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Neural Oscillations Associated with Item and Temporal
Order Maintenance in Working Memory
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The ability to retain information in working memory (WM) requires not only the active maintenance of information about specific items,
but also the temporal order in which the items appeared. Although many studies have investigated the neural mechanisms of item
maintenance, little is known about the neural mechanisms of temporal order maintenance in WM. Here, we used electroencephalography
(EEG) to compare neural oscillations during WM tasks that required maintenance of item or temporal order information. Behavioral
results revealed that accuracy and reaction times were comparable between the two conditions, suggesting that task difficulty was
matched between the item and temporal order WM tasks. EEG analyses indicated that theta (5-7 Hz) oscillations over prefrontal sites
were increased during temporal order maintenance, whereas alpha oscillations (9-12 Hz) over posterior parietal and lateral occipital
sites were increased during item maintenance. The frontal theta enhancement was primarily evident in high performers on the order WM
task, whereas the posterior alpha enhancement was primarily evident in high performers on the item WM task. These results support the
idea that frontal theta and posterior alpha oscillations are differentially related to maintenance of item and temporal order information.

Introduction

Working memory (WM) processes support the active mainte-
nance of information so that it can be manipulated or quickly
accessed at a later time (Baddeley, 1986, 2003). Numerous studies
have reported persistent activity in brain regions such as lateral
prefrontal cortex (PFC) (Fuster and Alexander, 1971; Kubota and
Niki, 1971; Kojima and Goldman-Rakic, 1982; Miller et al., 1996;
Courtney et al., 1998) and parietal cortex (Gnadt and Andersen,
1988; Koch and Fuster, 1989; Snyder et al., 1997; D’Esposito et al.,
1999; Curtis et al., 2004; Todd and Marois, 2004) during the
maintenance of objects or spatial locations. Little is known, how-
ever, about how the temporal order of items in WM is maintained
(but see Marshuetz et al., 2000; Amiez and Petrides, 2007). Some
models suggest that neural oscillations may facilitate the mainte-
nance of temporal sequence information (Lisman and Idiart,
1995; Jensen, 2006; Lisman and Buzsiki, 2008; Vogel and Fu-
kuda, 2009) although experimental support for these ideas re-
mains to be fully established.

Previous studies have shown that oscillatory power in the
theta band (4—8 Hz) over prefrontal regions (Gevins et al., 1997;
Jensen and Tesche, 2002; Meltzer et al., 2007, 2008) and in the
alpha band (8-12 Hz) over posterior sites (Jensen et al., 2002;
Schack and Klimesch, 2002; Tuladhar et al., 2007; Sauseng et al.,
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2009; Scheeringa et al., 2009) is correlated with WM load. These
findings are intriguing because as WM load is increased, the
number of temporal order relationships among items in WM also
increases, and these relationships might be incidentally main-
tained (Hasher and Zacks, 1979; Miyashita, 1988; Mangels,
1997). Thus, it is possible that theta and alpha modulations with
WM load are related to maintenance of item or temporal order
information. No previous study, to our knowledge, has investi-
gated the role of neural oscillations in human temporal order
maintenance, and the extent to which item and temporal order
maintenance share overlapping or distinct neural signatures re-
mains unclear (Marshuetz and Smith, 2006).

Here, we used electroencephalography (EEG) to directly com-
pare neural oscillations associated with the active maintenance of
temporal order information (order trials) with those associated
with the maintenance of item information (item trials) (Fig. 1).
Both trial types consisted of a memory set of four kaleidoscope
images, followed by a 4 s retention delay, and then a probe display
consisting of two kaleidoscope images. On item trials, partici-
pants decided which of the two kaleidoscope images was pre-
sented in the memory set; on order trials, participants decided
which of two kaleidoscope images had been presented earlier in
the memory set. To ensure that task difficulty on item trials
would be comparable to difficulty on order trials, the foil kalei-
doscope images on item trials were selected to be highly similar to
the corresponding target (Fig. 1). To investigate the role of theta
and alpha oscillations in WM maintenance, we examined differ-
ences in oscillatory activity during the delay period between item
and order trials.

Materials and Methods

Participants. Thirty-one healthy undergraduate students from the Uni-
versity of California at Davis were recruited in this study. One subject
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Instruction
2000ms+500ms fixation

withdrew from the experiment in the middle of
the test. Data from four subjects were excluded
due to poor memory performance (i.e., <60%
accuracy in either the item or order condition)
and data from five subjects were discarded due
to excessive artifacts in the recorded EEG. Of
the remaining 21 subjects, 11 were females. The
study was approved by the Institutional Review
Board at the University of California at Davis.
Written informed consent was obtained from
each subject before the experiment.

Stimuli and design. Stimuli were kaleidoscope
images created by overlying three opaque hexa-
gons of different colors, with each hexagon un-
dergoing three rounds of side bisection and
random deflection (Voss et al., 2008; Voss and
Paller, 2009). Stimuli on each WM trial con-
sisted of four kaleidoscope images with the same three constituent colors
but different bisections and deflections in each hexagon. Visually similar
foils on the probes of item WM trials were created by using the same three
colors and deflecting each color-matched hexagon at similar random
angles (<10° difference). By using these special sets of kaleidoscope im-
ages, we aimed to match the task difficulty between the two types of WM
trials.

Procedure. Figure 1 illustrates the sequence of events during a WM
trial. The experimental paradigm, which was adapted from Amiez and
Petrides (2007), consisted of two types of WM trials: item trials and order
trials. On each WM trial, participants first saw an instruction word, either
“ITEM” or “ORDER?”, on the screen for 2000 ms, followed by a fixation
cross for 500 ms. After the fixation cross, four kaleidoscope images se-
quentially appeared on the screen for 2000 ms, each with a 500 ms inter-
stimulus interval. The four kaleidoscope images were then followed by a
delay of 4000 ms, after which a test display appeared on the screen for
3500 ms. On order trials, the test display consisted of two kaleidoscope
images from the previous sequence, and participants were asked to iden-
tify which kaleidoscope image came earlier in the sequence by pressing
the appropriate response key. The two kaleidoscope images in the test
display were randomly determined by the experimental program on a
trial-by-trial basis. On item trials, the test display was comprised of one
previously presented kaleidoscope image along with another visually
similar foil kaleidoscope image that was not in the sequence. Participants
were instructed to identify the old kaleidoscope image on item trials by
pressing the appropriate response key. The target kaleidoscope image in
the test display of an item trial was randomly chosen from the sequence of
kaleidoscope images on a trial-by-trial basis.

Although participants could, in principle, maintain both visual details
about each image and temporal order information on both item and
order trials, the tasks were sufficiently demanding that it would be very
difficult to do so and still perform well on both tasks. Indeed, our pilot
testing revealed that some participants tried to do this and, as a result,
performed particularly poorly on item trials. We therefore carefully in-
structed participants to emphasize maintenance of visual details on item
trials, as the probes on these trials would require a very detailed memory
of each image. Thus, participants were instructed to maintain different
aspects of the memory set based on the instruction provided on each WM
trial. To ensure that they understood the instructions, participants com-
pleted a practice session consisting of four item and four order trials.
Following the practice section, participants completed a total of five
testing blocks, each comprised of a random sequence of 10 order trials
intermixed with 10 item trials. Thus, across the entire experiment, each
participant completed 50 order and 50 item trials. Between testing
blocks, there was a self-paced short break. Because the kaleidoscope im-
ages used in the experiment were meaningless abstract objects, partici-
pants were encouraged to focus on the visual details of kaleidoscope
images instead of verbalizing them. Post-test debriefing indicated that
participants were able to follow the instructions and had not attempted
to verbalize the kaleidoscope images.

Electroencephalographic recordings. The EEG was recorded from 64
silver/silver chloride electrodes mounted in an elastic cap using an Activ-
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Figure 1.  Schematic diagram of the working memory tasks.

eTwo EEG recording system (Biosemi). The positioning of 64 electrodes
was in accordance with an extended version of the international 10/20
system (Jasper, 1958). Additional electrodes were placed on the mastoids.
The horizontal electrooculogram (EOG) was recorded from electrodes
placed to the outer canthi. The vertical EOG was recorded from elec-
trodes above and below the left eye. The EEG and EOG were recorded
continuously at 1024 Hz and digitally high-pass filtered at 0.16 Hz and
low-pass filtered at 100 Hz.

Data analysis. We focused our EEG analyses on correct trials only. All
data analysis was performed off-line using EEGLAB toolbox (Delorme
and Makeig, 2004) and custom MATLAB (MathWorks) scripts. The con-
tinuous EEG data were down-sampled into 512 Hz, re-referenced to the
average of the right and left mastoids, and high-pass filtered at 0.5 Hz.
EEG epochs were extracted for each epoch extending from —1 s preced-
ing to 20 s following the onset of trial instructions (i.e., “I'TEM” or
“ORDER”) to encompass the entire duration of a WM trial. Each EEG
epoch was then baseline-corrected by subtracting the mean voltage be-
fore trial onset. To remove eye movement artifacts, the fastICA algo-
rithm (Hyvirinen and Oja, 2000) implemented in EEGLAB toolbox
(Delorme and Makeig, 2004) was applied to all EEG epochs. Independent
component analysis components associated with horizontal and vertical
eye movements were visually identified and removed according to their
scalp maps and activity profile (Jung et al., 2000a,b). EEG epochs were
then subjected to an artifact rejection procedure in which epochs with
amplitude exceeding £100 wV were discarded.

EEG spectral power was computed by convolving single-trial EEG
epochs from each scalp electrode with six cycle complex Morlet wavelets
(i.e., mfyo, = 6) (Roach and Mathalon, 2008). Oscillatory power, defined
as the square of the modulus of the resulting complex number, was then
averaged across trials and log-transformed. To specifically look at neural
oscillations during WM maintenance, oscillatory power during the delay
was extracted and normalized with respect to oscillatory power during
the time window (—150—0 ms) before the onset of trial instruction (i.e.,
“ORDER” or “ITEM”). We also conducted another set of analyses in
which oscillatory power during the delay was not baseline-corrected. The
pattern of results was essentially unchanged, so we report the analyses of
baseline-corrected data here.

Oscillatory power during the delay was binned into two frequency
bands (theta, 5-7 Hz; alpha, 9-12 Hz). The theta and alpha frequency
bands defined here were slightly different from the typically defined theta
(4-8 Hz) and alpha (8-12 Hz) frequency bands (Gevins et al., 1997;
Jensen et al., 2002; Howard et al., 2003; Meltzer et al., 2007). This is
because, as a result of frequency smearing after time-frequency decom-
position, using the standard, broader frequency bands would reduce our
ability to distinguish between oscillatory effects in the theta and alpha
frequency bands. We therefore narrowed our theta and alpha frequencies
to best characterize neural oscillations at those frequency bands.

Analyses presented here focused on differences in oscillatory power
during the delay period of correct item trials compared with the delay
period of correct order trials. The time window for these analyses was
600—-3400 ms after the onset of the delay to avoid contamination of delay
period activity estimates by oscillatory activity during the encoding and
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Figure2. Frontal theta is enhanced during order maintenance, whereas posterior alpha is enhanced during item maintenance.

Time-frequency spectrogramsillustrate the difference in oscillatory power between correct order and correct item trials. The x-axis
represents time relative to the onset of the 4 s delay period and the y-axis represents logarithmically spaced frequencies. Effects are
separately plotted for each of the nine analyzed electrode clusters. Hotter colors denote relative increases in oscillatory power

during order trials; cool colors denote relative increases in oscillatory power during item trials.

probe phases (i.e., due to the inherent temporal imprecision of wavelet
analyses). Therefore, only oscillatory effects during the middle part of the
maintenance period were subjected to further statistical analyses.

Statistical analyses were made using repeated-measures ANOVA for
oscillatory power averaged over latency intervals and electrode clusters.
When appropriate, Greenhouse—Geisser correction (Greenhouse and
Geisser, 1959) for violation of the sphericity assumption was used to
adjust degrees of freedom. Only significant effects involving item and
order conditions are reported. Topographic EEG power analyses were con-
ducted by grouping electrodes into nine clusters (frontal vs central vs poste-
rior X left vs middle vs right): middle-frontal cluster (F1, Fz, F2), left-frontal
cluster (AF7, F5, F7), right-frontal cluster (AF8, F6, F8), middle-central clus-
ter (Cz, Cl1, C2), left-central cluster (C3, C5, T7), right-central cluster (C4,
Cé6, T8), middle-posterior cluster (Oz, O1, O2), left-posterior cluster (PO7,
P7,P9), and right-posterior cluster (PO8, P8, P10). A significant interaction
between conditions of interests (i.e., item and order) and frontal-central-
posterior or left-middle-right electrode clusters would suggest that the oscil-
latory effects are not equally distributed across the scalp. This analysis
strategy was used to determine the scalp distributions of theta and alpha
oscillations.

Surface Laplacian transformation. Scalp surface Laplacian estimates
were computed using CSD (Current Source Density) Toolbox (Version
1.1) (Kayser and Tenke, 2006a,b). The density of the transcranial current
flow was estimated through a surface Laplacian transformation (second
spatial derivative) that yields reference-free scalp current density esti-
mates for the direction, location, and intensity of scalp EEG. Single-trial
EEG epochs were transformed into reference-free scalp current density
estimates using the spherical spline surface Laplacian algorithm (Perrin
et al., 1989, 1990) with m-constant = 4 and smoothing constant A =
10 ~. The surface Laplacian-transformed single-trial EEG epochs were
then submitted to the time-frequency decomposition procedures
mentioned above to estimate oscillatory power over theta and alpha
frequency bands. The surface Laplacian transformation minimizes
volume-conducted contributions from distant brain regions and, there-
fore, provides EEG topographies with more sharply localized peaks than
those of the scalp potential (Nunez et al., 1994; Tenke and Kayser, 2005;
Nunez and Srinivasan, 2006). Therefore, topographic maps of theta and
alpha power computed from surface Laplacian transformed EEG were
used to complement topographic maps of theta and alpha power calcu-
lated from raw EEG to estimate superficial neocortical sources of theta
and alpha oscillations.

Right-Frontal
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Results
Behavioral performance
Accuracy was high on both order (74.19%
correct; SD, 9.26%) and item (75.62%
correct; SD, 7.55%) trials and no signifi-
cant between-condition differences were
observed (t,5) = 0.64,p > 0.50). A2 X 2
(order—item X correct—incorrect) ANOVA
of reaction times revealed that responses
were faster on correct (mean, 2355.12 ms;
SD, 524.15) than on incorrect (mean,
2638.56 ms; SD, 717.39) trials (F, ) =
17.44, p < 0.001). However, there was no
08 ] significant main effect between order
(mean, 2474.53 ms; SD, 619.50) and item
(mean, 2513.72 ms; SD, 648.17) conditions
(F150) = 0.49, p > 0.49), nor was there a
significant condition-by-accuracy interac-
tion (F(, 59y = 1.74, p > 0.20). Overall, the
behavioral results suggest that task difficulty
was matched between the two conditions.
To further examine the relationship be-
tween memory performance on item and
on order trials, we calculated the correlation
between accuracy on the two trial types
across subjects. This analysis revealed no
significant correlation between them (r,4) = 0.32, p > 0.15), sug-
gesting that, at least to some extent, performance on these tasks was
driven by different factors.

ORDER > ITEM

EEG analyses

To compare neural activity associated with the maintenance of
item and temporal order information, we tested for differences in
oscillatory power during the delay period between correct item
and correct order trials. We first examined neural oscillations
associated with the maintenance of temporal order information
by comparing oscillatory power elicited by correct order trials
with those elicited by correct item trials in the time window of
600-3400 ms after the onset of the delay. The time window was
chosen to minimize the contribution of activity related to stimu-
lus encoding at the beginning and probe-related activity at the
end of the delay. As shown in Figure 2, order trials elicited sus-
tained theta (5-7 Hz) power compared with item trials during the
maintenance period. The enhancement of theta power during the
delay period of order trials was most pronounced over frontal
electrode sites (Figs. 2, 3A). This was confirmed statistically in an
ANOVA that revealed a significant electrode region-(frontal vs
central vs posterior)-by-condition (order vs item) interaction
(F(1.223.2) = 4.31, p < 0.05) on theta power during the delay.

To identify possible cortical sources of the frontal theta activ-
ity, we conducted time-frequency analysis of surface Laplacian-
transformed single-trial EEG epochs. The surface Laplacian
transformation allows for an estimation of scalp current density
(Tenke and Kayser, 2005), which effectively eliminates the con-
tribution of deep and broadly distributed superficial sources
(Nunez et al., 1994; Nunez and Srinivasan, 2006), thereby en-
hancing the relative contributions of sources located in super-
ficial gyral surfaces of the neocortex. Consistent with the raw
EEG analysis, the scalp current density analysis revealed an
enhancement of frontal theta power effect in the time window
of 600-3400 ms during the delay (Fig. 3B). The topography of
the theta enhancement is consistent with sources in the medial
and lateral PFC.
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Figure3. Topography of frontal theta and posterior alpha effects. 4, Topographic map of the
difference in oscillatory power between correct order and correct item trials in theta (6) fre-
quency band (57 Hz) in the time window of 600 —3400 ms following onset of the delay. B, The
same as in A, except that oscillatory power is computed from surface Laplacian-transformed
single-trial EEG epochs. C, Topographic map of the difference in oscillatory power between
correctitem and correct order trials in the alpha (c) frequency band (9 —12 Hz) in the time window of
600—3400 ms during the delay. D, The same as in €, except that oscillatory power is computed from
surface Laplacian-transformed single-trial EEG epochs. CSD, Current source density.
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Figure 2 also shows that item trials elicited stronger alpha
(9-12 Hz) power than order trials did during the delay period.
An ANOVA on data from the nine electrode clusters confirmed
an overall enhancement of alpha power on item trials (F(, 5, =
4.17, p = 0.055). However, this was qualified by a significant
electrode region (frontal vs central vs posterior)-by-condition
(item vs order) interaction (F(, g 363 = 3.76, p < 0.05), suggest-
ing that the alpha effect was more pronounced over posterior
than over frontal electrode sites (Fig. 3C). In addition, a subsid-
iary ANOVA on data from only the posterior electrode clusters
(i.e., P9, P7,PO7; O1, Oz, O2; P8, P10, PO8) revealed a marginal
condition-by-hemisphere interaction (F(; 536,y = 2.54, p =
0.098), suggesting that the posterior alpha effect was slightly lat-
eralized to the left hemisphere.

As with the frontal theta effect, we were also interested in
identifying the possible superficial cortical sources of the poste-
rior alpha effect. We computed oscillatory power from surface
Laplacian-transformed single-trial EEG epochs and found that
the alpha power enhancement in delay period on item trials was
maximal over posterior and posterior-central electrode sites (Fig.
3D). The topography of these effects is consistent with sources in
left posterior parietal and lateral occipital cortex.

Working memory performance and neural oscillations
The analyses described above show that frontal theta oscillations
were enhanced during the delay period of order trials, whereas
posterior alpha oscillations were enhanced during item trials. We
next conducted analyses to determine whether these oscillatory
effects were related to the ability to maintain temporal order and
item information in WM. In these analyses, we focused on data
from middle-frontal (i.e., Fz, F1, F2) and left-posterior (i.e., P7,
P9, PO7) electrode clusters, which showed that frontal theta and
posterior alpha effects were maximally overlapping across analy-
ses of raw (Fig. 3A,C) and surface Laplacian-transformed (Fig.
3 B,D) EEG data during the delay period (600-3400 ms).

To examine whether the frontal theta and posterior alpha os-
cillations were related to behavioral performance on order trials,
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Figure4. Thetaandalphaeffects for highand low performers on the working memory tasks.
A, Averaged spectrogram of the order — item power difference for the top 10 order performers
at the middle-frontal electrode cluster. B, Averaged spectrogram for the bottom 10 order per-
formers, showing the same contrast and electrode cluster as in A. (, Averaged spectrogram of
the order — item power difference for the top 10item performers at the left-posterior electrode
cluster. D, Averaged spectrogram for the bottom 10 item performers, showing the same con-
trast and electrode cluster as in C.

we performed a median-split analysis in which the subjects were
divided into two groups based on their accuracy on order trials.
We then assessed the extent to which the frontal theta and poste-
rior alpha effects (i.e., theta and alpha power differences between
item and order trials) were reliable for both low and high order
performers. However, before proceeding to statistical tests, we
visually inspected the frontal theta and posterior alpha effects
across the 21 subjects and found that there was an outlier whose
frontal theta effect was ~4 SDs above the mean (mean, 0.71 dB;
SD, 1.49 dB). Although inclusion or exclusion of the outlier par-
ticipant did not affect analyses of overall power differences be-
tween item and order trials, initial analyses suggested that this
subject added noise to the median-split analysis of the frontal
theta effect. The outlier was thus excluded from the analysis,
which resulted in 10 high order performers and 10 low order
performers. Figure 4, A and B, illustrate the frontal theta effect
separately for high order and low order performer groups. As is
evident in the figure, the frontal theta effect was not significant
for participants in the low order performer group (¢4, = 1.53,
p > 0.16) but was significant for the high order performer group
(t9y = 2.45, p < 0.05), suggesting that frontal theta oscillations
were related to the maintenance of temporal order information.
With respect to alpha oscillations in high and low order perform-
ers, statistical analyses showed that there was a marginal alpha
effect for high order performers (¢, = 1.97, p > 0.08) but, sur-
prisingly, the alpha effect was significant for low order perform-
ers (to) = 2.41, p < 0.05), suggesting that frontal theta and
posterior alpha effects were in different directions between the
high and low order performer groups.

We next conducted a median-split analysis based on perfor-
mance on item trials (10 high performers and 10 low performers)
to determine the extent to which posterior alpha and frontal theta
oscillations were related to maintenance of item information. As
shown in Figure 4C, the posterior alpha effect was only reliable
for high item performers (¢, = 3.83, p < 0.01), not low item
performers (¢4, = 0.97,p > 0.35) (Fig. 4 D), suggesting that alpha
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Figure 5.  Frontal theta enhancements during order maintenance are negatively correlated
with posterior alpha enhancements during item maintenance. The scatter plot depicts individ-
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least-squares best fits to the data are superimposed.

oscillations were associated with the maintenance of item infor-
mation in WM. In contrast, the theta effect was not significant for
high item performers (#, = 0.14, p > 0.89) and, surprisingly,
was significant for low item performers (¢4, = 8.95, p < 0.001).

Opverall, the median-split analyses indicated that high order
performers showed enhanced frontal theta oscillations on order
trials, whereas low order performers showed enhanced posterior
alpha oscillations on item trials. Conversely, high item perform-
ers showed enhanced posterior alpha oscillations on item trials,
whereas low item performers showed enhanced frontal theta os-
cillations on order trials. These results seem to suggest that there
was a negative relationship between frontal theta and posterior
alpha oscillations during WM maintenance. To confirm this im-
pression, we ran a correlation analysis in which we quantified the
relationship between frontal theta and posterior alpha effects at
time windows where these effects were found to be maximal
(frontal theta, 1700—3400 ms during the delay; posterior alpha,
600-1700 ms during the delay) (Fig. 2). We found that frontal
theta oscillations were negatively correlated with posterior alpha
oscillations (r(;5, = —0.48, p < 0.05) (Fig. 5). Thus, subjects who
showed larger theta enhancements on order trials showed smaller
alpha enhancements on item trials, and vice versa. These findings
suggest that there may be a tradeoff between the processes asso-
ciated with frontal theta and posterior alpha oscillations.

Discussion

The current study is, to our knowledge, the first to contrast elec-
trophysiological activity in humans during active maintenance of
item and temporal order information in WM. We found evi-
dence for a functional distinction between frontal theta and pos-
terior alpha oscillations with respect to the maintenance of
temporal order and item information. Theta power at frontal
sites was enhanced during temporal order maintenance, and this
effect was robust for high order performers. In contrast, alpha
power at posterior sites was enhanced during item maintenance,
and this effect was robust for high item performers. Importantly,
the comparable behavioral performance between order and item
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conditions suggests that the observed oscillatory effects cannot be
attributed to differences in task difficulty. Moreover, the negative
correlation between frontal theta and posterior alpha, as well as
the results from the median-split analyses, suggest that theta and
alpha oscillations might be associated with the engagement of
different kinds of processing that support the maintenance of
item versus temporal order information.

Theta oscillations and maintenance of temporal sequences
Consistent with previous reports showing frontal theta enhance-
ment during WM tasks (Gevins et al., 1997; Jensen and Tesche,
2002; Meltzer et al., 2007, 2008), we observed a frontally distrib-
uted increase in theta power during the delay period of order
trials. Analyses of current density waveforms revealed that the
topography of the theta effect was consistent with cortical sources
in the medial and lateral PFC. This finding converges with results
showing that dorsolateral and medial PFC contribute to the gen-
eration of frontal midline theta in monkeys (Tsujimoto et al.,
2006) and with results showing that PFC lesions in monkeys
(Petrides, 1991), rats (Kesner and Holbrook, 1987) and humans
(Petrides and Milner, 1982; Shimamura et al., 1990; McAndrews
and Milner, 1991; Milner et al., 1991; Kesner et al., 1994; Mangels,
1997) are associated with impaired temporal order memory. Re-
sults from some monkey single-unit recording studies also sug-
gest PFC involvement in maintenance of temporal sequences
(Ninokura et al., 2003, 2004; Siegel et al., 2009), including one
study that showed phase locking of neuronal spiking to low-
frequency oscillations (Siegel et al., 2009). These results suggest
that neural oscillations in PFC might play a role in facilitating the
maintenance of temporal order information.

Evidence from fMRI studies also suggests a role for the PFC in
long-term memory for temporal sequences (Cabeza et al., 1997;
Rajah et al., 2008; Jenkins and Ranganath, 2010; Tubridy and
Davachi, 2011), but few fMRI studies have investigated WM for
temporal order (Marshuetz et al., 2000; Marshuetz and Smith,
2006; Amiez and Petrides, 2007). Notably, in the fMRI study
from which the current behavioral paradigm was adapted, Amiez
and Petrides (2007) found that medial and dorsolateral PEC activa-
tion was enhanced during the encoding and retrieval of temporal
WM. The present results extend their findings by demonstrating that
the PFC contributes to temporal order maintenance and that theta
oscillations play a role in this process.

Although there is evidence for the generation of theta oscilla-
tions in PFC (Tsujimoto et al., 2006), the neural mechanism that
gives rise to these oscillations is unclear. Electrophysiological
studies in rats (Buzsaki, 2002) and humans (Ekstrom et al., 2005,
2007) have shown that theta oscillations are prominent in the
hippocampus, and these oscillations may play a role in coordinating
interactions between the hippocampus and PFC (Hyman et al,,
2005; Jones and Wilson, 2005; Siapas et al., 2005; Benchenane et al.,
2010; Sigurdsson et al., 2010). In light of evidence suggesting a role
for the hippocampus in sequence representation (Fortin et al., 2002;
Kesner et al., 2002), and evidence for relatively unidirectional con-
nections from the hippocampus to PFC (Rosene and Van Hoesen,
1977; Swanson, 1981; Goldman-Rakic et al., 1984; Ferino et al., 1987;
Jay et al., 1989; Sesack et al., 1989), it is possible that the hippocam-
pus might play a role in driving prefrontal theta oscillations (Ander-
son et al., 2010). Further research will be needed to test this
hypothesis.

Alpha oscillations and maintenance of item information
Alpha oscillations are often interpreted to reflect cortical idling
(Pfurtscheller et al., 1996), but several studies have shown that
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posterior alpha power increases with the number of items main-
tained in WM (Jensen et al., 2002; Schack and Klimesch, 2002).
Furthermore, a recent study showed that effects of repetitive
transcranial magnetic stimulation (rTMS) on alpha oscillations
were positively correlated with behavioral performance on an
object WM task (Hamidi et al., 2009).

Our data also suggest that alpha oscillations are related to
successful maintenance of item information—participants with
high performance on item trials showed significant alpha effects,
whereas low item performers did not. This finding might indicate
that alpha oscillations reflected neural processes that preserved the
fidelity of object representations during the memory delay. Notably,
the use of similar foils in the probes for item trials required partici-
pants to distinctly maintain each individual object and inhibit visual
interference during the delay. It is therefore possible that posterior
alpha oscillations played a role in the active maintenance of visual
details (which would contribute more to item than to order trials),
or, alternatively, that alpha enhancement during item trials reflected
the increased need to inhibit visual processing (Jensen et al., 2002;
van Dijketal., 2010) during the delay (so as not to disrupt the actively
maintained object representations).

A study by Sauseng et al. (2009) provided support for the
inhibition account of alpha oscillations. In their study, partici-
pants actively maintained visual objects presented in one hemi-
field while ignoring objects presented in the other hemifield.
During WM maintenance, alpha power enhancement was higher
over posterior sites ipsilateral to the hemifield corresponding to
retained memory items than over contralateral sites, suggesting
that posterior alpha oscillations were associated with inhibiting
information from the irrelevant hemifield. Moreover, Sauseng et
al. (2009) applied 10 Hz repetitive rTMS, thought to entrain al-
pha oscillations (Klimesch et al., 2003; Thut and Miniussi, 2009),
over posterior brain regions during WM delay and found that
ipsilateral rTMS increased WM performance, whereas contralat-
eral rTMS elicited the reverse pattern. These findings are consis-
tent with the idea that alpha oscillations are related to inhibiting
irrelevant visual stimuli during WM maintenance. It is therefore
possible that the alpha enhancement during item trials reflected
the need to inhibit visual interference during the delay.

As in numerous previous studies, the current study showed
prominent alpha oscillations over posterior sites. Surface Lapla-
cian analyses were consistent with alpha sources in posterior pa-
rietal and lateral occipital regions. The locus of the posterior
alpha effect is consistent with monkey studies showing that oc-
cipital visual areas contribute to the generation of alpha oscilla-
tions (Bollimunta et al., 2008; Mo et al., 2011), with analyses of
alpha generators during WM maintenance (Tuladhar et al., 2007),
and with fMRI studies showing intraparietal and intraoccipital sulci
(IPS/1I0OS) activation during visual WM tasks (Todd and Marois,
2004, 2005). Moreover, Todd and Marois (2005) found a positive
correlation between WM capacity (Vogel and Machizawa, 2004)
and IPS/IOS activation during the encoding, maintenance, and re-
trieval phases of a visual WM task. In light of our results showing
prominent posterior alpha enhancement in high item performers
and a study (Sauseng et al., 2009) demonstrating a correlation be-
tween posterior alpha and WM capacity, it is possible that the pos-
terior alpha effect is associated with WM capacity.

Negative relationship between frontal theta and posterior
alpha oscillations

Separate analysis of data from high and low performers revealed
that frontal theta enhancement was prominent in high order and
low item performers, whereas posterior alpha enhancement was
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associated with high item and low order performers. Further-
more, there was a significant negative correlation between frontal
theta and posterior alpha effects. Putting together these results,
we speculate that the dynamics between frontal theta and poste-
rior alpha may reflect a tradeoff between different strategies that
favor either the maintenance of item or temporal order informa-
tion. Some participants may adopt strategies emphasizing the
maintenance of temporal order information, and they would be
expected to perform well on order trials and show a significant
frontal theta effect. Other participants, who placed relatively
more emphasis on the maintenance of visual details, would be
expected to perform well on item trials and exhibit a significant
posterior alpha effect. These findings suggest that, although both
theta and alpha oscillations are related to WM maintenance (Jen-
sen and Tesche, 2002; Jensen et al., 2002), they are differentially
related to processes that support maintenance of order and item
information. One potential area for future investigation, moti-
vated by our findings, would be to examine whether artificially
induced (e.g., rTMS or transcranial direct current stimulation)
oscillations at theta or alpha frequency bands modulate intrinsic
neural oscillations and, consequently, influence the maintenance
of temporal order and item information, respectively, in WM.
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