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Objectives: The lateral prefrontal cortex (LPFC) plays a central role in working memory (WM). In the present
study, we employed quantitative, near-infrared time-resolved spectroscopy (TRS) to evaluate the relation
between LPFC activity during WM and the task performance in 19 healthy, middle-aged, female subjects
(mean age of 46.8¡2.1 years).
Methods: Concentration changes of oxyhemoglobin (oxy-Hb), deoxyhemoglobin, and total hemoglobin in
the bilateral LPFC were measured by means of TRS during performance of Sternberg tests (ST) of one digit
and six digits. The oxy-Hb changes were compared to performance in ST. In addition, we evaluated
whether pathlength of the forehead and baseline concentration of oxy-Hb influenced WM performance.
Results: TRS revealed increases in oxy-Hb in association with a decrease in deoxy-Hb during ST. We found
a significant negative correlation between the reaction time of six-digit ST and oxy-Hb changes in the
bilateral LPFC (left, P50.0061; right, P50.0029); however, no significant correlation was observed with onedigit ST. In contrast, accuracy of ST did not correlate with the oxy-Hb changes in the prefrontal cortex. The
optical pathlength of the forehead and concentration of oxy-Hb at rest in the LPFC did not correlate with
either reaction time or accuracy in ST.
Conclusion: The present results indicate that oxy-Hb changes in the LPFC during a WM task, as measured
by TRS, correlated with WM performance. TRS is compact and less expensive than functional magnetic
resonance imaging, and may be a useful tool to evaluate neural correlates of WM in normal adults.
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Introduction

;

;

Working memory (WM) is a system for actively
maintaining and manipulating information, and
forms an integral part of the human memory system.
Neuroimaging studies on WM, using functional
magnetic resonance imaging (fMRI) and positron
emission tomography (PET), have revealed that the
lateral prefrontal cortex (LPFC) plays a central role
in WM.1–3 In addition, it has been demonstrated that
the activation pattern of the LPFC induced by WM
tasks changes during aging-associated decline in WM
performance; older adults tend to exhibit a reduction
in the hemispheric lateralization (i.e. reduced asymmetry) of activation observed in younger adults.4,5
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Although these studies provided precise information
about the neural networks involved in WM, fMRI
and PET require complicated procedures and large
facilities, and have high running costs.
Near-infrared spectroscopy (NIRS) is a noninvasive optical technique that detects neuronal
metabolic activity by measuring evoked cerebral
blood oxygenation (CBO) changes; NIRS allows
calculation of the concentration changes of oxyhemoglobin (oxy-Hb) and deoxyhemoglobin (deoxyHb) in cerebral compartments based on measurement
of the absorption spectra of hemoglobin (Hb) in the
near-infrared range.6 NIRS is compact and less
expensive than fMRI or PET. In addition, NIRS
can be measured in more natural environment where
the head restraint is not required. Consequently,
NIRS measurements are less stressful, which is
important for the evaluation of cognitive function.
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We and others have demonstrated that NIRS is a
useful tool to evaluate brain function in normal
adults7–12 and patients with brain disorders.13–20
A number of NIRS studies on WM have demonstrated a positive correlation between LPFC activity
and behavioral performance in WM tasks.21–26 That
is, subjects with shorter reaction times had greater
increases in oxy-Hb in the LPFC.21,22 It should be
noted, however, that the NIRS instrument in those
studies employed continuous wave (CW) light and
calculated Hb concentration changes based on the
modified Beer–Lambert law. Therefore, the obtained
values are the product of concentration changes and
the optical pathlength, which CW-NIRS cannot
measure. In contrast, near-infrared time-resolved
spectroscopy (TRS), employing pico-second light
pulses, enables us to determine the mean optical
pathlength, thereby allowing the calculation of
quantitative values of Hb concentration changes in
the region through which the near-infrared light
passes. In addition, TRS allows measurement of
baseline concentration of Hb at the resting
condition,26 through application of the photon
diffusion equation.27 The quantitative accuracy of
TRS has been established.28,29 Sakatani et al.
employed a two-channel TRS system, which has high
time resolution, to evaluate the evoked CBO changes
in the LPFC during cognitive tasks, and demonstrated that the TRS system allows real-time measurements of both activation and deactivation caused
by a language task and driving simulation, respectively.30–32
In the present study, we investigated whether
LPFC activity during a WM task, measured by the
two-channel TRS system, predicts WM performance.
We measured evoked CBO changes in the LPFC
during Sternberg tests (ST) by means of TRS, and
evaluated the relation between changes in oxy-Hb
and reaction time and accuracy of the test. In
addition, we evaluated whether pathlength of the
forehead and baseline concentration of Hb at rest,
measured by TRS, affect the relation between the
evoked CBO changes and WM performance. Finally,
we discussed the usefulness and limitations of
quantitative assessment of evoked CBO changes by
TRS in the diagnosis of WM impairment.

from the study. All subjects provided written informed
consent as required by the Human Subjects
Committee of the Shiseido Life Science Institute.

WM task and psychological studies
We employed the modified ST as a WM task.23 In the
ST, subjects were asked to remember one digit and six
digits by turns. There were eight one-digit trials and
eight six-digit trials. Each trial began with the
presentation of one digit or a set of six digits to be
encoded for 1 second on CRT. Then a blank display
was inserted for 2 seconds, followed by the test digit
until a response was obtained within 2 seconds.
Subjects held a small box with two buttons side by
side. They were required to press the right button if
they thought the test digit was contained within the
encoded stimulus and to press the left one if not, as
quickly and accurately as possible. Similar tasks have
been used previously in NIRS experiments and have
been demonstrated to activate the LPFC.23

TRS measurements of LPFC activity
We measured CBO in the bilateral LPFC with a twochannel NIRS monitor which uses time-resolved
reflectance spectroscopy (TRS-20; Hamamatsu
Photonics K.K., Hamamatsu, Japan). Details of this
system have been described.30,31 Briefly, it consists of
three pulsed laser diodes with different wavelengths
having duration of 100 ps at a repetition frequency of
5 MHz, a photomultiplier tube, and a circuit for
time-resolved measurement based on the time-correlated single photon counting method. The observed
temporal profiles were fitted into the photon diffusion
equation27 using the non-linear least-squares fitting
method. The concentrations of oxy-Hb, deoxy-Hb,
total Hb (5oxy-Hbzdeoxy-Hb; t-Hb) and cortical
oxygen saturation (CoSO2) were calculated using the
least-squares method. The concentrations of Hb were
expressed in mM.
The NIRS probes were set symmetrically on the
forehead, so that the midpoint between the emission
and detection probes was 3 cm above the centers of
the upper edges of the bilateral orbital sockets; the
distance between the emitter and detector was set at
4 cm. Magnetic resonance imaging confirmed that
the emitter–detector was located over the dorsolateral
and frontopolar areas of the PFC.11

Data analysis
Experimental Procedure
Subjects
We studied a total of 19 healthy young female subjects
(mean age of 46.8¡2.1 years). The subjects were
highly educated college students, and were all deemed
right-handed according to the laterality quotient questionnaire of the Edinburgh Handedness Inventory.
Potential subjects who self-reported a substance abuse
problem or other psychiatric disorder were excluded
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The evoked CBO changes in the bilateral LPFC were
continuously monitored by TRS and were averaged
every second during: (1) baseline conditions for
60 seconds; (2) ST for 60–80 seconds (the period
varied according to each subject’s reaction time); and
(3) recovery for 60 seconds. To analyze LPFC
activity in response to WM performance, we calculated changes in oxy-Hb concentration during ST
since these reflect changes in neuronal activity.7–16,18–26

=
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The mean baseline values (measured during 60
seconds) were subtracted from the mean activation
values (measured during the first 60 seconds under
task performance).
We evaluated the difference in concentrations of
Hb and optical pathlength at rest in the right and left
LPFC; two-way analysis of variance was conducted
with and within-subject factors of task (average Hb
values before and during ST) and hemisphere (left
and right). In addition, we evaluated the correlation
between performance of ST (i.e. reaction time and
accuracy) and concentrations of oxy-Hb and optical
pathlength in the LPFC using Spearman’s rank
correlation.

Results
Table 1 shows average values of Hb concentrations
and optical pathlength in the bilateral frontal regions
at rest in all subjects. There were no significant
differences in Hb concentrations and optical pathlength between the right and left LPFC.
Figure 1A shows a typical example of evoked CBO
response during ST measured by TRS; the task
increased oxy-Hb and decreased dexoy-Hb. There
were significant task effects in oxy-Hb (F57.08,
P,0.05) and deoxy-Hb (F54.70, P,0.05); however,
there was no significant effect in t-Hb (F51.78,
P50.20). Figure 1B shows average concentration
changes of oxy-Hb, dexoy-Hb, and t-Hb during ST
in the bilateral prefrontal cortex. There were no
significant effects and interactions according to the
hemisphere for Hb concentration changes.
We found a significant negative correlation
between the reaction time of six-digit ST and oxyHb changes in the left (P50.0061) and right
(P50.0029) LPFC (Fig. 2). The reaction time in the
subjects who exhibited a decrease in oxy-Hb
(1117.3¡172.4 milliseconds, n513) in the right
LPFC was significantly longer than that of the
subjects who exhibited an increase in oxy-Hb
(891.2¡156.3 milliseconds, n56, P50.016) in the
right LPFC.
In contrast, accuracy of ST did not correlate with
the oxy-Hb changes in the LPFC. Finally, the
concentration of oxy-Hb at rest and the optical
pathlength did not correlate with the reaction time of
ST (P.0.05).
Table 1 Concentrations of hemoglobin
pathlength at rest in the right and left LPFC

and

optical

oxy-Hb (mM) deoxy-Hb (mM) t-Hb (mM) OP (cm)
R-LPFC
L-LPFC

38.0¡5.6
38.2¡6.1

19.4¡3.7
19.1¡2.9

57.4¡8.7 26.0¡2.6
57.3¡8.6 26.1¡2.6

Note: LPFC5lateral prefrontal cortex; oxy-Hb5oxyhemoglobin;
deoxy-Hb5deoxyhemoglobin; t-Hb5total hemoglobin;
OP5optical pathlength, R5right; L5left.
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Discussion
In the present study, we found a significant negative
correlation between oxy-Hb changes during ST in the
LPFC and the reaction time of six-digit ST, indicating
that ST-induced LPFC activity is positively correlated
with performance of WM. The results obtained by
TRS are consistent with the previous CW-NIRS
studies on WM.21–26 It has been demonstrated that
subjects with shorter reaction times had higher levels
of oxy-Hb concentration in the LPFC during performance of a modified Stroop paradigm.21,22 Tsujii et al.
evaluated the effect of H1-receptor antagonists on the
LPFC activity induced by ST task.23 They found that
subjects who received a sedative first-generation H1receptor antagonist exhibited longer reaction times
and smaller increases in oxy-Hb during the task in the
LPFC compared to those who received a secondgeneration H1-receptor antagonist or placebo.23,24,33
The findings obtained by CW-NIRS, however,
could be a consequence of possible differences in
optical pathlength in the subjects and/or changes of
optical pathlength during neuronal activity. In the
present study, employing TRS, we found no correlation between optical pathlength and reaction time of
ST. In addition, previous TRS studies revealed no
significant changes in optical pathlength of the
forehead during cognitive tasks.30,31 These observations indicate that the optical characteristics of the
recording region did not affect the value of the
evoked CBO change. Furthermore, the concentration
of oxy-Hb at rest in the LPFC exhibited only small
differences among subjects, and did not correlate
with reaction time in ST. These observations strongly
suggest that the LPFC activity induced by ST is
positively correlated with performance in ST.
ST caused increases in oxy-Hb in the bilateral
LPFC; there was no significant difference in oxy-Hb
changes induced by ST between the right and left
LPFC. It has been reported that WM tasks caused
asymmetrical activation in LPFC in younger adults,
while older adults tended to exhibit a reduction in
hemispheric lateralization (i.e. reduced asymmetry).
For example, in tasks associated specifically with left
LPFC activation in younger adults, such as verbal
WM and semantic encoding, older adults often show
both left and right LPFC.4,5,34,35 This phenomenon is
called HAROLD (hemispheric asymmetry reduction
in older adults).4 Dixit et al., employing PET,
demonstrated occurrence of HAROLD prior to age
50.35 These results, obtained by both PET and TRS,
suggest that reduction in asymmetry could occur at
ages prior to the fifties. Further studies are necessary
to investigate the time course and physiological
mechanism of HAROLD.
In the present study, we observed a decrease in
oxy-Hb during ST in 13 subjects. The decreases in
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Figure 1 (A) Typical examples of evoked cerebral blood oxygenation changes in the lateral prefrontal cortex during Sternberg
test (ST). Note that oxyhemoglobin (oxy-Hb) increased in association with a decrease in deoxyhemoglobin (deoxy-Hb). The
ordinate represents the change in concentration of oxy-Hb (filled circle), deoxy-Hb (filled triangle), and total hemoglobin (t-Hb;
filled square) in mM. The thick bar denotes the performance period (60 seconds) of ST. (B) Average concentration changes of
oxy-Hb, dexoy-Hb, and t-Hb during ST in the bilateral prefrontal cortex. The ordinate represents the change in concentration of
Hb. There were no significant effects and interactions according to the hemisphere for Hb concentration changes.

oxy-Hb implied a decrease in regional cerebral blood
flow in response to the task, suggesting that the task
caused deactivation in the PFC. The physiological
mechanism of deactivation in the PFC during ST
remains unclear. However, the following mechanisms
warrant consideration. First, a stealing of blood from
less active regions into the most cerebral blood flowdemanding area could induce deactivation.36 Second,
a suppression of neuronal activities could reduce the
regional cerebral blood flow. Raichle et al. proposed
that such a reduction in neuronal activities might be
mediated through the action of diffuse projecting
systems like dopamine or a reduction in thalamic
inputs to the cortex during attention-demanding
cognitive tasks.37 Further studies are necessary to
investigate the mechanism of a decrease in oxy-Hb
during ST.
It has been reported that a multi-channel TRS
system could image activation areas in the LPFC
during cognitive tasks.32,38 Although the TRS used in
the present study was only a two-channel system, it
has several advantages compared to a multi-channel
system. First, the two-channel system is quite simple,
which is advantageous in a clinical setting. Indeed,
placement of the optodes of a multi-channel system
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requires more time than that of a two-channel system.
Second, two-channel data acquisition has no need for
statistical corrections for multiple comparison as does
multi-channel data acquisition. Third, subjects may
feel pain at the scalp with multi-channel systems, but
this has not been reported with the two-channel
system, and therefore the quality of the PFC
recording may be better in the latter case.
Particularly in patients with impaired cognitive
function, it is difficult to place the optodes of a
multi-channel system on the scalp. Indeed, we and
others have demonstrated the usefulness of the twochannel system for evaluation of neural correlates of
cognitive function in the LPFC.10–12,14–16,18–20
Finally, it should be noted that the Hb concentrations
measured by TRS are the average concentrations
within the illuminated area, including the extracranial
and intracranial tissues. At present, it is difficult to
measure the Hb concentrations in the brain tissue
selectively.
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Figure 2 Relation between the reaction time of six-digit Sternberg test (ST) and oxyhemoglobin (oxy-Hb) changes in the left (A)
and right (B) lateral prefrontal cortex (LPFC). There was a significant negative correlation between the reaction time of six-digit
ST and oxy-Hb changes in the left (P50.0061) and right (P50.0029) LPFC. The ordinate represents the reaction time of ST
(millisecond), while the abscissa represents the change in oxy-Hb concentration (mM).
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