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Functional near-infrared spectroscopy (fNIRS) is used to measure cerebral activity because it is simple and
portable. However, scalp-hemodynamics often contaminates fNIRS signals, leading to detection of cortical activ-
ity in regions that are actually inactive. Methods for removing these artifacts using standard source–detector
distance channels (Long-channel) tend to over-estimate the artifacts, while methods using additional short
source–detector distance channels (Short-channel) require numerous probes to cover broad cortical areas,
which leads to a high cost and prolonged experimental time. Here, we propose a new method that effectively
combines the existing techniques, preserving the accuracy of estimating cerebral activity and avoiding the disad-
vantages inherent when applying the techniques individually. Our newmethod accomplishes this by estimating
a global scalp-hemodynamic component from a small number of Short-channels, and removing its influence
from the Long-channels using a general linear model (GLM). To demonstrate the feasibility of this method, we
collected fNIRS and functional magnetic resonance imaging (fMRI) measurements during a motor task. First,
we measured changes in oxygenated hemoglobin concentration (ΔOxy-Hb) from 18 Short-channels placed
over motor-related areas, and confirmed that the majority of scalp-hemodynamics was globally consistent and
could be estimated from as few as four Short-channels using principal component analysis. We then measured
ΔOxy-Hb from 4 Short- and 43 Long-channels. The GLM identified cerebral activity comparable to thatmeasured
separately by fMRI, evenwhen scalp-hemodynamics exhibited substantial task-relatedmodulation. These results
suggest that combining measurements from four Short-channels with a GLM provides robust estimation of
cerebral activity at a low cost.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

Functional near-infrared spectroscopy (fNIRS) is a noninvasive
functional neuroimaging technique that can measure concentration
changes in oxygenated and deoxygenated hemoglobin (ΔOxy- and
ΔDeoxy-Hb) in the cerebral cortex. It has advantages of portability,
fewer physical constraints on the participant, and simplicity of use.
Therefore, although measurements are limited to the cortical surface,
it has been adopted widely in clinical practices and daily life situations

(Fujimoto et al., 2014; Hoshi, 2005; Kato et al., 2002; Obrig, 2014;
Piper et al., 2014; Takeda et al., 2007; Vernieri et al., 2006).

However, undesirable artifacts such as head motion and scalp-
hemodynamics often contaminate fNIRS signals, and obscure task-
related cerebral-hemodynamics (for review, Scholkmann et al., 2014).
In particular, scalp-hemodynamics, which is systemic changes of blood
flows in the scalp layer, cannot be prevented experimentally because
they are affected by systemic physiological changes resulting from
activation of the autonomic nervous system or by changes in
blood pressure accompanied by actions (Bauer et al., 2006; Lee et al.,
2002; Scremin and Kenney, 2004). Indeed, both scalp- and cerebral-
hemodynamics increase in a task-related manner. This is especially
true forΔOxy-Hb, which is morewidely used as an indicator of cerebral
activity than ΔDeoxy-Hb because of its higher signal-to-noise ratio. For
example, amajority of task-related changes inΔOxy-Hb during a verbal
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fluency task was reported to originate from the scalp rather than the
cortex (Takahashi et al., 2011). Furthermore, Minati et al. (2011)
reported that rapid arm-raising movement during visual stimulus
presentation generated transient increases in systemic blood pressure,
and that ΔOxy-Hb in the visual cortex was coupled with this change
in blood pressure, rather than with visual stimulation. Given that
scalp- and cerebral-hemodynamics in ΔOxy-Hb have similar temporal
profiles, removing the scalp-hemodynamic artifacts by conventional
temporal filtering or block averaging is difficult.

Assuming that changes in scalp-hemodynamics are more global
than changes in cerebral-hemodynamics, several analytical techniques
have been proposed that estimate scalp-hemodynamic artifacts from
spatially uniform components of ΔOxy-Hb that are measured by a
standard source–detector distance of 30 mm (Long-channels). Using
principal component analysis (PCA), Zhang et al. (2005) proposed an
eigenvector-based spatial filter from data obtained during rest periods
(baseline), which assumes that the effects of systemic hemodynamics
is dominant in baseline data. This method has been further extended
by applying Gaussian spatial filtering (Zhang et al., 2016). Furthermore,
using independent component analysis (ICA), Kohno et al. (2007)
extracted the most spatially uniform component of ΔOxy-Hb and
showed that it was highly correlated with scalp blood flow that was
simultaneously measured by laser-Doppler tissue blood-flow. By
removing these spatially uniform ΔOxy-Hb components, both methods
identified task-related cerebral-hemodynamics in more spatially
localized regions, suggesting that global scalp-hemodynamics is a
major source of artifacts that decrease the signal-to-noise ratio
in fNIRS measurements. Because the ΔOxy-Hb recorded by Long-
channels is a summation of scalp- and cerebral-hemodynamics,
these techniques can lead to over-estimation of scalp-hemodynamic
artifacts and underestimation of cerebral activity if the two spatially

overlap or are highly correlated with each other. Therefore, indepen-
dent measurement of scalp and cerebral hemodynamics-related
ΔOxy-Hb is preferable. Moreover, few studies have experimentally
supported the assumed homogeneity of scalp-hemodynamics.

Recent studies have proposed removal of local scalp-hemodynamic
artifacts using direct measurements from source–detector distances
that are shorter than the standard Long-channels (these are the Short-
channels) (Funane et al., 2014; Gagnon et al., 2011, 2012a, 2014;
Gregg et al., 2010; Saager et al., 2011; Yamada et al., 2009; Zhang
et al., 2009, 2011) (Fig. 1A). For example, Yamada et al. (2009) added
a Short-channel detector with a 20-mm distance to each of four Long-
channel probe pairs during a finger-tapping task, and subtracted the
Short-channel signal from the corresponding Long-channel signal.
They confirmed that the activation area that remained after artifact
subtractionwas comparablewith thatmeasured by functionalmagnetic
resonance imaging (fMRI). Although this is a powerful and accurate
technique, numerous probes are necessary to cover broad cortical
areas because the same number of Long- and Short-channels is
required. Dense and broad fNIRS probe arrangements are expensive,
heavy, and time consuming, and therefore not practical or feasible,
especially for clinical applications.

To take advantage of its simplicity of use and the ability to measure
activity from broad cortical regions, a simple method that can remove
fNIRS artifacts from broad measurement areas is required. To
meet this requirement, here we first tested whether it is possible to
estimate scalp-hemodynamic artifacts with a reduced number of
Short-channels. Above-mentioned previous methods using Short-
channels used multiple Long- and Short-channel pairs because scalp-
hemodynamicswas considered to vary at different locations (channels)
on the head. However, if scalp-hemodynamics is globally uniform as has
been assumed in previous studies (Kohno et al., 2007; Zhang et al., 2005,

Fig. 1. fNIRS probe arrangements. (A) Schematic illustration of depth sensitivity corresponding to source–detector distance. (B) Probe arrangement for the scalp-hemodynamics
measurement in Experiment 1A. Eighteen Short-channels were arranged so that they covered the motor-related areas of both hemispheres. (C) Probe arrangement for evaluation in
Experiment 2. Forty-three Long-channels and four Short-channels were arranged to cover the same areas as in (B).
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