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Abstract. Working memory and cognitive performance have received consid-
erable attention in neuroscience research. Most of the studies have demonstrated
their interaction over the prefrontal regions while manipulating visual or verbal
working memory load. However, less attention has been directed to the impact of
musical or auditory input in cognitive performance. In this study, electroen-
cephalography (EEG) of six subjects were measured when they were performing
a paradigm of auditory n-back working memory task. EEGLAB and the stan-
dardized low-resolution brain electromagnetic tomography (sLORETA) were
utilized to parse the scalp EEG signals into source activity. The results revealed
that when subjects were engaged in high versus low memory load, there were
significantly stronger delta (1–4 Hz) activity in superior frontal gyrus, theta
(4–7 Hz) activity in posterior cingulate cortex, alpha 1 (8–10 Hz) and beta 1
(12–16 Hz) activity in insula, but weaker alpha 2 (10–12 Hz) activity in anterior
cingulate cortex. These results demonstrated that auditory working memory
accompanied distinct brain network modulation to the visual or verbal task.
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1 Introduction

Exploiting the relationship between working memory and cognitive performance has
become an important topic in neuroscience research [1, 2]. Most of the studies have
demonstrated their interaction over the prefrontal regions while manipulating visual or
verbal working memory load. Although these pioneering studies have addressed the
pathway of working memory, most of them focused on visual or verbal working
memory. Less attention has been directed to the impact of musical or auditory input in
cognitive performance.

In the past few years, the anatomical and functional pathway of auditory memory has
received growing interests [3–6] using electrophysiological experiment and functional
magnetic resonance imaging (fMRI) technique that measure the blood-oxygen-level
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dependent (BOLD) activities. For example, Munoz-Lopez et al. [4] have shown that the
auditory information tends to propagate from rostral superior temporal gyrus to dor-
solateral temporal pole and medial temporal cortex, and then to entorhinal cortex and
posterior parahippocampal cortex. Musical working memory has been reported to ini-
tiate the increased BOLD activities in bilateral superior temporal gyri and inferior frontal
and medial superior frontal gyri [9]. The prefrontal region was recently shown to play a
critical role in auditory connections for detection, discrimination, and working memory
in primate and human [5, 6]. Huang et al. [3] further demonstrated that the subregions of
anterior dorsal lateral prefrontal cortex were selectively associated with auditory
working memory, whereas the areas in more inferior lateral aspects of prefrontal cortex
and inferior frontal cortex were selectively related to the auditory attention instead of
working memory. Specifically, few studies further accessed the difference in BOLD
activities associated with verbal versus tonal (musical) memory. Koelsch et al. [7, 8]
found the increase in activation in right globus pallidus, right caudate nucleus, and left
cerebellum only during tonal working memory task as compared with verbal task.

It is worth noting that although the above fMRI studies can localize the deeper
brain structures involved in auditory working memory with high spatial resolution,
while the BOLD signals are limited to reflect the rapid changes in temporal charac-
teristics (i.e., poor temporal resolution) with respect to other neuroimaging modalities
such as electroencephalogram (EEG) and magnetoencephalography (MEG). This study
thus employed the EEG modality to address the temporal dynamics of brain regions in
response to a designed auditory n-back working memory task.

2 Materials and Methods

2.1 Auditory n-back Working Memory Task

This study recruited six subjects participating in a paradigm of auditory n-back working
memory task that was inspired by [10]. The paradigm was intended to study the
emotion regulation during cognitive task by manipulating the memory load and the
emotional type of stimuli. This study used an alike protocol to study the auditory
working memory processing. Our task has three experimental conditions during music
listening: a 1-back (1B) task, a 2-back (2B) task, and a task of passive listening (PL) to
the stimuli. Each music stimulation is composed of 12 sound combinations of major,
minor, and dissonant chords. The major chords consisted of A, C#, E, A, C#. The
minor chords were made of A, C, E, A, C and were considered in music theory as an
imperfect consonance. The dissonant chords were made of A, Bb, G, Ab, C, which
were thought to be the most dissonant intervals. Following each stimulus, participants
were instructed to press the left button in the 1B/2B task when they recognized the
chord matching that of the last one/two trials. Otherwise, they needed to press the right
button for all other trials or in the PL condition. Each participant underwent a 2-session
experiment interleaved with a 2-min rest. Each session consists of 18 blocks with a
random combination of task conditions (PL, 1B or 2B) and chord categories (major,
minor or dissonant). Each type of block was repeated four times discontinuously during
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the experiment. Twenty trials were presented in a block with each trial constructed of a
sound lasting 1000 ms, followed by a 1500-ms silence before the next trial.

2.2 EEG Recording, Signal Processing, and Source Reconstruction

The EEG signals were recorded using a 32-channel EEG system (Neuroscan, Inc.) and
were referenced to the arithmetic average of the left and right mastoids. The electrode
impedance was kept below 5 kΩ. The EEG signals were sampled at a frequency of
1 kHz and in a bandwidth of 0.1–100 Hz. For each subject, EEGLAB toolbox (http://
sccn.ucsd.edu/eeglab) [11, 12] was adopted to perform independent component anal-
ysis (ICA) to remove the artifactual components accounting for eye movement, muscle
tension, and electrode artifacts.

This study then employed the time-varying standardized low-resolution brain
electromagnetic tomography (sLORETA) [13] to parse the scalp EEG signals into
source activity, in which the standardized boundary element head model (BEM) [14]
was used for head modeling before source reconstruction. After the source modeling
for each individual, group analysis was performed by co-registering the individual
source results to a 3D Montreal Neurological Institute (MNI) brain template [15].

3 Results and Discussions

The EEG spatio-spectral dynamics were observed during an auditory working memory
task when subjects were engaged in high (2-back) versus low (1-back) memory load.
The results of source reconstruction revealed that the high working memory load
accompanied stronger delta (1–4 Hz) activity in superior frontal gyrus, theta (4–7 Hz)
activity in posterior cingulate cortex, alpha 1 (8–10 Hz) and beta 1 (12–16 Hz) activity
in insula, but weaker alpha 2 (10–12 Hz) activity in anterior cingulate cortex as
compared to the low counterpart. The locations of cortical regions were adjacent to
those recently reported in [3–6].

In addition, this study further explored the temporal profile of the reconstructed
source activities in theta frequency band that has been suggested to serve as an indi-
cator of working memory processes [16, 17] and of new information encoding in
hippocampo-cortical feedback loops [18]. As compared to the low working memory
load task, the high load task exhibited stronger theta activity in temporal region around
335 ms after the stimulation onset (Fig. 1A). The pronounced activations shifted to the
frontal (Fig. 1B) and parietal (Fig. 1C) brain regions around 1000 ms. The observed
theta modulation in the temporal lobe associated with the auditory working memory
indicated the distinction to the pronounced frontal and parietal network involved in
visual and verbal task [19, 20]. Future work can be directed to assess the functional
coupling (e.g., synchronization) between the temporal and frontal/parietal regions to
clarify the auditory working memory network using the EEG neurophysiology.
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Fig. 1. Averaged source activation when subjects were attending to n-back auditory working
memory tasks (2-back versus 1-back). Stronger right temporal activations were observed around
335 ms after the onset of stimuli (A). Activations were more pronounced in frontal (B) and
parietal (C) regions around 1000 ms after the music onset.
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