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Abstract. Autonomic nervous system response is known to be highly task-dependent. The sensitivity of near-
infrared spectroscopy (NIRS) measurements to superficial layers, particularly to the scalp, makes it highly sus-
ceptible to systemic physiological changes. Thus, one critical step in NIRS data processing is to remove the
contribution of superficial layers to the NIRS signal and to obtain the actual brain response. This can be achieved
using short separation channels that are sensitive only to the hemodynamics in the scalp. We investigated the
contribution of hemodynamic fluctuations due to autonomous nervous system activation during various tasks.
Our results provide clear demonstrations of the critical role of using short separation channels in NIRS mea-
surements to disentangle differing autonomic responses from the brain activation signal of interest. © 2015 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.2.3.035005]
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1 Introduction
Near-infrared spectroscopy (NIRS) is a noninvasive imaging
technique that is used to map the hemodynamic response asso-
ciated with neuronal activity.1,2 NIRS measures the changes in
both oxygenated hemoglobin (HbO) and deoxygenated hemo-
globin (HbR) using the intensity of near-infrared light measured
between a source and a detector located on the skin.

The technique has found broad applications including studies
of brain development,3,4 functional connectivity,5,6 cognitive sci-
ence,7,8 psychiatry and neurology,9,10 aging,11 and anesthesia.12

The advantages of NIRS are the measurement of both HbO and
HbR concentrations, its high-temporal resolution, low cost, and
portability, while the disadvantages are low-spatial resolution
and limited depth penetration.13

NIRS is a back-scattered measurement of the light that dif-
fuses through the brain as well as the superficial layers: scalp
and skull. The systemic physiological signals from superficial
layers can have a larger magnitude than the brain signal
itself.13–15 Thus, the NIRS signal is mostly dominated by this
systemic interference.16 The major contributors of this interfer-
ence are heartbeat, respiration, and low-frequency oscillations
such as Mayer waves, as well as task-related changes in sys-
temic physiology.17 Thus, one critical step in NIRS data

processing is to remove the contribution of superficial layers
to the NIRS signal and to obtain the actual brain response.

Low-pass filtering is routinely used to remove cardiac oscil-
lations;18,19 however, it does not help with the lower frequency
oscillations (0.2 Hz and slower). These lower frequency physio-
logical fluctuations (including respiration, Mayer waves, and
low and very low-frequency oscillations) significantly overlap
with the hemodynamic response such that further filtering
can remove the desired brain signal.20 Various methods have
been developed to overcome this issue. These methods include
principal component analysis,21 wavelet filtering,22 adaptive
average waveform subtraction,23 subtraction of another NIRS
source-detector channel performed over a nonactivated region
of the brain,18 multidistance NIRS measurements with layered
models,24 and using auxiliary recordings of global systemic
physiology such as blood pressure.25 A novel approach, devel-
oped relatively recently, is to use short separation detectors
that are located in the activation area but have a shorter source-
detector distance (less than one centimeter), and are thus more
sensitive to superficial layers.20,24,26–30 This approach assumes
that the signal received at the short separation detector is mostly
representative of the superficial layers, while the signal received
at the long separation detector is sensitive to both the brain and
the superficial layers. Thus, regressing out the short separation
signal from the long separation signal effectively filters out the
superficial component.
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We have previously published the hemodynamic response to
innocuous and noxious electrical pain and concluded that NIRS
can be used as an objective measure of pain.31 Here, we aimed to
quantify the important contribution of using short separation
regression in recovering the brain response and its localization.
We demonstrate the impact that this superficial signal contami-
nation can have on the interpretation of brain activation sig-
nals. We present measurements with three different stimuli:
finger tapping and innocuous and noxious electrical stimula-
tion. These stimuli produce different systemic physiological
responses and demonstrate how regression using the short sep-
aration measurements can be critical for obtaining useful mea-
surements of the brain activation signal.

2 Methods
The study was approved by the Institutional Review Board of
the Massachusetts General Hospital and met the scientific and
ethical guidelines of the Helsinki Accord and the International
Association for the Study of Pain.32

2.1 Probe and System

Data were collected using a multichannel imager operating at
690 and 830 nm (TechEn Inc. Massachusetts, CW6 System).
The probe contained 11 sources, 16 long separation detectors,
and 11 short separation detectors. The source-detector distances
used were approximately 3 cm for the long separation channels
and 0.8 cm for the short separation channels. The probe covers
portions of the somatosensory and motor areas on both hemi-
spheres as well as the frontal cortex (Fig. 1). The results from
the frontal region have been previously published.31

2.2 Subjects and Experimental Design

Eleven healthy subjects [right handed, male, 28� 5 (mean� std)
years old] were included in this study. A written consent was
obtained from each subject prior to the experiments. Subjects
with a history of neurological trauma or psychiatric disorders

or who were unable to keep their head still throughout the
experiment were excluded.

Prior to the actual experiment, electrical stimulation was
applied to each subject’s left thumb through electrodes with
a 5-Hz electrical stimulator (Neurometer CPT, Neurotron,
Baltimore, Maryland) to determine current levels that elicited
subjective pain ratings of 3∕10 (innocuous) and 7∕10 (noxious)
from each subject. These personalized current values were used
in the actual experiment.

Subjects first performed a left hand finger-tapping task
(block design: 5 s on, 25 s off, repeated 12 times for a total
of 6 min) during which NIRS measurements were recorded
over the head. Following this, randomized innocuous and nox-
ious electrical stimuli were applied. Each stimulus lasted 5 s,
followed by a 25-s rest. Each run lasted 12.5 min and consisted
of 12 innocuous and 12 noxious randomly ordered stimuli. The
results shown in this paper are obtained from the first 3 min of
the electrical run to avoid any habituation effect.31

2.3 Analysis

The NIRS channels with signals below a fixed noise level of
80 dB, or above a fixed saturation signal level of 140 dB on
the TechEn CW6 were excluded from the analysis. The number
of channels removed from the analysis varied between subjects,
with between one and seven of the initial 51 channels being
excluded. The signals were then converted into changes in opti-
cal density. The changes in HbO and HbR concentrations were
then obtained using the modified Beer–Lambert law with a par-
tial pathlength factor of six for both wavelengths.13,34,35 Motion
artifacts were detected using HOMER236 and the trials that con-
tained motion artifacts within −2 to 15 s of the stimulus onset
were excluded.

A general linear model, the details of which are explained
below, was used for analysis with and without short separation
regression. The signal at short separation channels are assumed
to represent the superficial layers and the signal measured at the
long separation channel is assumed to represent both brain tissue
and the superficial layers. The systemic physiology extracted
from short separation channels was used to regress out the sys-
temic interference in the long separation channels.

The hemodynamic response function (HRF) [hðtÞ in Eq. (1)]
was modeled using a set of Nw consecutive Gaussian temporal
basis functions [biðtÞwith coefficients wi in Eq. (1)] with a stan-
dard deviation of 0.5 s and their means separated by 0.5 s over
the regression time range of −2 to 20 s, as we have previously
used.20 Nw stands for the number of basis functions used.

EQ-TARGET;temp:intralink-;e001;326;220hðtÞ ¼
XNw

i¼1

wibiðtÞ: (1)

The HRF was then estimated by a general linear model
approach that uses ordinary least squares. We used the standard
block average estimator for the analysis without short separation
[Eq. (2)] and the static simultaneous estimator for the analysis
with short separation [Eqs. (2) and (3)]. ylong and yshort stand for
the 3 and 0.8 cm separation channels, respectively. uðtÞ is the
stimulus onset vector with a value of one at the time of stimulus
onset, and zero otherwise. Na is the number of time points taken
from the short separation channel in order to model the super-
ficial signal in the long separation channel and ai is the weight

Fig. 1 Probe design. Sources (red circles), detectors (blue circles),
channels (green lines) and EEG 10–20 reference points are shown.
Figure made with AtlasViewer.33
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Fig. 2 Hemodynamic response to: (a) and (b) left hand finger tapping, (c) and (d) left thumb innocuous,
(e) and (f) noxious electrical stimuli with and without short separation regression in right sensorimotor
cortex. Group average results (n ¼ 11) for the changes in HbO (red), HbR (blue), HbT (green). Note that
figure panels (d), (e), and (f) are reproduced from our previous publication.31
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used to model the superficial signal in the long separation
channel.

EQ-TARGET;temp:intralink-;e002;63;712 ylong½t� ¼
X∞

k¼−∞
hðtÞuðt − kÞ; (2)

EQ-TARGET;temp:intralink-;e003;63;665ylong½t� ¼
X∞

k¼−∞
hðtÞuðt − kÞ þ

XNa

i¼1

aiyshortðtþ 1 − iÞ: (3)

As for the short separation channel (yshort), the channel
which had the highest correlation with a given long separation
channel was used as a static estimator and regressed out from
the long distance channel while simultaneously estimating the
HRF as shown above (for further details, see Ref. 20). Analysis
was carried out using the open source software HOMER2,
which is implemented in MATLAB® (Mathworks, Natick,
Massachusetts).

The heart rate was calculated for each subject from the
830-nm signal from a short separation channel by block aver-
aging the heart rate during 0 to 10 s after stimulus for the task
and 20 to 30 s after stimulus for the rest.

2.4 Statistics and Spatial Dispersion

A paired t-test was used to determine statistically significant
differences in hemodynamic response (4 to 10 s after stimulus
onset) from baseline (−2 to 0 s before stimulus) as well as
differences in hemodynamic responses to innocuous and noxi-
ous stimuli. The significance level was chosen to be p < 0.05.

We have chosen a time range (4 to 10 s) that is representative of
the hemodynamic response obtained (see Fig. 2) for t-maps and
spatial-dispersion analysis.

Spatial dispersion was calculated as follows. The centroid
coordinates (xcentroid and ycentroid) of the spatial region of the
HRF in the contralateral hemisphere channels (a 3 × 5 matrix)
were first calculated

EQ-TARGET;temp:intralink-;e004;326;657xcentroid ¼
P

xchAchP
Ach

ycentroid ¼
P

ychAchP
Ach

; (4)

where xch and ych are the coordinates of each channel (source-
detector midpoint), and Ach is the absolute value of the area
under the curve of the HRF obtained for an individual channel
within a specified time range (4 to 10 s after stimulus onset).
That is, the location of the centroid was computed by weighting
each channel location by the strength of the corresponding
HRF.

The spatial dispersion was then calculated as

EQ-TARGET;temp:intralink-;e005;326;525σ ¼
P ½ðxcentroid − xchÞ2 þ ðycentroid − ychÞ2�1∕2AchP

Ach

: (5)

3 Results
Figure 2 depicts the group averaged HbO, HbR, and HbT (total
hemoglobin) concentration changes in the contralateral sensori-
motor cortex in response to finger tapping [panels (a) and (b)]
and in response to innocuous [panels (c) and (d)] and noxious
[panels (e) and (f)] electrical stimuli with and without short
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Fig. 3 Hemodynamic response in right sensorimotor cortex to: (a) left hand finger tapping, (b) left thumb
innocuous, and (c) noxious electrical stimuli at short separation channels without short separation regres-
sion. Group average results (n ¼ 11) for the changes in HbO (red), HbR (blue), HbT (green). Note that
panel (c) is reproduced from our previous publication.31
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separation regression. The hemodynamic responses for finger
tapping obtained with and without using short separation
regression look very similar [Figs. 2(a) and 2(b)], other than
the spatial extent of the activation appears larger without the
short separation regression. Further, the magnitude of the hemo-
dynamic response is more localized by applying short separation
regression. The short separation regression has a more dramatic
effect on the hemodynamic response for innocuous and noxious
electrical stimuli. Without using short separation regression,
we observe a decrease in HbO or “deactivation” signal in all
channels [Figs. 2(c) and 2(e)]. Awell-localized, typical positive
HRF, “activation” signal is only observed after the use of short
separation regression [Fig. 2(d) and 2(f)]. These results imply
that the global systemic response differs depending on the type
of stimulus and indicate the dramatic impact that the systemic
response can have on interpretation of the activation signal (i.e.,
positive versus negative signal changes) if not corrected.

Figure 3 shows the HbO, HbR, and HbT response in the right
sensorimotor cortex to left hand finger tapping [Fig. 3(a)],
innocuous and noxious electrical stimulus [Fig. 3(b)] at short
separation channels. Finger tapping and noxious electrical

stimuli result in hemodynamic responses in the scalp with
different temporal characteristics. While the global systemic
response for the finger tapping task is an increase in HbO and
HbT [Fig. 3(a)], we observe a decrease for innocuous and nox-
ious electrical stimuli [Figs. 3(b) and 3(c)]. There is an initial
and a late positive peak surrounding the negative response
for innocuous and noxious stimuli [Figs. 3(b) and 3(c)].

3.1 Effect on Statistics: Short Separation
Regression Increases Statistical Significance

A paired t-test was performed to obtain the statistical signifi-
cance of the difference between the changes in the HbO concen-
tration averaged over the 4 to 10 s time interval after stimulus
compared to the HbO concentration at baseline averaged from
−2 to 0 s. The t-value statistical maps (t-maps) obtained are
displayed in Fig. 4 [finger tapping without and with short
separation regression [panels (a) and (b)], innocuous electrical
stimulus without and with short separation regression [panels (c)
and (d)] and noxious electrical stimulus without and with
short separation regression [panels (e) and (f)]]. The statistical
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Fig. 4 The t -maps for the changes of HbO concentration from baseline [(a) and (b) finger tapping without
and with short separation regression, (c) and (d) innocuous electrical, (e) and (f) noxious electrical]. The
3 × 5 grid corresponds to 3 × 5 channels in Fig. 2. The color bars show the t -value obtained by paired
t-test. A t value of ∼2 corresponds to p ¼ 0.05. The squares surrounded by the black line covers the
area of interest on the somatosensory and motor cortices where we expect to see a response.
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significance obtained using short separation regression was
higher for noxious electrical stimulus. The difference in statis-
tical significance is relatively small for finger tapping. The sig-
nificance of the innocuous response obtained without short
separation was higher than with short separation [Figs. 4(c)
and 4(d)], however, the response was distributed and is mostly
not in the area of interest where a response is expected based on
the underlying anatomy (area covered by the black line).

3.2 Effect on Localization: Using Short Separation
Regression Improves Localization and
Decreases Spatial Dispersion

A visual inspection of Figs. 4(c) and 4(d), which presents the
statistical t-values for noxious electrical response without and
with short separation regression, suggests that using short
separation regression improves the localization of the hemo-
dynamic response. A potential metric that can quantify the
localization is the spatial dispersion of an image. Figure 5
presents the group average of spatial dispersion calculated for
all 15 channels on the right hemisphere. There was a statistically
significant decrease in the spatial dispersion of the hemo-
dynamic response for the innocuous electrical stimulus after
short separation regression. The decrease in spatial dispersion
with regression for the noxious stimulus showed a trend toward
significance.

3.3 Effect on Statistics: Short Separation
Regression is Necessary to Distinguish
Noxious from Innocuous Electrical Stimulus

Figure 6 compares the hemodynamic response to innocuous and
noxious stimuli in the motor-sensory region without [panels (a)
and (b)] and with [panels (c) and (d)] short separation regres-
sion. The HbO response to the noxious stimulus obtained
using short separation regression was significantly higher than
the response to the innocuous stimulus in the 4 to 6 s time range
(paired t-test, p ¼ 0.008). We used a short time range around the
stimulus peak (5 s) for differentiating the two stimuli in order to
perform our statistical analysis without any prior knowledge of

the hemodynamic response. The statistical significance of the
difference was reduced when no short separation regression
was applied (paired t-test, p ¼ 0.02).

The magnitude of the HbR response to noxious stimulus
obtained using short separation regression was also significantly
higher than the response to the innocuous stimulus [Fig. 7(c),
paired t-test, p ¼ 0.002]. The statistical significance was not
affected by the regression of the systemic physiology [Fig. 7(a),
paired t-test, p ¼ 0.003]. Scatter plots show the difference in
hemodynamic response between innocuous and noxious elec-
trical stimuli for individual subjects [Figs. 6(b), 6(d), 7(b),
and 7(d)].

4 Discussion
The autonomic nervous system is a control system that regulates
many involuntary actions such as heart rate, respiration, and vas-
omotor activity. The system can be divided into sympathetic and
parasympathetic nervous systems which are considered to be
the “fight-or-flight” system and “rest and digest” system, respec-
tively.37 Both of these systems regulate blood vessels in different
ways. Generally speaking, the sympathetic nervous system
increases heart rate, respiration, blood pressure and results in
peripheral vasoconstriction, while the parasympathetic nervous
system works in the opposite direction.38,39 The sympathetic and
parasympathetic work synergistically and are both known to
regulate the systemic response during a painful stimulus.40

The autonomic nervous system response is highly task-
dependent (for the autonomic nervous system response during
various tasks, see Refs. 17 and 41). While we observed a
decrease in HbO levels for innocuous and noxious electrical
stimulus when no short separation regression is applied, which
is an indicator of a strong cephalic vasoconstriction [Figs. 3(b)
and 3(c)], the finger-tapping task resulted in an increase in
oxygenated hemoglobin in the scalp [Fig. 3(a)]. The changes
observed due to innocuous and noxious electrical stimuli in
short separation channels due to the systemic physiological
response [Figs. 3(b) and 3(c)] were all statistically significant
in their change from baseline (paired t-test, p < 0.05 for all
short separation channels), while the changes were not found
to be significant for finger tapping [Fig. 3(a)] (paired t-test,
p > 0.10 for all short separation channels). These differences
indicate that adding short separation channels to NIRS meas-
urement is a critical step that allows distinguishing the scalp
response from the brain response. While short separation chan-
nels capture the systemic response from the scalp, the long
separation channels show a brain response integrated with a
systemic response. Applying regression permits us to eliminate
the responses observed at short separation channels, which are
mainly due to activation of the autonomous system [Figs. 2(d)
and 2(f)].

We have also obtained the heart rate both during rest and
during the task periods for each type of stimulus. Our results
show a statistically significant increase in heart rate during the
finger tapping task as compared to rest [rest: 61.8� 2.2 BPM
(beats per minute); finger tapping: 63.54� 2.05 BPM, p ¼
0.009 for paired t-test]. This result is consistent with previous
literature.18 While there was no significant change in heart
rate due to either innocuous or noxious electrical stimuli,
the tendency for noxious stimuli was toward a decline from
baseline rather than an increase (rest: 61.7� 2.8 BPM; noxious:
60.7� 2.3 BPM, p ¼ 0.15 for paired t-test; innocuous: 61.5�
2.7 BPM, p ¼ 0.85 for paired t-test). Cardiac activity is under

Fig. 5 Group average and standard error of the spatial dispersion on
the contralateral hemisphere with (orange) and without (blue) short
separation regression (FT: finger tapping; INNOC: innocuous; NOX:
noxious). The p value lower than 0.05 (threshold for significance) is
highlighted with a star.
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the control of both sympathetic and parasympathetic branches of
autonomous nervous system.40,42 Thus, the difference between
the global physiological responses during these two tasks may
be attributed to the activation of a different autonomic system
component that is driven by that specific task.

The combination of systemic vasoconstriction and decelera-
tion of heart rate during a painful stimulus needs further discus-
sion. While the autonomic response expected during a painful
stimulus is a sympathetic response, hence an increase in heart
rate and a cephalic vasoconstriction, the response is highly de-
pendent on the stimulus intensity used in the experiment43 which
may result in two kinds of reflexes: orienting and defense. While
the orienting reflex elicited by moderate intensity stimuli results
in a deceleration of heart rate; the defensive reflex which is
elicited by high-intensity stimuli accelerates it.40 For example,
Disbrow et al.44 observed an increase in heart rate with elec-
trical shock (6 beats per minute increase from baseline).
However, the current level (20.8 mA) they used exceeded the
current level we used for pain (maximum 5 mA). Our experi-
mental pain stimulus seems to result in an orienting response,
which is associated with a deceleration of heart rate and cephalic
vasoconstriction.45,46

One interesting observation was that the statistical t-maps for
the finger tapping task obtained by averaging the time window

of 4 to 6 s after stimulus presentation have the highest t-value
located in the channels more medial compared to the channels
with the most significant activation obtained from the t-maps by
averaging the time window of 5 to 12 s of the hemodynamic
response profile (figure not shown). This implies that the loca-
tion of the most statistically significant response changes in time
throughout the hemodynamic response, an observation that is
difficult to see if no regression is applied. This could either
be showing the flow of blood to the area where neuronal acti-
vation takes place, or it could be due to the interplay between
the brain response and sympathetic nervous system response.

Another interesting point is the effect of short separation
regression on oxyhemoglobin in comparison to that on deoxy-
hemoglobin. Unlike the dramatic change observed in the HbO
response by applying short separation regression, the HbR
response was relatively unaltered (Figs. 6 and 7). The HbR
change on short separation channels were also much smaller
compared to the HbO change (Fig. 3). A similar observation
was also made by Kirilina et al.17 One possible explanation is
that while arteries, arterioles, and veins are innervated by the
autonomic nervous system, the venules and capillaries, where
most of the HbR concentration change is happening, are not.43

Thus, the effect of the activation of the sympathetic nervous
system is mostly observed on the HbO response.
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Fig. 6 Comparison of the hemodynamic response in the right sensorimotor cortex to left-thumb innocu-
ous and noxious stimuli. Changes in HbO as a response to innocuous stimuli (orange) and noxious
stimuli (red) obtained (a) without and (c) with short separation regression. The horizontal green bar
shows the stimulus duration. Yellow bars show the interval chosen to obtain the mean responses
depicted in the scatter plots and stars indicate a statistically significant difference (p < 0.05). P-value
is obtained using a paired t-test that compares the yellow highlighted time interval and baseline. The
panels (b) and (d) show a scatter plot comparing the hemodynamic response amplitude for each subject
averaged over the yellow bar. Note that panels (c) and (d) are reproduced from our previous publication.31
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5 Conclusion
NIRS is a back-scattering measurement of the light that
diffuses through the brain as well as the scalp and the skull.
Thus, the NIRS signal obtained is an integration of the brain
signals from cortex as well as the systemic physiological sig-
nals from superficial layers. Therefore, one important step in
NIRS data processing is to remove the contribution of super-
ficial layers to the NIRS signal and to extract the actual brain
response. Especially with experimental tasks that trigger the
autonomic nervous system such as pain, it becomes more
critical to distinguish the brain response from the scalp. This
work shows that different stimuli elicit different systemic
effects. Importantly, we also demonstrated that using short sep-
aration channels makes it possible to extract the underlying
brain response that is otherwise hidden by the sympathetic
response.
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