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Working memory is one of the most important functions in our brain, which has been widely
studied with unreal-life measured technologies. A functional near-infrared spectroscopy (fNIRS)
instrument with a portable and low-cost design is developed, which is capable of providing
hemodynamic measurement associated with brain function in real-life situations. Using this
instrument, we performed working memory studies involved in Chinese words encoding, verbal,
and spatial stem recognition, which are mainly studied with other technologies. Our results
show that fNIRS can well assess working memory activities, in comparison with the reported
results mainly using other methodologies. Furthermore, we find that hemodynamic change in the
prefrontal cortex during all working memory tasks is highly associated with subjects’ behavioral
data. fNIRS is shown to be a promising alternative to the current methodologies for studying
or assessing functional brain activities in natural condition.

Keywords : Functional near-infrared spectroscopy (fNIRS); working memory; prefrontal cortex
(PFC); oxy-hemoglobin; deoxy-hemoglobin.

1. Introduction

The capability of near-infrared spectroscopy
(NIRS), to noninvasively measure the hemoglobin
oxygenation changes in biological tissues, was first
described by Jobsis in 1977.1 NIRS has been orig-
inally designed for clinical monitoring, including
muscle oximeters2,3 and breast imaging.4,5 Since
the early 1990s, NIRS has been introduced as a
useful tool for neuroimaging studies (functional
near-infrared spectroscopy (fNIRS)).6–8 fNIRS uses
specific wavelengths of light, transporting through
the scalp and cerebrospinal fluid, to measure the rel-
ative oxygenation change in the brain tissue during

brain activities. This technology allows the instru-
ment design to be portable, affordable, noninvasive,
nonionizing, and safe. These features make fNIRS
suitable to study the hemodynamic responses to
cognitive activity in real-life situation, such as under
working or educating.

Functional brain imaging is mainly conducted
to understand the brain activity in a target brain
region or the communication with other regions,
as well as the pathway to the specified brain func-
tion. Up to now, the fNIRS researches on cognition
have focused on its association with Brodman’s
areas BA9, BA10, BA46, BA45, BA47, and BA44
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(all in the frontal lobe).9–13 These areas, as shown
in measurements by functional magnetic resonance
imaging (fMRI) and positron emission tomogra-
phy (PET), play a crucial role in both short-term
storage and executive process components of work-
ing memory.14–16 Additionally, both the storage
of verbal materials and the word recognition have
also been reported to be correlated with the left
hemisphere.16,17 Some fNIRS measurements were
consistent with fMRI and PET findings for n-back
verbal working memory.13

Here we focus on the prefrontal cortex (PFC) in
hemodynamic response to working memory which
are mainly studied with PET, fMRI, and EEG,
including Chinese word encoding, spatial, and ver-
bal stem recognition. The involvement of PFC in
working memory was not consistently observed. By
measuring the PFC activation interpreted by hemo-
dynamic changes with fNIRS, we expect to explore
whether PFC involves in working memory and, if
true, further explore the activation pattern in PFC
under different types of working memory.

We will first introduce our fNIRS instrument.
Then, the current results on working memory
researches which were conducted in our lab are pre-
sented. Finally, the activation feature of PFC in
hemodynamic to working memory is summarized
and discussed, as well as the merits of optical imag-
ing in assessing working memory.

2. Functional Near-Infrared
Spectroscopy

2.1. fNIRS instrument

In the studies described throughout this paper,
we used the portable CW-type fNIRS instrument
developed in our lab.18 CW-type instrument in
which light is applied to tissue at constant ampli-
tude is limited to measuring amplitude attenuation
to the incident light. CW-type instrument is advan-
tageous at low cost, portability, and easier to con-
struct. This instrument contains four components
as shown in Fig. 1: (1) The probe that can softly
cover almost the whole forehead. The area of the
probe is 4.4 cm× 15 cm. In usage, the probe is sym-
metrically covered from the eyebrow to the hairline
on the forehead, which is commonly called PFC.
(2) A data acquisition board. (3) A controller which
drives the probe, controlling the work time sequence
of the probe and the data acquisition. (4) A com-
puter with a software to sample data and real-time

Fig. 1. A construction picture of fNIRS system.

display the data, as well as perform the offline data
analysis. Its sampling rate is optional from 0.4 Hz
to 4 Hz.

As shown in Fig. 2, the flexible probe con-
sists of four light sources, each one of which con-
tains built-in LEDs having peak wavelengths at 735
and 850 nm, and ten detectors to image the hemo-
dynamic changes in the PFC. Each fixed source–
detector separation is 2.89 cm. The configuration
of light sources and detectors allows 16 channels
simultaneously in data sampling. The flexible probe
consists of a flexible circuit board with LEDs and
detectors welded on it, two thin pieces of man-made
cushioning material are attached on each side of
the circuit board. Since both of the circuit board
and cushioning material are flexible and light (50 g),
the probe can be moved randomly and adapt to
the surface shape of subjects’ foreheads and make

Fig. 2. Detecting areas of fNIRS in the prefrontal cortex.
Circles denote light sources; panes denote detectors. “#1”,
“#2”, . . . , and “#16” denote the detected channels.
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subjects suitable, allowing to improve the light cou-
pling efficiency, signal intensity, and the ratio of sig-
nal to noise.

The fNIRS instrument has been fully evaluated
for its performance.18 Especially, the noise equiv-
alent power is smaller than 110 pw; the dynamic
range gets to 62 dB; the baseline drift is smaller
than 0.7%; the maximum exposure of light source
is 0.03 W/cm2; the detectable penetration depth is
a maximum of about 2.5 cm from the scalp, which
can make the light penetrate the scalp, skull, and
cerebrospinal fluid; and detect cortical activity; the
stray light rejection is lower than 1%. These quali-
ties allow the fNIRS instrument to work effectively,
stably and safely, as well as to sample high-quality
signals.

2.2. Measurement translation and
signal processing

fNIRS measures the light intensity using a photon
detector. The hemodynamic signals are extracted
from the raw fNIRS measurements with the modi-
fied Beer–Lambert law. The light attenuation of the
incident light, which is due to both photons absorp-
tion and scattering, can be quantified as optical den-
sity (OD):

OD = log
(

I0

I

)
, (1)

where I0 and I represent the incident and emerged
light intensities, respectively. During the functional
brain activity, the scattering materials within dif-
ferent layers of the head make ignorable changes,19

with a result that the scattering is considered to
be constant. The light attenuation changes mea-
sured as a result of brain activity are due to the
concentration variations of absorption materials in
the brain tissue, called as oxygenated hemoglobin
and deoxygenated hemoglobin (oxy-Hb, deoxy-Hb),
which are related to the functional activity based on
a widely accepted hypothesis called neurovascular
coupling.19

According to the modified Beer–Lambert Law,
the OD changes can be related with the variation
in concentrations of oxy-Hb and deoxy-Hb (∆[oxy-
Hb], ∆[deoxy-Hb]).

∆OD850 = k∆[oxy-Hb] + k′∆[deoxy-Hb],
∆OD735 = t∆[oxy-Hb] + t′∆[deoxy-Hb].

(2)

∆OD850 and ∆OD735 denote OD changes at 850
and 735 nm, which are used in our instrument. With

a blood–brain model experiment, ratios k/t, k′/t′,
and t/t′ can be valued by calculating the ratios
of OD changes in fully-oxygenated and fully-
deoxygenated states. The only remaining variant
to determine all coefficients in Eq. (2) is depen-
dent on the mean partial optical path length (PPF)
within the activated brain area. However, mea-
suring PPF is not feasible. Since PPF is actually
dependent on the localization of activated brain
area, variables ∆[oxy-Hb] and ∆[deoxy-Hb], here
we integrate PPF into the variables ∆[oxy-Hb] and
∆[deoxy-Hb]. Hence, the scale of ∆[oxy-Hb] and
∆[deoxy-Hb] are mmol×mm and dependent on the
path length of the near-infrared light in the head.20

The final signal translation is given as

∆[oxy-Hb] = ∆OD850 − 0.5643∆OD735,

∆[deoxy-Hb] = 0.7535∆OD735 − 0.4341∆OD850.

(3)

Here we use oxygenation to evaluate brain acti-
vation, which is equal to ∆[oxy-Hb]−∆[deoxy-Hb].
After measurement translation, we process signal
offline analysis according to the following steps: (1)
The singular signal, originated from the artifact of
muscle movement or system error, is balanced with
the nearest data using interpolation methods. (2)
Different kinds of physiological noise, such as heart
beat, pulse movement or breathing, are eliminated
using principle component analysis. (3) The base-
line is corrected by subtracting the data in the rest
period; and the data are smoothed by window fil-
tering of 5 point hamming. (4) The mean ampli-
tude in the stable phase of oxygenation change for
every channel/subject is also extracted for statisti-
cal analysis. (5) The bar plot or map of oxygenation
changes are obtained with above amplitude values.

3. fNIRS Studies on Working
Memory

In all the studies below, subjects have signed
informed statements by the Human Subjects Insti-
tutional Review Board in the Huazhong Univer-
sity of Science and Technology. Different groups of
three females and three males (age 22 ± 1.5 years,
mean±SD, education degree 15.8±1.2 years), every
one of which is healthy, right-handed, and has nor-
mal or corrected-to-normal vision, take part in dif-
ferent experiments. During 24 h before experiment,
none of the subjects had taken any tranquilizer or
psychiatric drugs.

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
9.

02
:4

23
-4

30
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
4/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



November 23, 2009 16:20 00066

426 T. Li et al.

3.1. Chinese word encoding:
Comparison of structure cognition
and semantic processing

A block paradigm is employed referring to the
relevant experiment paradigm on Chinese word
semantic processing.25,26 Considering that structure
perception processing is one of crucial factors in
semantic processing for the Chinese word encod-
ing, this study makes both structure processing and
semantic processing included in the paradigm and
gets the measurement for targeted semantic encod-
ing by subtracting that for structure processing.

The whole paradigm is shown in Fig. 3 and
materials are 100 uncorrelated two-character words.
These words are then composed to 50 pairs, 25
pairs for structure processing, and other 25 pairs for
semantic processing. In structure processing, sub-
jects are asked to orally justify if the characters of
co-presented word pairs are both in same structure.
The structures of Chinese characters are classified
as two types: one is top to bottom; the other is left
to right. In semantic processing, subjects are asked
to group presented word pairs into a meaningful
sentence. After the experiment, subjects are asked
to report a value (range: 0–10; “10” denotes the dif-
ficulty score for unachievable tasks) to quantify task
difficulty.

In the rest block of all experiments, a mark “+”
is presented in the center of computer screen; each
rest block is accompanied by a pure sound “ding”
at 58 s as a test-coming hint; all stimulus and mark
“+” are presented in white in contrast to the black
background with font of Times New Roman and
font size in 108. The distance between the 19 inch
computer screen and subjects is set as about 110 cm
to keep subjects’ visual angles less than ±5◦ hori-
zontally and vertically.

During the experiment, the PFC hemody-
namic response is real-time collected. All subjects

Fig. 3. Paradigm sketch of the Chinese words encoding
experiment.

Fig. 4. Time courses of ∆[oxy-Hb] (red line) and ∆[deoxy-
Hb] (blue line) obtained by fNIRS in some subject during
the task of Chinese words encoding. Gray regions denote rest
periods; the other regions denote the measurements for struc-
ture cognition and semantic processing in turn.

perform similar measurements; for example, the
time sequence of fNIRS-measured hemodynamic
response for subject 1 is shown in Fig. 4. In
the figure, the rest phase is displayed with gray
background; the first segment with white back-
ground denotes measurements for structure cogni-
tion; the second segment with white background
denotes measurements for semantic processing. Fig-
ure 4 significantly shows that both ∆[oxy-Hb] and
∆[deoxy-Hb] in nearly all channels show a lower
level activation during structure cognition and a
higher level activation during semantic processing.

To further analyze the activation difference
between structure cognition and semantic process-
ing, we compare the PFC activation distribution
of all subjects between the two tasks. All subjects
show similar activation distribution in the same
task. Here, we show the mean activation distri-
bution interpreted by oxygenation across subjects,
that is, Fig. 5. The pseudo-color maps in the figure
are drawn with all of oxygenation values in detected
channels by interpolation. Our previous studies on
the same paradigm were performed with a four-
channel fNIRS.25,26 The result of those studies only
reported a stronger response to semantic processing
than structure cognition in the left PFC. In com-
parison, Fig. 5 shows not only the same polarity
between the tasks in the left PFC activation ampli-
tude, but also the opposite polarity in the middle

Fig. 5. Maps of oxygenation change for structure cognition
and semantic process to Chinese words.
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Table 1. Mean oxygenation changes (averaged over all
channels) and oral reported difficulty scores for structure
cognition and semantic processing to Chinese words.

Subject ∆Oxygenation Difficulty ∆Oxygenation Difficulty
ID structure score semantic score

1 0.0600 7 0.0802 8
2 0.0426 5 0.0454 6
3 0.0083 2 0.0162 2
4 0.0390 5 0.0463 6
5 0.0281 3 0.0318 3
6 0.0489 6 0.0546 7

PFC. Our result fully shows that: (1) Structure cog-
nition mainly activates the middle PFC, while the
semantic processing mainly activates the left PFC.
(2) Semantic processing invokes stronger in the left
PFC, while the structure cognition invokes stronger
and larger in the middle-to-left region of PFC.

We also compare the mean oxygenation across
channels in relation to the self-feeling difficulty
scores between the tasks. As shown in Table 1,
for each subject, once the difficulty scores differ
between tasks, the oxygenation changes are shown
to be significantly different; the subjects whose
difficulty score in semantic processing are higher
than structure cognition also show higher mean oxy-
genation in semantic processing than structure cog-
nition. There is a significant correlation between
mean oxygenation change and self-feeling difficulty
scores (difficulty score) for all subjects in PFC
(r = 0.958, p < 0.001).

3.2. Stem recognition: Comparison
of verbal and spatial memory

The experimental protocol mainly studied with
PET is a complex paradigm composed of four test
blocks, including verbal control, verbal memory,
spatial control, and spatial memory.21 There is a
1 min rest before and after each block. In verbal
recognition, English letters are employed as stim-
uli. To make subjects not use shape but voice to
code verbal materials, probing stimulus are set in
lowercase and targeted stimulus are set in capital.
In spatial recognition, black dots are used as tar-
geted stimuli and circle is probing stimulus.

The paradigm of each task is shown in Fig. 6.
During the experiment, subjects are asked to
quickly and correctly respond by clicking the left
mouse button to the matched cases and otherwise
clicking the right mouse button. In both verbal

Fig. 6. Schematic paradigms of verbal control, verbal mem-
ory, spatial control, and spatial memory in stem recognition.
The time value in each horizontal axis denotes presentation
time for the stimulus shown in its below pane.

control and verbal memory, the matched case is
that there is a letter in the targeted stimulus whose
lowercase letter is the same as the probing stim-
uli. In spatial recognition the matched case is that
there is a circle looped around one dot presented
3 s before. Matched case is presented in a frequency
of 50%.

The behavioral data and fNIRS measurements
for all subjects were collected to explore the dif-
ferences in PFC activity between verbal and spa-
tial memory. To note, the measurements for verbal
memory and spatial memory are extracted by sub-
tracting control measurements from their respective
noncontrol measurements.

Figure 7 shows that the response time for ver-
bal recognition is higher (about 11%) than spatial
recognition (F (1, 4) = 212, p < 0.001). The results
show that the response time for verbal memory is
smaller than that for spatial memory. A possible
explanation is that: the circle and inside dot in
the spatial control might be considered as a novel
mark which may cause subjects’ attention and thus
reduces the response time, and thus overestimates
the response time for spatial memory.

Fig. 7. Response time of verbal control (1), verbal recogni-
tion (2), spatial control (3), and spatial recognition (4) in the
stem recognition task.
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The fNIRS-measured hemodynamic response
during the experiment is similar among subjects.
Figure 8 shows the time course of the hemo-
dynamic response for subject 1. The first and
second measurement segments with gray back-
ground correspond to verbal control and spatial
control, respectively. Accordingly, the first and sec-
ond measurement segments with white background
correspond to verbal recognition and spatial recog-
nition. In most channels, ∆[oxy-Hb] shows distinct
difference in activation level among the four tasks.
∆[deoxy-Hb] shows lower amplitude of activation
than ∆[oxy-Hb] and thus it does not significantly
differentiate the activation pattern among the above
tasks. The oxygenation, which can be observed as
the distance between ∆[oxy-Hb] and ∆[deoxy-Hb]
in Fig. 8, shows a clear higher response of ver-
bal recognition than spatial recognition in most
channels.

The mean oxygenation changes for verbal mem-
ory and spatial memory are extracted to compare
the PFC activation between the two functions for
each subject. Figure 9 displays the mean compar-
ison across subjects. As shown in Fig. 9, the oxy-
genation for verbal memory is notably higher than
that for spatial memory (F (1, 15) = 72.687, p <
0.001). Especially, the left PFC shows a much
stronger oxygenation change for verbal memory
than that for spatial memory. This result agrees
with the reported left-lateralization for verbal mem-
ory in PET and fMRI studies.16,17 The oxygenation
for spatial memory mainly increased in the middle
and right PFC, which is consistent with the research
performed by PET.21–23

Apart from repeating the activation lateraliza-
tion for the functions of verbal memory and spatial
memory, further, our result provides the compar-
ison on the two functions in PFC activation and
the possible relationship among the two functions
for Chinese participants. In Fig. 9, bars for verbal

Fig. 8. Time courses of ∆[oxy-Hb] (red line) and ∆[deoxy-
Hb] (blue line) obtained by fNIRS in some subjects during the
task of stem recognition. The gray regions denote the mea-
surements for verbal control and spatial control in turn; the
other regions denote the measurements for verbal recognition
and spatial recognition in turn.

Fig. 9. Mean oxygenation changes of verbal memory (white
bar) and spatial memory (black bar) in PFC.

memory in the right PFC indicate that the pure
verbal memory also activates the right PFC and
the activation of this region is stronger than pure
spatial memory. The right PFC is also shown to
be a dominant area for verbal memory, although it
is not as significant as the left PFC. Considering
a previous study showing different activation areas
between groups in mother language and non-mother
language,24 a possible reason to the right PFC’s
dominant activation may be that English is not our
mother language. This result indicates that the ver-
bal memory for Chinese people may employ spatial
encoding and spatial-related structure encoding,
leading to invoking the predominant area for spatial
memory.

The measurements on response time and PFC
hemodynamic response show some consistency. One
common aspect they both exhibit is that the
response for verbal control is lower than verbal
recognition and the response for spatial control is
lower than spatial recognition (see Figs. 7 and 8).
The other is that, they both show that the response
for verbal recognition is higher than spatial recog-
nition (see Figs. 7 and 8).

4. Conclusion and Discussion

The fNIRS technology has been highlighted as a
tool to measure cortical hemodynamic changes in
response to functional activities. More pointedly,
our fNIRS instrumentation allows for safe, portable,
low-cost cortical monitoring and hence can be in
real-life situation applied in research and clinical
diagnosis. Here, we provided an overview of work-
ing memory studies carried out in our laboratory.
These studies show that working memory, which
is involved in Chinese words encoding, verbal and
spatial stem recognition, can be well assessed by
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fNIRS technology. In all above working memory
studies, the fNIRS-measured activation patterns are
in agreement with the results obtained by the cur-
rent widely-used PET and fMRI technologies. Our
studies suggest that fNIRS would be a promising
alternative to the current high cost, invasive, and
ionizing methodologies for the studies of functional
activities. In addition, the successful assessment of
multi-kinds of working memory in free active state
indicates that fNIRS has the potential usage for
child ability assessment and thus would be bene-
ficial for child development.

Our fNIRS measurements show that PFC
indeed activates underlying multi-type working
memory, including verbal memory, spatial mem-
ory, structure cognition, and semantic processing
in Chinese word encoding. The presented study,
by conducting multiple experiments and detecting
bilateral PFC activation with fNIRS, provides fully
evidences in the viewpoint of nontraditional tech-
nology to support the involvement of PFC in work-
ing memory.

Except for replication, supplement, and spec-
ification on the reported findings on the fea-
ture of PFC activation, we further find that the
fNIRS-measured PFC hemodynamic responses are
associated with subjects’ behavioral data. For Chi-
nese word encoding, the mean oxygenation and
time courses of both ∆[oxy-Hb] and ∆[deoxy-Hb]
replicate the polarity between structure cognition
and semantic processing in the self-feeling difficulty
score. The correlation between mean oxygenation
in PFC and self-feeling difficulty scores (difficulty
score) for all subjects is quite significant (r =
0.958, p < 0.001). For stem recognition, the acti-
vation level in time courses of ∆[oxy-Hb] repli-
cate the order of response time among the tasks of
verbal control, verbal recognition, spatial control,
and spatial recognition; the mean oxygenation in
some activated PFC region replicates the polarity in
response time between verbal memory and spatial
memory.

It is noteworthy that fNIRS measures multi-
parameters, including ∆[oxy-Hb], ∆[deoxy-Hb],
oxygenation, and blood volume (equal to ∆[oxy-
Hb] + ∆[deoxy-Hb]), which can provide more infor-
mation on brain activation and may enable further
exploration of the brain functional activities, com-
pared to single parameter for PET, fMRI, and EEG
technologies. Take an example, the time courses of
∆[oxy-Hb] and ∆[deoxy-Hb] given in this paper
present different signals in response to the brain

activity, which may interpret the mechanism of
brain function more fully and deeply.
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