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Near-infrared spectroscopy (NIRS) is generally accepted as a functional brain imaging technology
for brain activation study. With multichannel highly sensitive NIRS instruments, it has become
possible to assess functional connectivity of di®erent brain regions by NIRS. However, the
feasibility needs to be validated in complex cognitive activities. In this study, we recorded the
hemodynamic activity of the bilateral prefrontal cortex (PFC) during a color-word matching
Stroop task. Wavelet transform coherence (WTC) analysis was applied to assess the functional
connectivity of all homologous channel pairs within the left/right PFC. Both the behavioral and
brain activation results showed signi¯cant Stroop e®ects. The results of WTC analysis revealed
that, bilateral functional connectivity was signi¯cantly stronger during both the incongruent
stimuli and neutral stimuli compared to that of the rest period. It also showed signi¯cant Stroop
e®ect. Our ¯ndings demonstrate that, NIRS becomes a valuable tool to elucidate the functional
connectivity of brain cortex in complex cognitive activities.
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1. Introduction

Near-infrared spectroscopy (NIRS) is a generally
accepted functional brain imaging technology which
monitors brain activity noninvasively by measuring
hemodynamic responses.1–3 Compared to other
traditional neuroimaging modalities, such as elec-
troencephalography (EEG)/event related potential
(ERP) and functional magnetic resonance imaging
(fMRI), NIRS can provide a excellent temporal
resolution and a reasonable spatial resolution at the
same time,4,5 with fewer requirements for the en-
vironment and participants.6–8 Traditionally, NIRS
is used to assess local brain activity and has been
applied in various cognitive and clinical studies.9–13

With the developments of multichannel highly
sensitive NIRS instruments, it has also become
possible to measure temporal correlations of local
activity at di®erent brain areas, deriving an optical
\functional connectivity".14

In recent years, there have been some studies that
investigated and preliminarily validated the feasi-
bility of NIRS in studying functional connec-
tivity.15–17 However, most of these studies are about
resting state functional connectivity (RSFC), which
re°ects interactions of spontaneous neuronal activity
among di®erent brain regions at the resting state.16

As to cognitive functions, which are very important
for dealing with various information of daily life,
there are few functional connectivity studies with
NIRS. In order to promote application ofNIRS-based
functional connectivity, it is necessary to conduct
more studies to explore the feasibility of NIRS in
high-level and complex cognitive tasks.

Cognitive control is one of the important cogni-
tive functions of human beings. It refers to the
ability to ignore the distracting information, attend
to the goal-relevant information, overcome con°ict
as well as select the appropriate response.18 The
Stroop task is widely used to study the cognitive
control over con°icts.19,20 Existing brain functional
imaging researches demonstrate that prefrontal
cortex (PFC) plays a predominant role in the
Stroop task, through biasing the processing of task-
related information to resolve con°ict.21,22

In the present study, we aimed to examine if
NIRS can be used to study the functional connec-
tivity in a Stroop task. A Chinese color-word
matching Stroop task that primarily activates
the bilateral PFC was employed.23–25 The hemo-
dynamic signal from PFC and behavioral data were

recorded simultaneously. Wavelet transform coher-
ence (WTC) analysis was used to assess the NIRS-
based functional connectivity between left and right
PFC. The Stroop e®ects of behavioral performance,
brain activation and bilateral functional connec-
tivity were explored to study the feasibility of
imaging NIRS-based functional connectivity in
high-level and complex cognitive tasks.

2. Methods

2.1. Subjects

A total of 12 right-handed paid volunteers (3
females) aged 20–27 years [mean, 23.5 years; stan-
dard deviation (SD), 2.11 years] participated in the
study. All participants had normal color vision and
normal (or corrected-to-normal) vision. All volun-
teers were healthy without any neurological or
psychiatric disorders. Written informed consent was
obtained from each participant before the exper-
iment, and the study was approved by the Human
Subjects Institutional Review Board of Huazhong
University of Science and Technology.

2.2. Procedures

We used the color-word matching Stroop task with
a block design, which was adapted from previous
studies.23,24 There were two Chinese characters in
each stimulus, and subjects were asked to judge if
the color of the upper Chinese character was con-
sistent with the meaning of the lower Chinese
character [see Fig. 1(a)]. If \Yes", participants
pressed a button with their left index ¯nger, and if
\No", they pressed another button with their right
index ¯nger. There were two kinds of stimulus
conditions: neutral and incongruent. In neutral
stimuli, the upper Chinese character was a noncolor
word ( , , , , , meaning \scrawl", \pass
through", \China", \ball", \prize") presented in
green, yellow, red, blue or purple, and the lower
Chinese character was a color word ( , , , , ,
meaning \red", \yellow", \blue", \green" and
\purple") presented in white. In incongruent stim-
uli, the upper Chinese character was a color word
printed in a disparate color [see Fig. 1(a)]. In order
to prevent participants from ignoring the upper
Chinese character, we asked them to attend to
the upper Chinese character ¯rst before making
the judgment. For each stimulus condition, the
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numbers of \Yes" trials and \No" trials were equal,
and the two kinds of trials were semi-randomly
mixed in order to avoid the consecutive appearance
of more than three trials in the same category.

There were four runs in the experiment. Each run
was composed of eight blocks (four neutral task
blocks alternated with four incongruent task blocks)
[see Fig. 1(a)]. Each block contained 20 trials. In
each trial, a stimulus was shown for 1200ms, fol-
lowed by a blank screen of 300ms. The rest period
lasted 60 s between runs, and 15 s between blocks.
There was also a 60 s rest period before the ¯rst run
and after the fourth run. During the rest period, a
white cross appeared in the center of the screen.
One second before a block, there was a sound to cue
subjects. Every subject had a practice session before
the formal experiment.

2.3. NIRS recording

We used a homemade continuous-wave NIRS
system to record the concentration changes of
oxy-hemoglobin (�[HbO2]) and deoxy-hemoglobin
(�[Hb]).26 There were two probes, each of which
held one source (785 and 850 nm) and eight detec-
tors to provide eight source–detector pairs. The
detector channels were de¯ned as midpoints of the
source–detector pairs, so each probe contained eight
detector channels. Those two probes were used to

cover bilateral PFC. The channel (Ch.) 3 of the
right probe was at the location of F4 electrode,
and the left probe was placed symmetrically [see
Fig. 1(b)]. The distance of each source–detector pair
was 3 cm, and the temporal resolution we adopted
was 70Hz.

2.4. Behavioral data analysis

The mean number of trials with no responses
averaged across subjects were less than 1 for both
stimulus conditions, and these missed trials were
not used for the behavioral data analysis. For re-
sponse time analysis, only trials with response time
lying within three standard deviations of the mean
value were used. Two paired t-tests were performed
for response time and false rate, across the two
stimulus conditions.

2.5. NIRS data analysis

Since HbO2 has a better signal-to-noise ratio (SNR)
than Hb,27,28 we employed HbO2 to estimate the
changes of cerebral blood oxygenation.

2.5.1. Brain activation analysis

The raw NIRS data were low-pass ¯ltered at 3Hz to
remove instrument noise, and downsampled to

(a) (b)

Fig. 1. (a) Examples of two stimulus conditions (top) and experimental design (bottom). , correspond to \blue", \green" and
means \print". The bottom subgraph shows the blocks sequence in a run. R, 60 s rest period between runs; B, 15 s baseline

between block; N, 30 s neutral block; I, 30 s incongruent block. (b) Position of the two NIRS probes on the head. The blue rectangle
indicates the detector, and the red circle indicates the source. The number (1–16) at the midpoint of source–detector pair denotes
the NIRS detector channel. Channel 3 was over F4 EEG electrode position and Channel 11 was over F3 EEG electrode position.

Detecting Bilateral Functional Connectivity in the PFC
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10Hz. After converting to change in optical density,
the data were band-pass ¯ltered with a frequency
range from 0.015 to 0.5Hz to eliminate arterial
pulse oscillations and slow drifts. Then we used the
di®erential pathlength factor (DPF) method to
convert the optical intensity data into HbO2 signals,
and the DPF values used here were 5.2 at 850 nm
and 6.0 at 785 nm.29 We used the wavelet minimum
description length detrending algorithm to suppress
unknown global trends. Finally, the HbO2 signals
were block averaged.

The mean value of HbO2 signal of the last 5 s of
rest period before the task was computed for each
subject, channel and task condition as baseline. The
mean value of HbO2 signal of 0–30 s after the task's
beginning was computed as task response. The
di®erence between the task response and baseline
indicated the HbO2 response to each task condition.
Paired t-test was performed to compare HbO2

response between the two task conditions.

2.5.2. Functional connectivity analysis

WTC, also named Wavelet coherence, measures the
cross-correlation of two time series as a function of
time and frequency.30 This method has the ability
to uncover the locally phase-locked behavior, which
might be di±cult to be discovered by traditional
time series analysis.31 More thorough explanations
of WTC were described by Grinsted et al.,32 and we
employed the WTCMATLAB package provided on
their website (\http://noc.ac.uk/using-science/
crosswavelet-wavelet-coherence") to evaluate func-
tional connectivity.

Firstly, raw optical data were low-pass ¯ltered at
3Hz, downsampled to 10Hz, and converted to
optical density. Then the optical intensity data were
converted into HbO2 signals with DPF method. The
HbO2 signals were block averaged to obtain the
HbO2 time series. Subsequent analysis was im-
plemented similarly as described by Cui et al.31

WTC was employed to measure relationships
between the HbO2 time series within each homolo-
gous channel pair. WTC analysis on each pair of the
HbO2 time series generated three two-dimensional
(2D) coherence maps for three conditions (e.g.,
Fig. 4). A frequency band associated with tasks was
identi¯ed, which was between 0.07 and 0.50Hz
(corresponding to period 14 and 2 s, respectively),
and the average coherence value in this band was
calculated. Paired t-tests were performed for each

channel pair between each two conditions (rest
period vs neutral task, rest period vs incongruent
task and neutral task vs incongruent task). Prior to
paired t-test, Fisher's z-transform was employed.31

3. Results

3.1. Behavioral results

Figure 2 displays the average response times and
average false rates for the two stimulus conditions.
The behavioral results suggested longer response
time for incongruent condition than neutral con-
dition, and the di®erence was signi¯cant (p < 0:01).
As to false rate, there was also signi¯cant di®erence
(p < 0:01) between the two stimulus conditions,
and it was higher for incongruent condition. Both
response time and false rate showed signi¯cant
Stroop e®ects.

3.2. Brain activation results

Figure 3 displays the typical time course of HbO2

signal for the two kinds of task conditions. There
were signi¯cant Stroop e®ects in Ch. 2, Ch. 3, Ch. 4,
Ch. 6, Ch. 9, Ch. 10, Ch. 11, Ch. 12, Ch. 13, Ch. 14,
Ch. 15 and Ch. 16 (p < 0:05), with higher HbO2

response for incongruent task than neutral task.

3.3. Functional connectivity results

Figure 4 shows the three 2D coherence maps at one
typical channel pair of a subject. Coherence increase
associated with tasks was found in the frequency

(a) (b)

Fig. 2. Grand average response time (a) and false rate (b) for
each stimulus condition. Data are shown in mean � standard
error (SE). N, neutral stimulus; I, Incongruent stimulus. Black
asterisk indicates signi¯cant di®erence.
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band between 0.07 and 0.50Hz. Figure 5 displays
the coherence changes averaged over all subjects at
all homologous channel pairs. The result showed
that bilateral functional connectivity was stronger
for tasks than rest period, and also stronger for
incongruent than neutral tasks. There was signi¯-
cant Stroop e®ect at Ch. 5–Ch. 13 pair, and mar-
ginal Stroop e®ect at Ch. 8–Ch. 16 pair.

4. Discussion

In this study, we measured NIRS signals and
recorded the behavioral data at the same time
during the Chinese color-word matching Stroop
task. The behavioral performance, brain activation
and bilateral functional connectivity results showed
signi¯cant Stroop e®ects, validating the feasibility
of NIRS-based functional connectivity in high-level
and complex cognitive tasks.

As to behavioral data, both response time and
false rate showed signi¯cant Stroop e®ects, indi-
cating that the design of the experiment was
correct.

Considering the limited depth penetration of
NIRS,6 we chose a color-word matching Stroop
task, which activates the bilateral PFC primar-
ily.23,24,33 The amplitude of HbO2 signal was higher
for incongruent task than neutral task, and showed
signi¯cant Stroop e®ects in both left and right PFC.
These results of brain activation were consistent
with previous studies which reported the involve-
ment of bilateral PFC during the Stroop task.33–35

Brain activation results indicated that the recording
of NIRS data was correct.

Bilateral PFC functional connectivity was sig-
ni¯cantly stronger for tasks compared to rest period
and for incongruent task compared to neutral task,
indicating increased interhemispheric functional
integration along with increased workload of brain.
This result is consistent with previous studies,
which pointed out that interhemispheric functional
integration was involved during attentional pro-
cessing,36 and interhemispheric functional inte-
gration led to superior performance.37 These
functional connectivity results proves the feasibility
of NIRS-based functional connectivity in the Stroop
task.

This study only evaluated functional con-
nectivities of homologous channel pairs. Future
studies with bilateral functional connectivity eval-
uated on the basis of all channel pairs between the
left and the right hemispheres are needed to better
understand interhemispheric functional integration
during cognitive tasks. Also, we just employed
WTC method to evaluate functional connectivity, it

Fig. 4. WTC between the HbO2 signal from channel 5 and channel 13 of a participant. R, rest period; N, neutral task; I,
Incongruent task. Black dotted lines at 0 s indicate start of tasks. We choose time band between 0 and 30 s to calculate the average
coherence value for task blocks, and �40 to �10 s for rest period.

Fig. 3. Grand average time courses of HbO2 signals to
incongruent (red) and neutral (blue) tasks at typical Ch. 13.
The dotted lines at 0 and 30 s indicate the start and end of task
block. The shadow area indicates SE.

Detecting Bilateral Functional Connectivity in the PFC
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is valuable to investigate the in°uence of the eval-
uated method for the detection of NIRS-based
functional connectivity in the future.

5. Conclusion

Brain functional connectivity can be used to study
the organization of brain networks,28 characterizing
the ways in which multiple brain regions are func-
tionally integrated.5 Functional connectivity pro-
vides a complimentary measure of brain activity to
better understand neural mechanism in cognitive
tasks, and it could be even more sensitive than brain
activation in some cases.14 This study demonstrates
that, NIRS becomes a valuable tool to investigate
the brain functional connectivity in high-level and
complex cognitive tasks.
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