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Abstract. Brain correlates of cognitive performance have received consider-
able attention in the area of augmented cognition. Studies focused on the cor-
relation between brain activations and cognitive load have laid their focus on
connections integrated by frontal region. Most of the studies have manipulated
visual or verbal cognitive load, though the effect of auditory memory load in
cognitive performance is still unknown. In this study, functional near-infrared
spectroscopy (fNIRS) of twelve subjects were measured when they were per-
forming a paradigm of auditory working memory task. For the auditory n-back
task, there are three experimental conditions, including two n-back task con-
ditions of memorizing the stimuli with different memory load, and a condition of
passive listening to the stimuli. The stimuli are sound combinations of major,
minor, and dissonant chords. Hemodynamic responses from frontal brain
regions were recorded using a wireless fNIRS device. Brain activations from
ventrolateral and orbital prefrontal cortex are measured with signals filtered and
baseline wandering removed. The fNIRS signals are then standardized with
statistical test and group analysis carried out. The results revealed that there are
significantly stronger hemodynamic responses in bilateral ventrolateral pre-
frontal cortex when subjects were attending to the auditory working memory
task with high load. This study demonstrated the possibility of incorporating
fNIRS as an index to evaluate cognitive performance regarding its benefit on the
flexibility for portable applications than other neuroimaging techniques. The
performance in cognitive function could therefore be quantitatively measured
with the proposed method.
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1 Introduction

In the past few years, functional near-infrared spectroscopy (fNIRS) is proved to be a
flexible and convenient device to record brain hemodynamic response during the per-
formance of cognitive tasks such as learning, memory, and motor reactions [1–3]. In
several studies of memory function, the hemodynamic responses recorded by a fNIRS
system from prefrontal cortex is claimed to be highly correlated with gray-matter
functional magnetic resonance imaging (fMRI) activities during a working memory task
[4]. Ogawa et al. have found that there is correlation between working memory
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performance and the neural activations measured using an fNIRS system. Subjects with
better working memory performance have higher levels of oxyhemoglobin activations
[5]. Consistent with the previous findings in fMRI, activations in lateral prefrontal cortex
(LPFC) recorded from fNIRS systems are also proved to be associated with working
memory in adults and even preschool children. The activations in the bilateral LPFC is
depend on the memory-load [6]. These evidences suggest that fNIRS is useful and
convenient for measuring the cognitive load and working memory performance [5].

Studies focused on the relationship between the brain activations and cognitive load
have laid their focus on connections integrated by frontal region [7, 8]. Most of the
studies have manipulated visual or verbal cognitive load, though the effect of auditory
memory load in cognitive performance is still unknown. In this study, hemodynamic
responses recorded from a fNIRS system of twelve subjects were measured when they
were performing a paradigm of auditory n-back working memory task [9]. Brain
activations from ventrolateral and orbital prefrontal cortex are measured with signals
filtered and baseline wandering removed. This study demonstrated the possibility of
incorporating fNIRS as an index to evaluate cognitive performance regarding its benefit
on the flexibility for portable applications than other neuroimaging techniques.

2 Materials and Methods

2.1 NIRS Experiment and Preprocessing

The fNIRS signals are recorded using a wireless and portable system, BRAIN-NIRS
Hb13 (ASTEM Co. Ltd., Japan), as shown in Fig. 1A. The concentration of oxy-
genated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) are recorded
from four locations of the scalp. The center of the probe is placed in the frontal area
(Fpz), and four sensors were set on Fp1, Fp2, F7, and F8 according to the international

Fig. 1. The four locations of fNIRS sensors on the subject’s scalp (A). These electrodes are
corresponded to F7, F8, Fp1, and Fp2 in the 10–20 system, which are localized over left and right
ventrolateral prefrontal cortex (VLPFC) and orbital prefrontal cortex (OPFC).
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10–20 system for electroencephalography, as illustrated in Fig. 1B [10]. These four
positions are corresponded to the left/right dorsal and ventral prefrontal cortex (DLPFC
and VLPFC), respectively, based on an anatomical cranio-cerebral correlation study
[11, 12]. The concentration change of oxy-Hb is used for further analysis since it is
more sensitive to the changes of cerebral blood flow.

Twelve subjects were recruited in the experiment with their fNIRS data recorded in
a shielded room. The raw data are band-pass filtered (0.01–0.1 Hz) to attenuate the
high frequency noise, respiration, and cardiac cycle effects [13–15]. The data recorded
from each subject are checked for any potential saturation when light intensity at the
detector was higher than the device limit. The signals are then standardized with
baseline-wandering removed. Group analysis and statistical test are then carried out to
compare different conditions of working memory load.

2.2 Auditory N-Back Working Memory Task

The subjects are requested to participate in a paradigm of auditory n-back working
memory task [9]. The memory load are manipulated in this auditory task with different
type of emotional stimuli. There are three conditions with distinct memory load during
chord listening: 1-back (1B), 2-back (2B), and a task of passive listening (PL) to the
stimuli. Each music stimulation is composed of four sound combinations of one of the
major, minor, or dissonant chords. A random combination of task conditions (PL, 1B or
2B) and chord categories (major, minor or dissonant) is designed as a stimulation in
each trial. Each participant are requested to attend a 2-session experiment with a 2-min
rest with each session consists of 18 blocks. 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. Participants were instructed to press the left button in the n-back
task when they recognized the chord matching that of the last n trials.

3 Results and Discussions

The behavior results in the auditory n-back task revealed that the average correctness of
the 1-back task is 85.6 � 7.1%, which is 17.8% larger than that of the 2-back task
(67.8 � 7.5%). As illustrated in Fig. 2, the hemodynamic responses recorded by the
fNIRS system are standardized to z-score. Stronger activations were observed from
channel 1 and 4, which are localized over VLPFC. Activations are more pronounced in
higher working memory load. In left VLPFC (channel 1), significant difference
(p = 0.01) was found between PL and 1B. The difference is more pronounced in right
VLPFC with significance between PL and 1B (p = 0.006), and also PL and 2B
(p = 0.004). The results revealed that there are significantly stronger hemodynamic
responses in bilateral VLPFC when subjects were attending to the auditory working
memory task with higher memory load. The findings in this study showed consistent
results with previous studies in visual working memory study [6]. The cognitive per-
formance could therefore be quantitatively and consistently measured.
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4 Conclusions

This study demonstrated the flexibility of incorporating fNIRS as an index to evaluate
cognitive performance. In addition, fNIRS can potentially be applied to functional
mapping in childhood or patients with mental disorder [6]. Since it imposes fewer
constraints on behavior than fMRI, fNIRS appears to be more practical than fMRI for
investigating cognitive neuroscience on the primate cortex [16]. In addition to the
studies of brain functions, fNIRS may also be a useful tool to the development of
brain-computer interface [17–19] or the validation of drugs for mental diseases that can
cause reduction in lateral prefrontal activities accompanied by improved cognitive
performance [20].
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