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Abstract. Functional near-infrared spectroscopy (fNIRS) is a widely utilized neuroimaging tool in fundamental
neuroscience research and clinical investigation. Previous research has revealed that task-evoked systemic
artifacts mainly originating from the superficial-tissue may preclude the identification of cerebral activation during
a given task. We examined the influence of such artifacts on event-related brain activity during a brisk squeezing
movement. We estimated task-evoked superficial-tissue hemodynamics from short source–detector distance
channels (15 mm) by applying principal component analysis. The estimated superficial-tissue hemodynamics
exhibited temporal profiles similar to the canonical cerebral hemodynamic model. Importantly, this task-evoked
profile was also observed in data from a block design motor experiment, suggesting a transient increase in
superficial-tissue hemodynamics occurs following motor behavior, irrespective of task design. We also con-
firmed that estimation of event-related cerebral hemodynamics was improved by a simple superficial-tissue
hemodynamic artifact removal process using 15-mm short distance channels, compared to the results when
no artifact removal was applied. Thus, our results elucidate task design-independent characteristics of super-
ficial-tissue hemodynamics and highlight the need for the application of superficial-tissue hemodynamic artifact
removal methods when analyzing fNIRS data obtained during event-related motor tasks. © The Authors. Published by

SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of

the original publication, including its DOI. [DOI: 10.1117/1.JBO.22.3.035008]
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1 Introduction
Functional near-infrared spectroscopy (fNIRS) is a noninvasive
neuroimaging technique capable of measuring changes in the
concentration of oxygenated and deoxygenated hemoglobin
(ΔOxy-Hb and ΔDeoxy-Hb) in the cerebrovascular system
based upon changes in the absorption of near-infrared light
in the cerebral cortex.1–5 Most previous studies of motor
tasks have utilized the “block design” paradigm, wherein par-
ticipants repeatedly perform a series of movements for several
seconds, in order to detect movement-related changes in hemo-
globin concentration using fNIRS.6–10 Another type of task
design, the “event-related design,” has recently become popular
in fNIRS studies.11–18 In event-related tasks, participants per-
form the movement or task only once per trial, which usually
occurs within 1 s. The cerebral activity evoked by this brief
event is then identified. Such event-related task designs are
common in other types of neuroimaging, such as functional

magnetic resonance imaging (fMRI)19,20 or electroencephalog-
raphy (EEG).12,17,21 This experimental design has no constraints
on the task setting and allows one to evaluate cerebral activity
for single (short duration) motor events or cognitive processes
(e.g., quick motor responses to an event or movement prepara-
tion), which are usually difficult to observe in a block design
paradigm. In addition, event-related designs are more easily
applied in a variety of real life environments and clinical scenar-
ios when compared to block designs. They can also be used in
combined fNIRS and EEG studies for the detection of event-
related responses.12,17,21

Recent studies have revealed that fNIRS signals reflect not
only cerebral activity, but also systemic changes originating
from both cerebral and superficial (scalp) layers.5,22–27 Systemic
changes in the superficial (scalp) layer, which are referred to as
superficial-tissue hemodynamics (scalp hemodynamics), are
thought to be especially problematic because they increase in
a task-related manner and may obscure movement-related cer-
ebral activity. A number of artifact removal methods have been
proposed for the reduction of interference due to superficial-
tissue hemodynamic artifacts and have been validated in block
design tasks6,24,28–34 as well as in real-time methods,30,35,36
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although methods used for the reduction of superficial-tissue
hemodynamic artifacts during event-related tasks have not yet
been well examined.18,23 In a previous study, Minati et al.23

observed that ballistic event-related motor tasks (e.g., arm
raising) evoke global systemic changes in the superficial-tissue
hemodynamic artifacts of fNIRS data from the visual cortex,
even though this region was unrelated to the task. Another
study by Scarpa et al.18 has revealed that a superficial-
tissue hemodynamic artifact removal method using 5-mm
probe distance channels as references can improve the detec-
tion of cerebral activity during event-related motor tasks.
However, no study has examined the temporal profiles of
superficial-tissue hemodynamic artifacts directly over sensori-
motor areas during event-related motor tasks. In addition,
it remains unclear whether removal of superficial-tissue
hemodynamic artifacts in event-related tasks is possible
using other artifact removal methods that have been used
for block design data.6,25,28–36 During event-related motor
tasks, superficial-tissue hemodynamic artifacts may hinder
the detection of cerebral activity more significantly than
they do during block design tasks. This is due to the small
amplitude of cerebral activity in event-related motor tasks.18

For this reason, it is necessary to empirically examine the char-
acteristics of superficial-tissue hemodynamic artifacts over the
sensorimotor cortex, as well as the applicability of various
removal methods during event-related motor tasks.

The primary purpose of this study was to examine the char-
acteristics of superficial-tissue hemodynamic artifacts related to a
single motor event. We conducted an event-related motor experi-
ment (exp. 1), in which fNIRS data were collected using 15-mm
probe (source and detector) distance channels (referred to as short
channels) and 30-mm standard-distance channels. We then
extracted global superficial-tissue hemodynamics from data mea-
sured by the short channels using principle component analysis
(PCA). The use of short channels (distances of ≤ 15 mm) is
known to be effective because the signals measured primarily
reflect changes in superficial (scalp) layers, whereas signals
obtained from standard-distance channels reflect the hemodynam-
ics of both the cerebral and scalp layers.6,26 In order to elucidate
the characteristics of superficial-tissue hemodynamics in an
event-related design, we also performed the same analysis on
data during a block design task (exp. 2) and compared the tem-
poral profiles of superficial-tissue hemodynamic artifacts. To our
knowledge, no such comparison between different task designs
has been made before.

In addition, we examined the effectiveness of a previously
proposed removal method that estimates brain activity using a
general linear model (GLM) with 15-mm short channels.6

This method is different from the method used in the previous
study (Scarpa et al.18) but has been shown to be effective in
block design motor tasks.6 This method is simple and easy-to-
use and relies on a PCA algorithm for the processing of
data from 15-mm probe distance channels, which can be
easily measured by allocating the probes in the middle of the
standard probe pairs in commercially available systems.6,31

In order to confirm previous findings that have indicated
the importance of superficial-tissue hemodynamic artifact
removal for event-related task designs,18 we evaluated the
effectiveness of this method in the event-related motor
tasks of this study by comparing results obtained with and
without application of superficial-tissue hemodynamic artifact
removal methods.

2 Methods

2.1 Participants

Two experiments (exp. 1 and exp. 2) were conducted according
to the guidelines outlined within the declaration of Helsinki and
were approved by the ATR Human Subject Review Committee
and the Institutional Ethical Committee of Nagaoka University
of Technology. Eighteen healthy, right-handed participants
(P1 to 18, fourteen men, mean age: 37.6 years) took part in
the experiment. In each experiment, data were collected from
eleven participants (P1 to 11, eight men, mean age: 45.6 years
for exp. 1; P8 to 18, 10 men, mean age: 24.5 years for exp. 2).
Five participants (P7 to 11) took part in both exp. 1 and exp. 2.
All participants provided written informed consent prior to
participation in the experiments.

2.2 Experimental Procedures

2.2.1 Event-related design experiment (exp. 1)

We adopted an event-related design for exp. 1, which utilized
a brisk ball-grasping task. Participants were asked to remain
relaxed while seated in a chair and hold a plastic ball in either
their left or right hand. They were asked to avoid movements not
related to the task while gazing at a fixation point during the
experiment. About 1 s after a cue beep (1 kHz) was heard
from a personal computer, the participants were asked to quickly
squeeze and release the plastic ball [Fig. 1(a)]. The cue beep was
presented using a random interval of 5 to 15 s in length (mean:
10 s, uniformly distributed), so that the participants were not
able to predict the cue timing. A single trial was defined as
one grasping movement following the cue beep, with each ses-
sion consisting of 20 trials. To detect the timing of the grasping
event in a trial, we recorded ball pressure levels using a custom-
made pressure sensor for five participants (P1 to 5). For
the remaining participants (P6 to 11), we recorded muscle
activity of the brachioradialis using an electromyography sensor
(Trigno, Delsys Inc., Natick, Massachusetts) to detect the event.
The event onset was defined as the time when the pressure level
or muscle activity exceeded the mean of the value over the
course of the session. A 10-s rest period was included at the
beginning of each session for baseline correction. Five out of
the 11 participants (P1 to 5) completed the experimental ses-
sions over a 2-day period, performing 10 sessions/day for
each hand. Thus, a total of 200 trials were performed for
each hand. The remaining participants (P6 to 11) completed
the experimental sessions with both the left and right hands
in a single day, performing a total of five sessions for each
hand (10 sessions/day). Thus, a total of 100 trials were per-
formed for each hand. One participant (P7) completed only
four sessions for each hand due to scalp pain. We assumed
that the data obtained from the left- and right-hand tasks for
each participant were independent and analyzed each as a sep-
arate sample, as assumed in previous studies.6,8 Thus, a total of
22 samples (11 participants × 2 hands) were obtained for exp. 1.

2.2.2 Block design experiment (exp. 2)

A block design paradigm6–10 was adopted for exp. 2, which uti-
lized the same ball-grasping task as exp. 1. In each block design
trial, the cue beep (1 kHz) was presented to the participant at the
start and end of the 10-s task period. Approximately 1 s after the
initial cue beep was presented, the participant was required to
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squeeze the ball repeatedly (10 times) under the guidance of a
cue beep (500 Hz sine wave) presented at a frequency of 1 Hz.
Random intertrial intervals of 10 to 12 s were used (uniformly
distributed). Each session consisted of 10 trials, and a total of
five sessions were conducted for each hand. The experiment was
conducted for both hands in a single day, resulting in a total of

100 trials (50 trials for each hand). As in exp. 1, we assumed
that the left and right-hand datasets were independent (see
Sec. 2.2.1) and evaluated a total of 22 samples from exp. 2.

2.3 Measurement of Functional Near-Infrared
Spectroscopy Signals

We used a multichannel fNIRS system (FOIRE-3000, Shimadzu
Corp., Kyoto, Japan; wavelengths: 780, 805, and 830 nm). The
sampling period was 130 ms. The fNIRS probes (i.e., source and
detector) were placed around Cz of the international 10 to 20
system to cover the sensorimotor cortex of both hemispheres
[Fig. 1(b)]. This probe arrangement consisted of 40 standard
30-mm probe distance channels (long channels) and 12 shorter
probe distance channels (15 mm, short channels) [Fig. 1(c)]. In
order to improve the spatial resolution of the fNIRS measure-
ment, we set the long channels at double the density37 of the
standard arrangement [Fig. 1(c)]. Following the fNIRS experi-
ments, probe positions were measured using a stylus marker
(FASTRAK, Polhemus, Colchester, Vermont). The measured
signals were converted to relative changes in hemoglobin con-
centration (ΔOxy-Hb and ΔDeoxy-Hb) according to a modified
Beer–Lambert law.1

2.4 Analysis

2.4.1 Preprocessing

All analyses were performed using MATLAB (Mathworks Inc.,
Natick, Massachusetts). The fNIRS signal was smoothed using
a Butterworth low-pass filter (fourth-order, cutoff frequency:
0.7 Hz) in order to remove high-frequency components derived
from physiological factors such as heart rate. Furthermore, a dis-
crete cosine transform with a cutoff frequency of 0.02 Hz was
used for high-pass filtering to eliminate very-low-frequency
trend components. Baseline correction was performed by con-
verting the mean value during the 10-s rest period to zero. Data
from channels whose standard deviations after preprocessing
were extremely large (>0.01 mMcm) and data from trials dur-
ing which substantial body movement was observed were
excluded from further analysis. The average number of excluded
trials across the samples was 1.9. The averaged probe positions
in Montreal Neurological Institute (MNI) coordinates across
participants were calculated using the NFRI function
toolbox38 and mapped to the standard brain [Fig. 1(d)].

2.4.2 Estimation of superficial-tissue hemodynamic
artifacts

As previously noted, fNIRS signals (ΔOxy-Hb and ΔDeoxy-
Hb) include global systemic changes in the superficial layer
(superficial-tissue hemodynamic artifact) as a result of the prin-
ciple of the measurement itself.5,27 Here we estimated global
superficial-tissue hemodynamic artifacts using the method
proposed by Sato et al.6 In this method, the superficial-tissue
hemodynamics is estimated using PCA of the preprocessed
short-channel signals. We defined the principal component
that had the highest contribution ratio (variance accounted
for) as that representing global superficial-tissue hemodynam-
ics. The short-channel data were normalized (z-scored) before
performing the PCA. This superficial-tissue hemodynamic arti-
fact estimation procedure was performed for both ΔOxy-Hb and
ΔDeoxy-Hb signals.

Squeeze
Time

Beep 

~1 s5~15 s 
(a)

(b)

+Cz

Anterior

Posterior

thgiRtfeL
15 mm

(c)
Short-channel
Long-channel

1 2
3 4 5

6 7
8 9 10

11 12

13
14 15

16 17
18 19
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21 22
23 24 25
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28 29 30

31 32
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34 35
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38 39
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Source

Anterior

Posterior

Left Right

(d)

Fig. 1 Experimental setting. (a) Task timing in exp. 1. Around 1 s after
the beep, the participant was required to squeeze the ball one time. The
intertrial interval was randomized from 5 to 15 s. (b) Probe positions.
Sixteen sources (red circles) and 16 detectors (blue rectangles) were
placed over bilateral sensorimotor areas with double density arrange-
ments.37 (c) Channel positions. Data were measured from 40 long
channels and 12 short channels covering the bilateral sensorimotor
areas. Due to the double-density arrangement, the distance between
two long channels was 15 mm. (d) Channel positions projected onto
the standard brain image. White circles indicate each long-channel
position. The image was created using MRIcron software.
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To examine the characteristics of the estimated superficial-
tissue hemodynamic artifact in the event-related design, we
calculated the average superficial-tissue hemodynamics across
samples in exp. 1. We then calculated the correlation coefficients
(rcereb−superficial) between the average superficial-tissue hemo-
dynamics and the cerebral hemodynamic model. The cerebral
hemodynamic model was derived by convoluting the canonical
hemodynamic response function39 and the delta function at the
start of the grasping movement from ball pressure or muscle
activity. We also evaluated the peak latency, which represents
the time at which fNIRS signals exhibit maximum amplitude,
from movement onset for both cerebral and superficial-tissue
hemodynamics. The same analysis for short channels was
applied to the data in the block design (exp. 2), and average
scalp and cerebral hemodynamics for both experiments were
compared.

2.4.3 Estimation of brain activity using general linear
model

To estimate cerebral activity and remove superficial-tissue
hemodynamic artifacts for the event-related design (exp. 1),
we analyzed the data using a GLM known as ShortPCA6 for
the reduction of superficial-tissue hemodynamic artifacts.
In this model, the measured fNIRS hemoglobin signal Y is
represented as a linear combination of the design matrix, as

EQ-TARGET;temp:intralink-;e001;63;469Y ¼ Xcβc þ Xsβs þ Xconstβconst þ ε; (1)

where Xc, Xs, and Xconst represent the design matrices aligned
for each session, and βc, βs, and βconst represent the regression
coefficients for the cerebral, superficial-tissue, and constant
terms, respectively. The term Xc consists of the cerebral hemo-
dynamic model (see above, Sec. 2.4.2) and its first and second
derivatives. The estimated superficial-tissue hemodynamics
from short channels (Sec. 2.4.2) was represented using Xs.
Xconst, is a vector whose components each had a value of 1.
The term ε is a residual component that follows a normal dis-
tribution with zero mean and variance σ2.

We conducted first-level analysis using the GLM for each
sample. We estimated beta values (β̂c, β̂s, and β̂const) using
the ordinary least squares method to minimize ε. By determining
β̂c, estimates of cerebral hemodynamics were obtained as Xcβ̂c.
We then evaluated the estimates of the cerebral hemodynamics
using the average laterality index (LI)40 of the t-values. Research
has established that hand or finger movements induce brain
activity in the sensorimotor areas contralateral to those for
the moving hand,41 and that the LI represents such predomi-
nance of the contralateral activation. To this end, we calculated
the t-value for each sample (i.e., sample-wise t-value6,39), which
was obtained by dividing β̂c by the standard deviation σ2 of the
residuals to account for the influence of the signal-to-noise ratio
(SNR). We used the precoloring method to correct for serial
correlation in the residuals.6,39,42 The LI for each sample was
calculated as follows using the obtained t-values:40

EQ-TARGET;temp:intralink-;e002;63;148LI ¼ ðQContra −QIpsiÞ∕ðjQContraj þ jQIpsijÞ; (2)

whereQContra andQIpsi represent the sums of the t-values in each
channel in the hemispheres contralateral and ipsilateral to the
grasping hand, respectively. To examine the effects of superfi-
cial-tissue hemodynamic artifact removal on the detection of
event-related motor activity, we also calculated t-values and

LIs using the GLM model without superficial-tissue hemo-
dynamic artifact removal [i.e., Xsβs was not used in Eq. (1)],
which is referred to as RAW.We then compared the LIs obtained
using ShortPCA and RAW by performing a one-sample t-test.
For comparison, we also calculated LIs obtained using
ShortPCA for the block design experiment (exp. 2).

Next, we performed group-level analysis (second-level)13 in
order to examine the cerebral activation maps across samples.
In this analysis, group-level t-values for each channel were
calculated for β̂c (of samples) using a one-sample t-test. This
analysis was performed separately for each hand. Note that
group-level t-values were obtained for each channel, while
sample-wise t-values were obtained for each sample and
channel (i.e., total 22 t-values for each channel). We used
a multiple comparison test accounting for false discovery rate
(FDRBH)

43 and evaluated the resulting p-values to determine
statistical significance (FDR q level ¼ 0.05).

3 Results

3.1 Estimated Superficial-Tissue Hemodynamic
Artifacts in the Event-Related Motor Task

Using data obtained from short channels, we estimated global
superficial-tissue hemodynamics for ΔOxy-Hb and ΔDeoxy-
Hb [Fig. 2(a)] in exp. 1. Increases in both hemoglobin signals
were observed from the onset of movement, which peaked at
∼4 to 5 s (average: 4.38 s; Table 1). When we conducted the
same analysis for the block design experiment (exp. 2), the
global superficial-tissue hemodynamics similarly increased
from the onset of movement, peaking at around 5 s [Fig. 2(b)].
We then compared the superficial-tissue hemodynamic data
obtained from exp. 1 (event-related design) with that obtained
in exp. 2 (block design) and with the cerebral hemodynamic
model (i.e., cerebral activity) in order to examine the character-
istics of the estimated global superficial-tissue hemodynamics.
Despite different experimental designs, the global superficial-
tissue hemodynamics for both event-related and block design
tasks exhibited similar task-related increases. Furthermore,
both resembled the cerebral hemodynamics of the event-related
design [Fig. 2(c)]. However, peak cerebral hemodynamic values
in the block experiment were observed 11 s after the onset, while
peak latencies for superficial-tissue hemodynamics in the event-
related and block-design were ∼5 s after onset of movement
(Table 1). Averaged global superficial-tissue hemodynamics
was highly correlated with averaged cerebral hemodynamics
in the event-related tasks, though low correlation was observed
for the block design task (rcereb−superficial; Table 1).

3.2 Brain Activity with Superficial-Tissue
Hemodynamic Artifacts

3.2.1 Individual analysis (single-sample level)

Figure 3 shows an example of the event-triggered averages
for measured estimated superficial-tissue and cerebral hemo-
dynamics in a representative participant. Superficial-tissue
hemodynamics [red line in Fig. 3(a)] was observed across
measured channels while increases in cerebral hemodynamics
of ΔOxy-Hb were found in the contralateral (left) sensorimotor
channels [black line, Fig. 3(a)]. Superficial-tissue hemodynam-
ics of ΔDeoxy-Hb was subtle [Fig. 3(b)]. Next, we evaluated
cerebral activity for each sample using GLM analysis.
Figure 4(a) shows data from a representative participant.
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Broad activation was detected without removal of superficial-
tissue hemodynamic artifacts (RAW), especially for ΔOxy-Hb
[Fig. 4(a), upper left]. Because strong activation is expected
in the contralateral areas to the moving hand or fingers, our
results suggest that false-positive activation occurred in the
ipsilateral hemisphere. Using the GLM analysis that incorpo-
rated the removal of superficial-tissue hemodynamic artifacts
(ShortPCA), activation in the ipsilateral hemisphere was sup-
pressed, and the LI was increased for ΔOxy-Hb (e.g., LI was
0.44 for ShortPCA and 0.10 for RAW; Fig. 4(a), lower left).
The LI for ShortPCA was significantly increased relative to
that for RAW data [0.33 for ShortPCA and 0.27 for RAW;
t½21� ¼ 2.31, p < 0.05; Fig. 4(b)]. In contrast, results for
ΔDeoxy-Hb were nearly identical, and no significant LI

difference was observed [Fig. 4(a), right]. The mean LIs
obtained using ShortPCA for block design data (exp. 2) were
0.24 for ΔOxy-Hb and −0.20 for ΔDeoxy-Hb.

3.2.2 Group-level analysis

Group-level analysis of RAW data revealed no significant
increases in ΔOxy-Hb during the right-hand task [Fig. 4(c),
upper left]. We also found activation in the ipsilateral hemi-
sphere during the left-hand task [Fig. 4(d), upper left]. Such
differences may be due to individual differences in the patterns
of activation evoked by movements of the left and right hands.
Similar to the results obtained during the individual analysis,
ShortPCA improved lateralization in the activation map of
ΔOxy-Hb for both tasks [Figs. 4(c) and 4(d), lower left]. The
corresponding LIs were increased (from 0.47 to 0.60 for
the right hand, and from 0.23 to 0.29 for the left hand).
However, no improvements in ΔDeoxy-Hb were observed. In
fact, there was deterioration of the right-hand data [right in
Figs. 4(c) and 4(d)].

4 Discussion
In this study, we investigated the characteristics of superficial-
tissue hemodynamic components contained in fNIRS signals
obtained from participants engaging in an event-related motor
task. Our results indicate that the superficial-tissue hemodynam-
ics in the event-related design as well as in the block design
exhibited similar, task-related changes when compared with
cerebral activity. Thus, the influence of superficial-tissue hemo-
dynamics on the detection of event-related motor activity is
likely to be substantial. The results of our GLM analysis support
this hypothesis and further highlight the importance of super-
ficial-tissue hemodynamic artifact removal.

4.1 Characteristics of Superficial-Tissue
Hemodynamics

Analyses of signals from short channels (Fig. 2) revealed
several characteristics of superficial-tissue hemodynamics. We

Table 1 Characteristics of the extracted superficial-tissue hemo-
dynamic artifacts.

r cereb−superficial
(�SD)

Mean first PC
contribution
ratio (�SD)

Mean peak
latency (s)
(�SD)

Superficial-tissue hemodynamics

ΔOxy-Hb Event 0.64 (�0.37) 0.65 (�0.13) 4.38 (�1.57)

Block 0.29 (�0.37) 0.81 (�0.09) 5.75 (�0.73)

ΔDeoxy-Hb Event 0.37 (�0.55) 0.32 (�0.08) 3.39 (�2.80)

Block 0.33 (�0.34) 0.68 (�0.26) 6.46 (�1.82)

Cerebral hemodynamics

Event 4.93 (�0.03)

Block 11.33 (�0.31)

Note: PC: principal component; SD: standard deviation.
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Fig. 2 Superficial-tissue hemodynamic signals extracted from short
channels. (a) Average superficial-tissue hemodynamics across sam-
ples for the event-related experiment. The bold red line represents
ΔOxy-Hb, while the thin blue line represents ΔDeoxy-Hb. Shaded
areas represent the standard deviation for each sample. The data
for 8 s after movement onset are shown due to the minimal rest period
included at the end of each session (i.e., duration after the final motor
task in the session) was 8 s. Amplitude (vertical axis) is arbitrary unit
(a.u.) because the superficial-tissue hemodynamic signals were
extracted after applying PCA to normalized (z-scored) short-channel
data. (b) Average superficial-tissue hemodynamics across samples
for the block design experiment. Bold magenta and thin cyan lines
represent ΔOxy-Hb and ΔDeoxy-Hb, respectively. Shaded areas
represent the standard deviation for each dataset. (c) Comparison of
the cerebral- and superficial-tissue hemodynamics between the
experiments. The bold and thin black lines represent the cerebral-
hemodynamic models for the event-related and block design experi-
ments, respectively. Note that each amplitude was normalized so that
the maximum amplitude of the superficial-tissue hemodynamics for
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observed that superficial-tissue hemodynamics changed in a
task-related manner, peaking at ∼5 s after the onset of move-
ment (Table 1). This result aligns with those of a previous report,
which found that an event-related motor task evoked transient
increases in fNIRS signals in the visual cortex.23 Our results
indicate that such task-evoked increases are similarly observed
in the sensorimotor areas.

Surprisingly, the temporal profiles of the superficial-tissue
hemodynamics were closely matched in both the event-related
and block design tasks. In the block design paradigm, cerebral
activity is gradually increased and peaks at the end of the task
duration [Fig. 2(c)] because the cerebral activity is assumed to

be a linear function of task parameters.39 Similar temporal
changes are expected for superficial-tissue hemodynamics
and cerebral activity in the block design task when superfi-
cial-tissue hemodynamics is also assumed to be dependent
on task parameters (duration). Contrary to this expectation, in
this study, the profile of superficial-tissue hemodynamics in
the block design task was completely different from the cerebral
hemodynamic profile and exhibited no relationship with task
duration (i.e., no linearity). To examine whether this common
transient increase in the systemic interferences is observed dur-
ing other task designs, we collected fNIRS short-channel data
during a motor task with different task durations (5-, 15- and
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30-s grasping) and a cognitive task [verbal fluency task
(VFT)44]. We then analyzed superficial-tissue hemodynamics
(Appendix A.1, data were partly presented previously6).
Transient increases in superficial-tissue hemodynamics were
observed across the analyzed datasets and peaked at ∼6 s,
even when the task duration or the type of task differed
(Appendix A.1.3 and Fig. 5). Similar superficial-tissue hemo-
dynamic profiles have been consistently reported in previous
studies.6,31 In these reports, superficial-tissue hemodynamics
first peaked at 5 to 6 s, increasing again after several seconds,
although this rebound was relatively small for the block task in
this study [Fig. 2(b)]. Thus, comparisons between event-related
and block designs suggest that, at least for motor tasks,

superficial-tissue hemodynamics consists of two components:
a transient increase following onset, irrespective of task design,
and a subsequent gradual increase dependent on task design
(duration). The first component may represent the general
characteristics of the superficial-tissue hemodynamics, and this
“cerebral-hemodynamic-like” change may produce broad, false-
positive activation and obscure the actual cerebral hemodynamic
profile in event-related tasks.

However, the physiological origin of this transient superfi-
cial-tissue hemodynamic profile remains unclear. A number
of authors have suggested that systemic changes in heart rate,
respiration, and blood pressure are reflected in superficial-tissue
hemodynamics.5,22,25 Low-frequency oscillations (LFO) or

Fig. 4 Cerebral activation maps (t-maps) and laterality indices. (a) T-maps of RAW (top) and ShortPCA
(bottom) analyses for ΔOxy-Hb (left) and ΔDeoxy-Hb (right) during the right-hand task of the represen-
tative participant (P1). Asterisks represent the channels for which statistically significant differences
were observed (p < 0.05). Values above the map denote the LI. (b) Average LI across samples for
ΔOxy-Hb (red, top) and ΔDeoxy-Hb (blue, bottom). The error bar represents the standard deviation.
The asterisk represents statistical significance (p < 0.05). (c) Group-level t-maps for the right-hand
task. (d) Group-level t-maps for the left-hand task.
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Mayer waves are primary components of these signals, possibly
reflecting changes in mean arterial blood pressures (MAP).22

Changes in global superficial-tissue hemodynamics observed
in this study (Fig. 2) occurred in cycles of ∼10 to 15 s (i.e.,
0.06 to 0.1 Hz), which may reflect these LFO components.
Thus, performance of motor tasks likely produce increases in
MAP due to task-evoked vasodilation, following which such
changes increase the magnitude or reset phases of LFOs,
which eventually emerge in the superficial-tissue hemodynam-
ics measured by short channels. Our results suggest that these
changes in LFOs are independent of motor task parameters (e.g.,
duration, strength, and movement types). Such a notion is sup-
ported by the results of previous studies,45,46 in which transient
changes in arterial blood pressure (ABP) were observed during
motor tasks, with first peaks occurring around 5 to 6 s after
movement onset. Another study also revealed that cerebral
blood volumes estimated from fNIRS hemoglobin signals
(ΔOxy-Hb and ΔDeoxy-Hb), which are strongly influenced by
ABP, exhibited task-locked temporal profiles.47 Further studies
are required in order to more fully examine such changes in
a variety of experimental settings.

4.2 Methods of Superficial-Tissue Hemodynamic
Artifact Removal for Event-Related Motor Tasks

The feasibility of superficial-tissue hemodynamic artifact
removal has been confirmed for fNIRS data obtained during
event-related motor tasks.18 This previous method combines
the estimation of the hemodynamic response and the removal
of superficial-tissue hemodynamic artifacts using 5-mm probe
distance (reference) channels. Here, we used another simple
method of artifact removal using short-channel signals
(15 mm) and GLM analysis (ShortPCA6). The use of the
15-mm short channels, however, represents one limitation of
this method, as the signals from these channels may contain
a small amount of cerebral hemodynamic information.26

However, the influence of the cerebral hemodynamics can be
subtle in ShortPCA, as it extracts and removes superficial-tissue
hemodynamics globally distributed over the brain using PCA,
while the task-related cerebral hemodynamics may be observed
locally.6 In addition, implementation and measurements of 15-
mm short channels are easy to undertake (see Sec. 1). ShortPCA
can thus be used for fNIRS measurements in broad areas, as
previously indicated in studies utilizing block design tasks.6

We found that ShortPCA can be used to identify event-related
cerebral activity associated with ΔOxy-Hb during motor tasks,
as indicated by an improvement in LI values [Fig. 4(b)]. Thus,
consistent with the results obtained by Scarpa et al.,18 our find-
ings support the feasibility of superficial-tissue hemodynamic
artifact removal methods for fNIRS data obtained during
event-related tasks. In addition, we evaluated group-level spatial
maps of cerebral activity [Figs. 4(c) and 4(d)] and found that
removal of superficial-tissue hemodynamic artifacts is effective,
even for group-level analyses. However, the influence of super-
ficial-tissue hemodynamics was reduced to some extent by aver-
aging across samples even when no method of superficial-tissue
hemodynamic artifact removal was applied [Figs. 4(c) and 4(d)].
This suggests that the individual differences in superficial-tissue
hemodynamics may be large. It is possible that such differences
are eliminated by group-level analyses using large numbers of
samples.13,16

4.3 Limitations of this Study

While our results support the feasibility of ShortPCA for
detecting ΔOxy-Hb, this was not the case for ΔDeoxy-Hb. It
is possible that ShortPCA fails to extract superficial-tissue
hemodynamics in ΔDeoxy-Hb using short channels because
the amplitudes of ΔDeoxy-Hb are relatively small, with low
SNRs. ShortPCA assumes that the superficial-tissue hemo-
dynamics are predominantly contained within short-channel
signals and thus can be extracted using PCA, which identifies
major components in the signals. Therefore, if SNR is low,
the predominance of superficial-tissue hemodynamics is
decreased, and PCA may extract local signals or other noise
components. Indeed, when we evaluated SNRs for each of the
hemoglobin signal,34 we confirmed that SNR for ΔDeoxy-Hb
was smaller than that for ΔOxy-Hb (SNRΔDeoxy∕SNRΔOxy
was 0.52, see Appendix A.2 for details), possibly because of
individual differences in the sensitivity of ΔDeoxy-Hb. As a
result, the contribution ratio of the first component extracted
by PCA in ΔDeoxy-Hb was relatively small compared to
that in ΔOxy-Hb (Table 1). Thus, ShortPCA may not be appli-
cable when the SNR of the fNIRS signals is small.6 It is also
possible that ΔDeoxy-Hb does not contain superficial-tissue
hemodynamic artifacts. A number of previous studies have
reported that the effects of the artifact removal method are
not observed for ΔDeoxy-Hb,23,24,29,33,48,49 most likely due to
the different origins (compartments) of ΔDeoxy-Hb and
ΔOxy-Hb.

Among the superficial-tissue hemodynamic artifact removal
methods proposed previously, we only tested ShortPCA for the
removal of superficial-tissue hemodynamic artifacts, as this
method is easily applicable to measurements of broad brain
regions.6 However, this method has several limitations. First,
as discussed above, usage of 15-mm short channels may
have a small risk of contamination by cerebral activity when
one estimates superficial-tissue hemodynamics. Second, the
method cannot reduce the effects of local systemic components
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of superficial-tissue hemodynamics observed at some specific
channels,24,49–51 while it estimates and removes the global com-
ponents. In addition, this method requires short-channel mea-
surements and cannot be applied for data measured previously
without short channels. Considering the cost of the short-chan-
nel measurements and their applicability, it may be better to use
a method using long channels only. However, one should take
care when applying the method using long channels, as it may
have a risk of removing actual cerebral activity due to the similar
temporal profiles between the cerebral and systemic compo-
nents (Fig. 2).23,24 Owing to its similarity, this could be problem-
atic even when using short channels. As proposed by Zhang
et al.,33 taking the spatial natures of the systemic interferences
into account may overcome this limitation. Our method also
uses spatial information of the superficial-tissue hemodynamics
by using multiple short channels located across measurement
areas; this may reduce the risk of removing cerebral components
to some extent.

The use of the long channels and the previously proposed
systemic artifact removal methods using short channels may
also be applicable to event-related designs, especially when
using real-time adaptive algorithms.30,35,36 Although compari-
sons of the existing artifact removal methods were beyond the
scope of our study, it is of interest to conduct further research
aimed at comparing the different methods, especially using
simultaneous recordings of fNIRS and fMRI.48 This may reveal
the most effective and accurate way to investigate changes in
cerebral activity during event-related motor tasks.

5 Conclusion
We analyzed signals from short channels using a 15-mm probe
distance in order to investigate task-related superficial-tissue
hemodynamics in both event-related and block design motor
tasks. Our results indicate that such changes were task-design
independent and resembled the cerebral hemodynamics
observed during the event-related task. In addition, the results
of our GLM analysis indicate that application of an artifact
removal method to data obtained from short channels results
in improved recognition of contralateral motor activity associ-
ated with ΔOxy-Hb. These results suggest that task design
(event-related or block) substantially influences the detection
of cerebral activity and further highlights the importance of
applying superficial-tissue hemodynamic artifact removal meth-
ods, particularly when event-related paradigms are utilized.

Appendix A

A.1 Superficial-Tissue Hemodynamics for Different
Task Designs

To examine whether transient increases in superficial-tissue
hemodynamics (Fig. 2) are observed irrespective of task design,
we collected five different datasets and compared estimated
superficial-tissue hemodynamics from them. The datasets con-
sisted of three measurements from bilateral sensorimotor areas
during different motor tasks with varying durations (5, 15, and
30 s), and two measurements from prefrontal areas during motor
and VFTs. Results using these datasets have partially been
reported in a previous study.6 All experiments were conducted
according to guidelines outlined within the declaration of
Helsinki and were approved by the institutional ethical commit-
tee of Nagaoka University of Technology. All participants

provided written informed consent prior to participation in
the experiments.

A.1.1 Datasets for sensorimotor areas

Three datasets obtained from bilateral sensorimotor areas were
analyzed. Each dataset was measured during a grasping task
with different durations (5, 15, and 30 s). The sampling period
was 100 ms in all tasks, except for the 5-s task (85 ms).

In an experiment with a 5-s task, we measured data for 10
participants (mean age: 22.7 years) using 38 channels (34 long
and 4 short). The channels covered the bilateral sensorimotor
areas. For the purpose of the analysis, we only used short chan-
nels. We conducted a single session with 10 trials each for the
left and right hands. A trial was defined as a 5-s grasping period
and a 10-s resting period. Data for each hand from a single
participant were regarded as an independent sample. Therefore,
a total of 20 samples were analyzed.

The short-channel datasets used in the previous study (exp. 1
to 1)6 were reanalyzed as 15-s task data. In this study, we used
20 samples (10 participants each for the left- and right-hand
tasks; mean age: 23.4 years). The 18 short channels were located
at bilateral sensorimotor areas. The detailed data are described in
a previous study.6

We also collected another set of short-channel measurements
during a 30-s motor task with the right hand. The same
participants as those in the 15-s task were recruited (total of
10 samples). We used 18 short channels. In this task setting,
a 30-s motor task and a 30-s rest period were repeated six
times (total of six trials).

A.1.2 Datasets for prefrontal areas

We analyzed superficial-tissue hemodynamics in the prefrontal
cortex using datasets from a previous study (exp. 1 to 2).6 The
datasets were measured for eight participants (mean age: 23.8
years) during a VFT using eight short channels in the prefrontal
cortex. The task and channel positions are described in the pre-
vious studies.6,44 In addition to the data obtained during the
VFT, we also analyzed datasets obtained during a motor task
from the same participants and using the same measurement
locations. The motor task was a 15-s grasping task performed
with the right hand and included a 30-s resting period after the
task. Each session consisted of six trials. Only a single session
was conducted for each participant. The sampling period was
100 ms for both sets of data.

A.1.3 Results

To estimate global superficial-tissue hemodynamics, we used
PCA as in the analyses for exp. 1 and exp. 2 (see Sec. 2), except
that high-pass filtering was set to a cutoff frequency of 0.003 Hz
so as not to exclude task-related changes in the experiment with
the long task duration (VFT). For motor tasks, task onset was
defined as 1 s after the cue, as ball pressure levels or EMG data
were not available. We observed similar transient increases in
superficial-tissue hemodynamics (Fig. 5), which indicated
that the first peak occurs ∼5 s after the task onset in all datasets.
For task designs with long durations, the estimated superficial-
tissue hemodynamics gradually increased again 10 s after the
task onset and lasted until the end of the task. Thus, we confirm
that the observed transient increase in superficial-tissue hemo-
dynamics (Fig. 2) is task-design independent.
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A.2 Evaluation of Signal-to-Noise Ratio

The SNRs for both ΔOxy- and ΔDeoxy-Hb were evaluated
using a measure described by Erdoğan et al.34 This measure
is defined as the maximum amplitude after task onset divided
by the standard deviation obtained during the pretask period
(5 to 0 s before movement onset in this study). This is also
referred to as the contrast-to-noise ratio.

We found that the SNR was 5.31� 1.60 (mean� SD
among participants) for ΔOxy-Hb(SNRΔOxy), 2.95� 0.89 for
ΔDeoxy-Hb (SNRΔDeoxy), and 0.52� 0.61 for ΔDeoxy-Hb
compared to that for ΔOxy-Hb (SNRΔDeoxy∕SNRΔOxy) among
all the long channels. When we considered channels located at
contralateral primary sensorimotor areas (channels 4, 6, 7, 9, 14,
15, 17, 18, and 19 for the left-hand task; and channels 24, 26, 27,
29, 34, 35, 36, 38, 39 for the right-hand task), we also found
that the SNRs were 5.17� 1.75 (SNRΔOxy) and 3.07� 1.25
(SNRΔDeoxy) and the ratio was <1 (0.69� 0.37). Thus, we
confirmed that the SNR for ΔDeoxy-Hb was small compared
to that for ΔOxy-Hb.
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