .−411).

3.2.3. P3b
Following the P2, a P3b could be observed (see Fig. 3). The larger

amplitude for the 3-back compared to the 1-back condition was con-
firmed by the main effect of load, F(1,26)= 16.66, p < .001, f= .801.
Similarly, the significant main effect of trial type, F(1,26)= 107.70,
p < .001, f=2.038, reflected the larger amplitude for the target than
for the non-target trials. The non-significant load× trial type interac-
tion, F(1,26)= .014, p= .907, f= .032, suggested that the larger am-
plitude for 3-back than for 1-back remained stable across trial types.
The highest difference between 3-back and 1-back was encountered at
fronto-central sites, as was indicated by the load× electrode interac-
tion, F(2,52)= 9,69, p= .001, f= .611, and the post-hoc comparisons
(Fz 3-back vs. 1-back: t(26)= 5.62, p < .001, d= .543; Cz 3-back vs.
1-back: t(26)= 3.12, p= .004, d= .324; Pz 3-back vs. 1-back: t
(26)= 2.43, p= .022, d= .199). On the other hand, the largest dif-
ference between target and non-target trials was observed at the centro-
posterior regions (trial type× electrode: F(2,52)= 36,50, p < .001,
f=1.185; load× trial type× electrode: F(2,52)= 3,06, p= .069,
f= .342; Fz target vs. non-target: t(26)= 5.69, p < .001, d= .592; Cz
target vs. non-target: t(26)= 10.02, p < .001, d=1.103; Pz target vs.
non-target: t(26)= 11.81, p < .001, d=1.092).

3.2.4. Decomposing 1-back non-target trials
In order to delineate the lure effects on the 1-back and 3-back

conditions, non-target trials were decomposed (see Fig. 4). Accordingly,
specific rmANOVAs were conducted on the P2, P3b and late negativity,
separately for the 1-back and 3-back conditions.

For the P2 in the 1-back condition, a significant main effect of non-
target trial type was obtained in the rmANOVA, F(1,26)= 7.80,
p= .009, f= .554, reflecting a reduction in the P2 amplitude for n+1
lures compared to standard non-target trials. The non-significant trial
type× electrode interaction, F(2,52)= 1.13, p= .330, f= .209, in-
dicated that the effect was consistent across electrodes.

Concerning the P3b, we did not find a significant main effect of trial
type, F(1,26)= .019, p= .890, f= .032, or trial type× electrode in-
teraction, F(2,52)= .45, p= .560, f= .131, indicating similar P3b
amplitude as well as distribution between n+ 1 lure and standard non-
target trials.

Interestingly, a clear delayed late negativity appeared for n+ 1 lure
trials when compared to non-target trials between 800–1200ms. The
mean amplitude of the negativity in this time-window was submitted to
a rmANOVA, and the main effect of trial type was significant, F
(1,26)= 5.59, p= .022, f= .473. This negativity was similar across
electrode positions, as the trial type× electrode interaction was not
significant, F(2,52)= .84, p= .395, f= .179.

3.2.5. Decomposing 3-back non-target trials
With respect to the 3-back, we conducted the same analyses as for 1-

back (see above). For the P2 amplitude, the results showed a significant
main effect of trial type, F(2,52)= 3.72, p= .034, f= .378. The in-
teraction between trial type and electrode, F(4,104)= 2.74, p= .055,
f= .325, was not significant, as the trial type exerted similar effects
across electrodes. Post-hoc analyses detected larger P2 amplitude for
standard non-target trials compared to n+1 lures, t(26)= 3.10,
p= .005, d= .318. However, no significant differences were observed
between non-target trials and n− 1 n− 1 lures, t(26)= .91,
p= .369 .369, d= .117, or between n+ 1 and n− 1 lures, t
(26)=−1.65, p=−.111, d=−.207.

Fig. 4. ERP response with a baseline from −100 to
0ms. A. Grand average ERPs at central electrodes,
for non-target trial types (standard non-target, n− 1
lure) in the 1-back condition. B. Grand average ERPs
at central electrodes, for non-target trial types
(standard non-target, n+ 1 lure, n− 1 lure) in the 3-
back condition. P2 (time-window: 190–290ms) and
P3b (time-window: 330–430ms) responses were
observed for all types of non-target trials, in both 1-
back and 3-back. On the other hand, late negativity
(time-window: 800–1200ms) could be detected for
lures in both 1-back and 3-back. Scalp distributions
were plotted on these time-windows only for the
significant effects. Concerning the 1-back, subtrac-
tions for the P2 (standard non-target vs. n+1 lure)
and late negativity (n+ 1 lure vs. standard non-
target) were conducted. Regarding the 3-back, sub-
tractions for the P2 (standard non-target vs. n+1
lure), P3b (n− 1 lure vs. standard non-target; n− 1
lure vs. n+1 lure), and late negativity (n+ 1 lure
vs. standard non-target; n− 1 lure vs. standard non-
target) were performed.
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Regarding P3b, the rmANOVA showed a significant main effect of
trial type, F(2,52)= 7.47, p= .002, f= .536, confirming amplitude
differences between non-target trials. The non-significant trial
type× electrode interaction, F(4,104)= 1.34, p= .268, f= .227,
suggested that the observed differences were similar across electrode
locations. Post-hoc pairwise comparisons revealed that the P3b ampli-
tude was larger for n− 1 lures compared to other non-target trials
(n− 1 lure vs. standard non-target: t(26)= 3.55, p= .001, d= .382;
n− 1 lure vs. n+1 lure: t(26)= 2.11, p= .018, d= .235). The dif-
ference between n+1 lures and standard non-target trials was non-
significant, t(26)= 1.51, p= .114, d= .150.

Concerning the amplitude of the late negativity (800–1200ms), a
significant main effect of trial type was encountered, F(2,52)= 6.85,
p= .004, f= .514. The significant interaction between trial type and
electrode, F(4,104)= 5.46, p= .003, f= .174, together with post-hoc
comparisons, indicated that the negativity was higher for lures com-
pared to standard non-target trials (n− 1 lures vs. standard non-target:
t(26)= 3.64, p= .001, d= .513; n+ 1 lures vs. standard non-targets: t
(26)=−2.52, p=−.018, d=−.267). However, no difference was
found between the n+ 1 vs. n− 1 lures, t(26)= 1.48, p= .151,
d= .231.

3.3. Correlations between behavioral and ERP data

To obtain further evidence of the role of PSW in active WM main-
tenance, we examined whether its amplitude would predict task per-
formance specifically in the 1-back task. Indeed, PSW amplitude at the
P3 electrode in the 1-back task correlated with RTs to correctly re-
sponded targets (r=−.403, p < .05; see Fig. 5A). No significant
correlation between PSW and RT was observed for the 3-back condition
(r=−.051) or for the 3-back vs. 1-back load effect (r=−.273). The
difference between the PSW – RT correlation coefficients in the 1-back
and 3-back tasks, measured by Fisher's r-to-z transform, was never-
theless only marginally significant (p= .09). PSW amplitude at P3
predicted the subsequent P2 amplitude at Fz electrode (r= .396,
p < .05; see Fig. 5B). The correlation with RT was significant for P2
amplitude at Fz electrode (r=−.429, p < .05) but not for P3b at Pz
(r=−.375, p= .054), but neither one of these correlations was sig-
nificant when PSW amplitude was partialled out in the correlation
(p > .09). In a similar vein, the difference between the two correlation
coefficients was not significant (p= .92). Finally, no significant corre-
lation was observed between d' and ERP response amplitudes
(p > .09). The high accuracy (easiness) in the 1-back condition di-
minished the chances for finding such a correlation in the response
accuracy. Thus the link between ERPs and task performance was lim-
ited to RTs and driven by PSW only.

4. Discussion

The present ERP experiment aimed to shed light on the neural
correlates of active maintenance and management of interference
during WM updating. Bailey et al. (2016) recently demonstrated that
the 1-back condition triggers a slow-wave pre-stimulus ERP response,
arguing that this reflects the active maintenance of the previous sti-
mulus in WM. In line with their findings, we found a pre-stimulus PSW
in the 1-back condition. Furthermore, we demonstrated that PSW is
associated with performance in the 1-back task, providing the first di-
rect evidence for its role in active maintenance of the task-relevant
stimulus in WM (Fig. 2). The PSW was followed by P2 and P3b com-
ponents that are typically reported in ERP studies examining updating
(Fig. 2). As previous studies have demonstrated (Gevins et al., 1996;
Anurova et al., 2005), these responses were clearly enhanced for target
stimuli (Fig. 3). In the initial analysis with a long pre-stimulus baseline
(Fig. 2), visual inspection did not show a load effect in P2 and P3 re-
sponses. Actually, these effects appeared to be larger in the 1-back task.
With a shorter pre-stimulus baseline that accounts for PSW, load-

dependent response in the P2/P3 was, however, observed (Fig. 3). Our
study is the first to suggest that PSW should be considered when ex-
amining the load-dependent responses. This issue is highly relevant for
analyzing and interpreting similar studies. Besides, according to our
findings with lure stimuli, these responses are also modulated by in-
terference when the WM load is high. This was observed as modulation
of P3 response by the n+ 1 lures in 3-back, perhaps reflecting in-
creased allocation of attention in a situation where the lure elicits un-
certainty for decision-making. Interestingly, in the 1-back task the
n+1 lures modulated mostly sustained activity at long latencies, re-
flecting post-decision processes that could be related to conflict detec-
tion or increasing response monitoring (Folstein & Van Petten, 2008;
Ford, Roth, Mobs, Hopkins, & Kopell, 1979; Pelosi, Hayward, &
Blumhardt, 1995). These late responses have been observed in prior
WM studies (Marchand et al., 2006; Evans & Federmeier, 2007;
Lefebvre et al., 2005; Rämä et al., 2000; Bailey et al., 2016), but to our
knowledge this is the first study demonstrating interference effects at
these latencies. It is an open issue why the lures in 1-back did not affect
P3 responses albeit they exerted a clear behavioral effect. This may
have to do with some fundamental differences in decision-making in 1-
back vs 3-back. The former one operates with a much narrower scope
affected by maintenance and stimulus recency effects, while the latter
one calls for memory retrieval.

Prior studies have reported that persistent sensory cortical activity
during WM discrimination tasks provides an index of efficient se-
lectivity of contents stored in WM (see Fukuda et al., 2010; Luria et al.,
2016). PSW has been linked to maintenance of WM in delayed

Fig. 5. Scatter plots of the significant correlations observed for the amplitude of the PSW
during the 1-back task. A. Correlation between the PSW amplitude at P3 electrode and RT
for correctly responded targets. B. Correlations between the amplitudes of the PSW at P3
electrode and P2/P3 at Fz electrode.
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matching-to-sample tasks, which dissociate between encoding, main-
tenance, and retrieval processes (e.g., Ruchkin et al., 1990; Rösler &
Heil, 1991; Ruchkin et al., 1995; Mecklinger & Muller, 1996;
Mecklinger & Pfeifer, 1996), while only the study by Bailey et al. (2016)
has previously linked it to maintenance during a WM updating task. In
line with Bailey et al. (2016), anticipatory PSW response was observed
both in the 3-back and 1-back condition, but it was clearly enhanced in
the 1-back condition during which maintenance of stimulus informa-
tion associated with comparison process is much easier than during the
3-back condition where higher updating demands make the retrieval of
the target item more difficult. To verify and extend these findings, we
used a n-back setup that avoided familiarity-based decisions (e.g., Kane
et al., 2007) through inclusion of lure trials, and correlated the slow
wave amplitudes with decision latencies. We found that PSW amplitude
predicted response times to correct responses only in the 1-back task
(accuracy rates could not be related to PSW, as the participants made
very few errors on 1-back). When PSW amplitude was accounted for,
the subsequent ERP components were no longer associated with the
task performance. Altogether, these findings provide further support to
the view on PSW as a neural signature for active maintenance of in-
formation in WM.

It is worth noting that the scalp distribution of PSW was somewhat
different between our study and that of Bailey et al. (2016). While we
observed a relatively widespread distribution covering anterior and
posterior scalp areas, Bailey and colleagures reported clearly more
frontally-weighted scalp distributions. As they used common average
reference, we tested the influence of the reference electrode on PSW
scalp distribution. Re-referring to common average did not, however,
lead to changes in the frontal scalp distribution in our study. It therefore
seems that these differences in scalp distribution may relate to the
differences in the experimental tasks. In our experiment, the n-back task
was performed with digits, while Bailey et al. (2016) used letters as
stimuli. These two tasks relying on different content representations
(see Eriksson, Vogel, Lansner, Bergström, & Nyberg, 2015) could elicit
activations in partly different brain areas, numbers being processed
mostly in the posterior parietal cortex (e.g., Hubbard, Piazza, Pinel, &
Dehaene, 2005; Bueti & Walsh, 2009) and purely verbal stimuli
showing particularly prominent activations in the prefrontal and tem-
poral areas (Veltman, Rombouts, & Dolan, 2003; Owen et al., 2005). It
should be noted, however, that this interpretation remains speculative
as no direct comparison between n-back n-back tasks with different
types of stimulation was made and ERP studies do not have the optimal
spatial resolution to detect the exact sources of PSW response. This idea
is in agreement also with the results from another slow pre-stimulus
component, the Stimulus Preceding Negativity (SPN), which also shows
differences in topographies and cortical sources across studies that are
most probably related to modality (nature of the anticipated stimuli)
and task-specific effects (Kotani et al., 2015; Morís, Luque, &
Rodríguez-Fornells, 2013; Hackley, Valle-Inclán, Masaki, & Hebert,
2014; Van der Molen et al., 2013).

PSW may further cause delay in the return to the baseline by de-
creasing the slope of its negative-going part (García-Larrea & Cezanne-
Bert, 1998). Our findings suggest that when this delay is accounted for
in the pre-stimulus period, the load increase from low load to high load
is observed in P2 and P3b amplitudes (see Fig. 2 vs. 3). Thus, slow
anticipatory response to maintenance may possibly explain some of the
discrepancies in load-dependent changes in P2 and P3b in earlier stu-
dies. In fact, by going through the previous studies afterwards, we noted
that in earlier studies several of those reporting larger effects with
higher load have used−100ms baseline (Lefebvre et al., 2005; Evans &
Federmeier, 2007; Chen et al., 2008; Chen & Mitra, 2009; Marchand
et al., 2006), while others reporting larger effects in 1-back tasks have
used −200ms baseline (Rämä et al., 2000; Dong et al., 2015; Bailey
et al., 2016).

As noted in Introduction, the n-back paradigm is one of the most
widely used experimental tasks in the research of neurocognitive

underpinnings of WM. The number of studies examining the adapta-
tions of brain responses associated with training has accumulated ra-
pidly (see Constantinidis & Klingberg, 2016). However, there has been a
shortage of measures allowing to map training-related changes in brain
responses to specific WM component processes. Verification of a neural
marker for active maintenance in the n-back task can increase the
usefulness of this task paradigm, for instance, in revealing the altera-
tions of WM function associated with clinical conditions or training (see
Muller & Knight, 2006; Au et al., 2015; Soveri et al., 2017). It should be
noted, however, that this was only the second study showing the link
between PSW and WM maintenance. More research is therefore needed
to understand the neurocognitive basis of PSW. For instance, MEG
would likely have high enough spatial resolution to clarify whether
PSW is related to higher-level WM component processes associated with
maintenance, or to persistent modulation of representational contents
by influencing WM “slave systems” (see Eriksson et al., 2015). Finally,
our study leaves it open whether PSW is also associated with response
accuracy as 1-back tasks were performed with very high accuracy.
However, if PSW amplitude reflects the success in maintaining the
previous stimulus in WM, correlation between brain response and task
performance may not necessarily be observed for accuracy as one can
respond correctly by performing a memory search that is triggered by
the next stimulus.

Our findings also revealed novel aspects concerning interference
effects in WM. As in previous studies, lures delayed stimulus matching
and increased the number of errors. In this respect, speed and difficulty
of the lure processing was approximately at the level of target proces-
sing. Behaviorally, the lures showed largely similar influences on task
performance in the 1-back and in 3-back condition, but our ERP find-
ings suggest that two distinct neurophysiological processes underlie
these behaviorally seemingly similar effects. High memory load re-
sulted to interference at the earlier response selection and comparison
stage, while at low memory load the significant interference effects
shifted to post-decision processes.

Both our behavioral and ERP findings suggested that n+1 lures
caused higher interference than n− 1 lures in this group of participants
and in this particular task. So far, the evidence for differential lure ef-
fects has been scarce. Szmalec et al. (2011) reported more slowing in
RTs for n− 1 lures than n+1 lures (Szmalec et al., 2011), but Ralph
(2014) has more recently argued that the strength of n− 1 vs. n+ 1
lure effects depends on strategies that the participants use, and those
may vary according to the specific type of n-back task. Ralph (2014)
argued that proactive strategies that weight the target item would cause
higher interference and slower response times for n+1 lures, and this
corresponds to our empirical findings. Ralph (2014) also hypothesized
that the lure effect would be reflected in brain responses at 200ms
latencies (N2 response in particular), as is the case with conflict mon-
itoring in Flanker and Stroop tasks (Yeung, Bogacz, Holroyd, & Cohen,
2004; Yeung, Bogacz, Holroyd, Nieuwenhuis, & Cohen, 2007). We did
observe lure effects at these latencies, albeit on P2 and P3 responses.
Importantly, the central distribution of the late negativity observed in
lure trials might fit with the scalp distribution of N2-N3 conflict-related
negative components associated to the detection of a mismatch between
the stimulus features presented (Yeung et al., 2004), or between the
stimulus and some previously formed internal template (Folstein & Van
Petten, 2008). These frontal-central negativities appear when partici-
pants are engaged in some sort of a comparison processes (response
monitoring). Interestingly, N2 frontal effects have been also observed
when visually presented stimulus arrays do not match participant's
expectancies created by a previous cue (for example, they have been
observed using the Sternberg paradigm, when a participant decides if a
probe item matches or not with a small number of items presented
before). A larger frontal N2 effect peaking around 270–340ms has been
elicited by probe items that did not match the previous item set (Ford
et al., 1979; Pelosi et al., 1995). Although this issue remains to be
studied further, the late negative component that we observed could be
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related to post-response monitoring strategies engaged in increased
conflict or interference.

5. Conclusions

Our findings demonstrate that active maintenance of information
during a WM updating task elicits a cascade of brain responses starting
from pre-stimulus PSW and being followed by P2 and P3b responses,
with the latter two responses being influenced by PSW amplitude. This
study also provided the first direct evidence of the contribution of this
response to efficient WM behavioral performance: higher PSW ampli-
tude was associated with improved task performance as indexed by
shorter response times to correctly responded targets in the 1-back task.
Altogether, this evidence supports the view that the stimulus-preceding
PSW signals active maintenance of the previous task-relevant stimulus.
This neuronal marker of WM maintenance has several potential im-
plications, for example in investigating how neuropsychiatric condi-
tions or systematic training alter WM function. If PSW is not accounted
for, P2 and P3b response amplitudes seem to be smaller for higher WM
load. This effect, however, appears to be reversed and thus showing a
traditional load effect when the PSW amplitude at the baseline is taken
into account. Finally, we provide the first evidence that ERPs following
lure stimuli show differential effects at high vs. low load levels, sug-
gesting two distinct neuronal correlates for interference during WM
updating.
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