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Abstract—The objective of this research was to assess the
utility of a simple near infrared spectroscopy (NIRS)
technology for objective assessment of the hemodynamic
response to acute pain. For this exploration, we used
functional near infrared spectroscopy (fNIRS) to measure
the hemodynamic response on the forehead during three
trials of a cold pressor test (CPT) in 20 adults. To measure
hemodynamic changes at the superficial tissues as well as the
intracranial tissues, two configurations of ‘far’ and ‘near’
source-detector separations were used. We identified two
features that were found to be fairly consistent across all
subjects. The first feature was the change of total hemoglobin
(THDb) concentration in a given condition divided by the
duration of that condition THb'. Statistical analyses revealed
that during the first CPT trial THb significantly changed
from its baseline value in all channels. Also, adaptation to
repeated CPTs was observed in both THb' parameter and the
reported post-stimulus pain rating scores. The second feature
was the difference between the maximum and the minimum
of the evoked changes in the THb concentration (ATHb). A
significant correlation was observed between the post-stim-
ulus pain rating score and ATHb at all channels. An
asymmetrical activity was observed only at the ‘far’ channels.
These results suggest that fNIRS can potentially be used as a
reliable technique for the assessment of the hemodynamic
response to tonic pain induced by the CPT.
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ABBREVIATIONS
CI Confidence interval
CPT Cold pressor test
CSF Cerebrospinal fluid
FDR False discovery rate
LED Light emitting diode
fDA Functional data analysis
fNIRS Functional near infrared spectroscopy
Hb Deoxy-hemoglobin
HbO, Oxy-hemoglobin
LQ Laterality quotient
NRS Numerical rating scale
THb Total hemoglobin
INTRODUCTION

Cold pressor test (CPT) is a conventional test widely
used in research involving psychological, cardiovascu-
lar, and neurological disorders. It was first used by Hines
and Brown in 1932 to experimentally raise blood pres-
sure for the study of hypertension.?' The application of
CPT for inducing experimental pain in healthy adults
was initially introduced by Wolf and Hardy in 1941.4*
Since then, a large number of research studies have
employed CPT for two main purposes: to evoke gen-
eralized sympathetic activation and to induce tonic pain.

The effect of sympathetic activation evoked by CPT
on the cerebral hemodynamics has been investigated by
using transcranial laser Doppler sonography for the
assessment of the cerebral blood flow velocity in the
middle cerebral arteries.”’** Sympathetically mediated
changes in capillary blood flow and skin microcircula-
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tion during local cooling were studied using laser
Doppler flowmetry.?* Laser Doppler utilizes low power
lasers that can interrogate the outermost 0.5-1 mm
depth of the skin. Single point laser Doppler systems
deliver good temporal but poor spatial resolution and
the measured change in blood flow greatly depends on
the position of the probe relative to the location of the
affected arterioles and venules.** Another shortcoming
of single point laser Doppler is its sensitivity to motion
artifacts.”*’ Recently, laser Doppler imaging has been
introduced which offers much greater spatial resolution
compared to single point laser Doppler flowmetry.
However, its temporal resolution is limited and the cost
of the laser Doppler imaging equipment limits its rou-
tine application in clinical settings.*

The cortical processing of the tonic pain induced by
CPT has been investigated in several neuroimaging
studies. Some brain regions have been identified to be
involved in the processing of noxious cold stimuli. Di
Piero e al.'” used a Xenon-133 inhalation single-photon
emission tomography (SPET) to assess the cerebral
blood flow in response to CPT performed on the left
hand. They observed increased activation in regional
blood flow in the contralateral frontal lobe and bilateral
temporal regions as well as in the contralateral primary
sensorimotor cortex in the cortical region representing
the hand. In a positron emission tomography (PET)
neuroimaging study, Casey er al.'’> found increased
regional cerebral blood flow (rCBF) in response to CPT
in the lateral prefrontal, anterior cingulate and insular/
precentral opercular cortices ipsilaterally and in the
sensorimotor cortex contralaterally.

Despite advances in imaging technology that signifi-
cantly help basic science, there remains an unmet clinical
need for a practical, inexpensive tool for the reliable and
objective assessment of human response to pain.
Recently, a few research studies suggested the use of
functional near-infrared spectroscopy (fNIRS) for
monitoring cortical activation in response to noxious
stimuli in new-born infants,” healthy adults,** patients
undergoing cardiac surgery,'” and individuals suffering
from migraines.** fNIRS is an emerging technology
which enables real time measurement of tissue oxygen-
ation and hemodynamics noninvasively.>' fNIRS can be
portable and has low equipment and maintenance costs.
It is relatively robust to motion artifacts and therefore,
no movement restriction is required during measure-
ment, unlike the constraints imposed by other functional
imaging techniques. Using the commonly used source-
detector (S-D) separation distance of 2.5-4 cm, fNIRS
can measure changes in blood oxygenation parameters
within different layers of the head, i.e. the scalp and grey
matter up to a depth of 1.25-2 cm, respectively.?

The main goal of the present research was to explore
the potential of fNIRS for objective assessment of
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pain. Currently, there is no practical method available
for an objective assessment of pain and clinicians are
basically relying on the subjective self-report measures
using limited scales. Beside the subjective nature of
pain scales, their applicability for explaining different
types and origins of pain is questionable. We aimed to
investigate whether the hemodynamic parameters
measured by fNIRS can be used as a biomarker of the
tonic pain induced by CPT in healthy adults. We used
a CPT as an experimental model of tonic pain because
it is a conventional test that is easy to implement in
experimental and clinical settings. Furthermore, heal-
thy adults are typically familiar with the induced
stimulus and the evoked response to the CPT in
humans is well documented.”**%4!

MATERIALS AND METHODS

fNIRS Principles and Instrumentation

The fNIRS exploits the fact that in the near infrared
range (700-900 nm), water, the main ingredient of
tissues in vivo, has the lowest light absorption, whereas
deoxy-hemoglobin (Hb) and oxy-hemoglobin (HbO,)
chromophores are the main absorbers with distinctive
absorption characteristics.'***3° By choosing two
wavelengths in the near infrared spectrum and mea-
suring the attenuation change at two different time
points, the relative change in the concentration of Hb
and HbO, molecules can be calculated using the
modified Beer-Lambert law'*

1
AOD; = log (Tb) — E?bAchd DPF; + S;LHbOz AcHb02 ¢ DPF;
t

where, AOD, is termed optical density and is the
change in optical intensity for the wavelength 4, [, is
the light intensity measured during baseline, [; is the
light intensity detected during or after a given task, s?b
and &% are the absorption coefficients of Hb and
HbO, molecules at the wavelength 4, AcH® and AcHP©:
are the concentration changes of Hb and HbO, mol-
ecules due to the task, d is the physical distance
between the light source and the photodetector, and
DPF;, is the differential pathlength factor adjusted for
the increased pathlength between the light source and
the photodetector due to scattering at the wavelength
A. When measured at two wavelengths A; and 2A,, this
equation can be solved for the change in the concen-
tration of Hb and HbO, molecules.

In this study, fNIRS data were collected using the
continuous wave fNIRS system first described by
Chance et al.'® and further developed in our laboratory
at Drexel University. The fNIRS system is composed
of three subsystems: (1) fNIRS sensors that consist of
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one light source and three photodetectors. The light
source is a multi-wavelength light emitting diode
(LED) manufactured by Epitex Inc. type L4%*730/
4*850-40Q96-1. The LED comes in a STEM TO-5
package at 730 nm and 850 nm wavelengths with an
output power of 5-15 mW. The photodetectors are
manufactured by Burr-Brown Corporation type
OPT101 and come in an 8-pin DIP package. (2) A
control box for operating the LEDs and photodetec-
tors. (3) A computer running the COBI Studio soft-
ware' developed in our laboratory for data acquisition
and real-time data visualization. The fNIRS system
was calibrated in our laboratory using solid and liquid
phantoms with known optical absorption and scatter-
ing parameters. The detailed specification of Drexel’s
fNIRS system including safety assessment and signal
to noise estimation are described elsewhere.®”!!

The fNIRS probes used in this study utilized two
configurations of S-D separation in order to test the
specificity of the hemodynamic response to a CPT.
Using a multi-distance probe, while the ‘far’ detectors
sampled a superimposed hemodynamic change over a
larger banana shape pathway reaching deeper layers
within the head, the ‘near’ detector monitored the
absorption changes in a shorter pathway through
superficial layers, including the skin (Fig. 1). There
have been several theoretical and experimental studies
to detect depth-dependent changes in absorption using
different S-D separations.'>*%

The choice of the S-D distance in our research was
made based on previous phantom experiments in our
laboratory and Monte Carlo simulations by other
groups. Okada et al.? reported that for an S-D sepa-
ration of 15 mm and less, the mean optical path length
at the deep layers is small and thus, the tissue volume
being interrogated is confined to the surface layer.
They also described that for an S-D spacing of 30 mm,
the near infrared light penetrates into the grey matter.

Photodetector
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FIGURE 1. A schematic of the fNIRS probe configuration.
Photons travel from a light source to a photodetector through
a banana shape pathway with a penetration depth of half the
source-detector distance. Measures are approximate.

In our approach in using two S-D separations to
investigate the hemodynamic response at multiple
layers, two detectors were placed at 2.8 cm distance
from the light source (far channels), and one detector
was located at 1 cm from the light source (near chan-
nel). This selection leads to a nominal penetration
depth of up to 0.5 cm at the ‘near channel’ and up to
1.4 cm at the ‘far channels’ for measuring the hemo-
dynamic changes within superficial extracranial tissues
and deep intracranial layers, respectively.**

Subjects

Twenty healthy, right-handed, as judged by the
Edinburgh Handedness Inventory®® (Laterality Quo-
tient (LQ): 83.03 £ 22.03), individuals (10 females)
with no history of neurological, psychological, or
psychiatric disorders who were analgesic-free were
recruited from the Drexel University community.
All participants signed the informed consent form
approved by the Institutional Review Board (IRB) at
Drexel University. At least 1 day prior to any experi-
mental session, subjects were invited to participate in
an orientation session in which they would perform a
CPT in the real experimental setting to demonstrate
the characteristics of the stimulus and to minimize
anxiety associated with the initial exposure to cold
water. Subjects were instructed to refrain from smok-
ing and drinking any caffeinated or alcoholic beverages
for at least 3 h before the experiment.

Protocol

Two fNIRS sensors of the same configuration as
previously described were positioned symmetrically on
the left and right sides of a subject’s forehead proximate
to the anterior median line (Fig. 2) and were secured
using a medical band aid and a Velcro strap. Raw optical
intensity measurements were collected at a sampling
frequency of 2 Hz in a dimly lit room with an ambient
temperature of ~23 °C. The effect of background light
on fNIRS data was negligible and in fact, since the
fNIRS measures the relative changes in Hb and HbO,
concentrations with respect to a baseline condition, this
effect was washed out in the calculations. Subjects were
seated comfortably in an armchair, facing away from the
experimenter to minimize any distraction.

Each experiment consisted of a baseline recording at
rest followed by the immersion of the right hand up to
the wrist into a bucket of circulating tepid water kept
at room temperature (~23 °C) for 2 min for adapta-
tion. Then, subjects performed three serial trials of a
CPT in the ice water (~0 °C), each trial lasting 45 s
followed by 2 min post-stimulus hand immersion in
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the tepid water for the hemodynamic recovery. A block
diagram of the protocol is shown in Fig. 3.

Both water containers were equipped with com-
mercial aquarium pumps for water circulation to
minimize heat buildup around the immersed hand.*
The cold water container had a separate compartment
for ice cubes in order to prevent any direct contact of
the subject’s skin with ice. Subjects received an audi-
tory command from the experimenter when to switch
their hand from the tepid water into the cold water and
vice versa. At the end of each CPT and upon immer-
sion of the hand back into the tepid water, subjects
were requested to report the maximum intensity of the
pain experienced during the CPT on a numerical rating
scale from 0 to 10 (NRS-11), where ‘0’ indicates no
pain and ‘10’ indicates the worst imaginable pain.'®

Light
Source

I

FIGURE 2. A demonstration of the placement of fNIRS
probes on a subject’'s forehead. The probes are shown
reversed to illustrate the location of the light source and
photodetectors.

fNIR Data Processing

To eliminate high frequency noise, respiration and
heart pulsation artifacts, raw intensity measurements
were first filtered by a finite impulse response low pass
filter with a cut-off frequency set to 0.14 Hz. The cut-
off frequency of 0.14 Hz was determined based on our
previous near infrared spectroscopy (NIRS) studies.'®

Changes in the concentrations of Hb and HbO,
were calculated relative to the mean value of the
optical intensity during the first 15 s of the pre-stimu-
lus baseline recording. The Hb and HbO, data were
then smoothed using a bspline basis expansion by
imposing a penalty on the roughness of the second
derivative of the data with a lambda of 300.%® Total
hemoglobin (THb) concentration was obtained from:

THb = Hb + HbO,

All signal processing calculations were performed in
MATLAB (R2011a, MathWorks, Natwick, MA) and
the smoothing was performed using the functional
data analysis (fDA) package for MATLAB.?® Statis-
tical analyses were conducted using the IBM SPSS
Statistics 19. The significance criterion was o < 0.05
for all analyses. In the case of departure from
sphericity, the degree of freedom associated with the
corresponding F-ratio was corrected using the Green-
house—Geisser (G—G) correction value. For subjective
pain ratings, a non-parametric Friedman’s ANOVA by
ranks with Wilcoxon Signed Ranks post hoc analyses
were calculated. To control the type I error introduced
by simultaneous testing of the experimental-wise error
rate, we applied the Benjamini and Hochberg False
Discovery Rate (FDR) procedure’ to the omnibus
ANOVAs and the post hoc multiple comparison tests.

RESULTS

The average hemodynamic response across 20 sub-
jects is shown in Figs. 4a—4b. Here, we report the

[ [ E
2 % % &
3 = = = d
a ; [ . @ Tepid Water g Tepid Water
o | Tepid Water | 2 Tepid Water | © epi o
==
[
P
[ ]
[ ]
l.-
| | [ N | | 1 | e s
| | N T | BEL | [—> Time(s)
0 60 120 180 240 300 360 420 480 540 600 660
30 150 195 315 360 480 525 645

FIGURE 3. Block diagram of the protocol.
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results of the analysis of THb concentration calculated
as the sum of Hb and HbO, concentrations.

The analyses of the THb concentration were per-
formed to assess the: (1) effect of a noxious cold water
stimulus on the hemodynamic response measured by
fNIRS; (2) adaptation to repeated CPTs observable in
THb concentrations as well as in subjective pain
scores; (3) correlation between THb concentrations
and subjective pain scores within subjects; (4) speci-
ficity of the hemodynamic response to the CPTs at the
superficial layers versus deep tissues; and finally (5)
laterality of the hemodynamic activity measured on
both sides of the forehead during the CPTs. In the
following sections, we have assessed the measures and
reported on our findings.

The Effect of a CPT on the THb Concentration

To assess the effect of a noxious cold water stimulus
on the hemodynamic response, we compared four
conditions: the initial baseline recording condition
(30 s at rest), the pre-stimulus condition (the initial
2 min hand immersion in the tepid water), the first
stimulus condition (the first CPT trial for 45 s) and the
first post-stimulus condition (the 2 min hand immer-
sion in the tepid water following the first CPT trial)
(Fig. 5). We hypothesized that a noxious cold stimulus
(ice water) would increase the blood flow to the head
and consequently, the THb concentration would also
increase. However, non-painful cold water (tepid
water) should not change the THb concentration
substantially. The dependent variable THb' was
defined as the change in THb concentration (umoles)
per a time period (in seconds) in a given condition, and
was calculated by the following equation:

(THb, — THby)|; ATHb;
(te - ts)|i At;

where, THb, and THb, are the values of THb con-
centration at the beginning and ending of a given
condition, and ¢, and ¢, correspond to the time points
where the condition begins and ends. Hence, Atf, the
duration of a condition, could be 30 s, 45 s, or 2 min.

Repeated measures ANOVAs showed that THbY
significantly changed across the four conditions in all
channels (Table 1). Post hoc FDR adjusted multiple
comparisons revealed that THb' did not significantly
change from its baseline value due to hand immersion
in tepid water, except for the ‘near channel’ on the
right side of the forehead (Table 2). However, hand
immersion in ice water caused a significant change in
THb' as compared to its values at both the baseline
and pre-stimulus conditions and it showed a large
effect (d > 0.944). Also, THb' at the pre-stimulus and

THb =

stimulus conditions were significantly different from
their values at the post-stimulus condition which also
showed large effects (d > 1.219).

Adaptation to Repeated CPTs Observable in Subjective
Pain Ratings and THb

The adaptation to repeated trials of CPT observable
in both subjective pain ratings (Fig. 6) and THb' at the
stimulus condition (Fig. 7) was further explored.

Post-stimulus pain rating scores reported based on the
NRS-11 (in which ‘0’ means no pain and ‘10’ means the
worst pain imaginable) was tested with Friedman’s
ANOVA by Ranks. There was a significant difference in
the median value of the subjects’ pain rating scores with
respect to CPT trials (°(2) = 14.70, p = 0.001). Post hoc
Wilcoxon signed ranks tests yielded that the intensity of
the reported pain rating scores decreased significantly
across CPT trials. It was revealed that the pain score
reported after the first trial of CPT was significantly
higher than the pain scores given after the second and
third trials (Z = 2.29,p = 0.02and Z = 2.92,p = 0.004,
respectively). Also, the pain score reported after the sec-
ond trial of CPT was significantly higher than the pain
score given after the third trial (Z = 2.59, p = 0.01).

To assess the hemodynamic response across three
CPT trials, repeated measures ANOVAs were per-
formed on THb' for all channels separately on the
left and right sides of the forehead (Table 3). There
were significant main effects of CPT trials in THb' in
all channels. FDR adjusted post hoc multiple com-
parisons showed that THb' at the first CPT trial was
significantly different from the THb' at the second
and third CPT trials in all channels on both sides of
the forehead with large effects (d > 0.886) (Table 4,
Fig. 8). However, except for the ‘near channel’ on
the left side, THb' values at the second and third
CPT trials were not significantly different. This sig-
nificant difference represented a moderate effect
(d = 0.573).

We experimentally identified another feature which
may be a better representation of the individualized
hemodynamic response to CPTs. This variable, which
is denoted as ATHDb, is expected to account for the in-
ter-subject variability in the latency of the hemody-
namic response and is defined as the change in the THb
concentration induced by each CPT. ATHbD is calcu-
lated as the difference between the minimum value of
THb that is obtained within 20 s after hand immersion
in ice water and the maximum value of THb within a
35 s window starting 15 s before removing the hand
from the ice water and ending 20 s after it (Figs. 9a—9c).
The minimum value of THb was searched within a re-
gion when the effect of CPT is expected to be minimal.
The maximum value of THb was searched within a
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FIGURE 4. (a—b) The hemodynamic response to three trials of cold pressor test (CPT) averaged across 20 subjects on the right (a)
and left (b) sides of the forehead. The black vertical lines represent time points at which subjects switched their hand from the tepid
water to the ice water and vice versa. The pink shaded field represents the baseline period, the orange shaded fields represent the
immersion in tepid water condition, and the blue shaded fields represent the CPT conditions. Hb, HbO, and THb are abbreviations
for deoxy-hemoglobin, oxy-hemoglobin and total hemoglobin, respectively. ‘S-D’ symbol stands for ‘source-detector’.
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FIGURE 5. Line graphs of THb' during four experimental conditions: baseline, pre-stimulus, stimulus, and post-stimulus con-
ditions (for the definition of THb', please see “The Effect of a CPT on the THb Concentration’ section). Error bars represent the 95%

confidence intervals (Cl).

TABLE 1. Results of repeated measures ANOVA on THb' during the four experimental conditions: baseline, pre-stimulus, stim-
ulus, and post-stimulus conditions.

THb' (umoles/s)(mean + SD?)

Forehead side Channel Baseline Pre-stimulus Stimulus Post-stimulus Repeated measures ANOVA*
Right 1(2.8cm) 0.00 £+ 0.02 —0.00 + 0.01 0.12 + 0.08 —0.05 £+ 0.03 F(1.12, 21.29) = 37.16 G-G
p < 0.001
2 (2.8 cm) 0.01 £+ 0.02 —0.00 + 0.01 0.13 £ 0.10 —0.05 + 0.04 F(1.08, 20.49) = 33.71 G-G
p < 0.001
3 (1cm) 0.03 + 0.03 0.02 £+ 0.02 0.13 £+ 0.09 —0.03 + 0.04 F(1.10, 20.01) = 29.54 G-G
p < 0.001
Left 1 (2.8 cm) 0.00 + 0.02 0.00 + 0.01 0.08 + 0.06 —0.03 £+ 0.02 F(1.14, 21.65) = 35.16 G-G
p < 0.001
2 (2.8 cm) 0.01 £+ 0.02 —0.00 + 0.01 0.06 + 0.05 —0.02 £+ 0.02 F(1.13,21.38) = 25.50 G-G
p < 0.001
3 (1cm) 0.02 + 0.04 0.02 £+ 0.02 0.10 £+ 0.08 —0.02 + 0.03 F(1.29,24.56) = 25.66 G-G
p < 0.001

* Experiment-wise error rates are False Detection Rate (FDR) adjusted (p values).

SD’ stands for ‘standard deviation’.

®Due to departure from sphericity, the degrees of freedom were adjusted using the Greenhouse—Geisser (G—G) correction value.

window in which the cumulative effect of CPT was
expected to reach its maximum with enough time for
the hemodynamics to fully evolve. Although we
acknowledge that within the selected time windows
subjects may be cognitively involved in anticipating the
next stimulus or reporting their pain, the effect of these
cognitive tasks on the hemodynamics is considered to
be much lower than the observed effect of a cold water
stimulus and thus, it can be disregarded.

Correlation Analysis Between ATHb and Subjective
Pain Scores

A secondary interest was to determine whether a
decrease in the reported pain scores across the three
CPT trials within a subject was associated with a
decrease in the measured hemodynamic parameter (i.e.
ATHD). To answer this question, within-subjects cor-
relation coefficients® were calculated. All the correla-
tion values were significant at the 0.05 level and
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TABLE 2. Pairwise condition comparisons across the Forehead Side and Channel including 95% confidence intervals and effect
sizes for THb', comparing the four conditions: the baseline, 1st pre-stimulus, 1st stimulus, and 1st post-stimulus conditions.

95% CI? of the difference

Forehead side Channel Pairs of conditions Lower limit Upper limit p value® Cohen’s d
Right 1 (2.8 cm) Baseline—pre-stimulus —0.001 0.020 0.075 -
Baseline—stimulus -0.150 —0.067 00.001 1.222
Baseline—post-stimulus 0.038 0.070 <0.001 1.563
Pre-stimulus—stimulus —0.158 -0.079 <0.001 1.414
Pre-stimulus—post-stimulus 0.028 0.060 <0.001 1.276
Stimulus—post-stimulus 0.109 0.216 <0.001 1.429
2 (2.8 cm) Baseline—pre-stimulus —0.002 0.017 0.110 -
Baseline—stimulus -0.178 —-0.075 <0.001 1.149
Baseline—post-stimulus 0.043 0.079 <0.001 1.584
Pre-stimulus—stimulus —-0.182 —0.086 <0.001 1.318
Pre-stimulus—post-stimulus 0.035 0.072 <0.001 1.359
Stimulus—post-stimulus 0.123 0.252 <0.001 1.359
3 (1 cm) Baseline—pre-stimulus 0.008 0.026 0.001 0.871
Baseline—stimulus -0.140 —0.053 <0.001 1.031
Baseline—post-stimulus 0.045 0.084 <0.001 1.555
Pre-stimulus—stimulus —0.153 —0.068 <0.001 1.184
Pre-stimulus—post-stimulus 0.031 0.064 <0.001 1.351
Stimulus—post-stimulus 0.102 0.220 <0.001 1.280
Left 1 (2.8 cm) Baseline—pre-stimulus —0.003 0.013 0.229 -
Baseline—stimulus —-0.101 —0.044 <0.001 1.183
Baseline—post-stimulus 0.026 0.048 <0.001 1.568
Pre-stimulus—stimulus —-0.105 —0.049 <0.001 1.279
Pre-stimulus—post-stimulus 0.023 0.042 <0.001 1.570
Stimulus—post-stimulus 0.073 0.145 <0.001 1.422
2 (2.8 cm) Baseline—pre-stimulus —0.002 0.014 0.129 -
Baseline—stimulus —0.088 —0.030 <0.001 0.944
Baseline—post-stimulus 0.021 0.038 <0.001 1.687
Pre-stimulus—stimulus —0.091 —0.038 <0.001 1.136
Pre-stimulus—post-stimulus 0.015 0.033 <0.001 1.219
Stimulus—post-stimulus 0.055 0.122 <0.001 1.225
3 (1 cm) Baseline—pre-stimulus -0.010 0.016 0.640 -
Baseline—stimulus -0.107 —-0.037 <0.001 0.967
Baseline—post-stimulus 0.027 0.060 <0.001 1.236
Pre-stimulus—stimulus -0.110 —0.040 <0.001 0.999
Pre-stimulus—post-stimulus 0.030 0.052 <0.001 1.759
Stimulus—post-stimulus 0.074 0.157 <0.001 1.298

*Significant results (False Detection Rate (FDR) adjusted) are shown in bold.

2CI’ stands for ‘confidence interval’.

showed a moderate to large effects (ranging from 0.50
to 0.67), corresponding to a linear relation between the
subjective pain rating scores and ATHb within subjects
(Table 5).

Comparing ATHb Response at the ‘Far Channels’ with
the ‘Near Channels’ Across Left and Right Sides of the
Forehead

Separate 2 x 3 (Forehead Side by Channel)
repeated measures ANOVAs on ATHb were
performed for each CPT trial to assess the laterality
and specificity of the hemodynamic activity. Specificity
of the hemodynamic response was measured by ‘far
channels 1 and 2’ representing the intracranial layers
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and a ‘near channel’ representing the superficial tis-
sues. Greenhouse—Geisser (G—G) corrections were
applied for violations of the sphericity assumption on
the repeated measures tests.

Results of the 2 x 3 (Forehead Side by Channel)
repeated measures ANOVAs on ATHb showed sig-
nificant interactions between the Forehead Side and
Channel for every three CPT trials (F(2.26, 42.95) =
578 G-G, p=0.004, F(3.05,58.03) =546 G-G,
p = 0.002, F(2.18,41.33) = 7.37 G-G, p = 0.001; for
the first, second and third CPT trials, respectively).
There was a significant main effect of the Forehead
Side for all CPT trials (F(1,19) = 8.69, p = 0.008,
F(1,19) = 8.40, p = 0.009, F(1,19) = 8.04, p = 0.01;
for the first, second and third CPT trials, respectively)
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and a significant main effect of the Channel for the
second and third CPT trials (£(2,38) = 4.70 G-G,
p = 0.02, F(2,38) = 10.75, p < 0.001) (Fig. 10).

Post hoc multiple comparisons after controlling the
FDR showed that there is no significant difference
between the ‘near channel’ and ‘far channels’ on either
side of the forehead.

Significant asymmetrical activity was revealed by
the FDR adjusted post hoc tests on the ATHDb response
measured by the ‘far channels’, indicating moderate-

10

Pain Intensity Scores

1 2 3
Trials of Cold Pressor Test

FIGURE 6. Boxplots of post-stimulus pain rating scores of
20 subjects across three trials of cold pressor test (CPT). Two
outliers were identified for pain scores reported after 3rd trial
of CPT and are represented as circles.

to-large effects (0.697 < d < 0.902). However, there
was no laterality in the ATHD for the superficial tissues
as measured by the ‘near channels’ (Table 6).

DISCUSSION

Despite the technological advancement in medical
device development, effective assessment and manage-
ment of pain is poorly addressed. One possible reason
could be the subjectivity of the pain experience. It is
well know that the pain experience including its per-
ception and expression is highly individualized.
Therefore, there is a need for a more objective assess-
ment of pain.

In the conventional pain practice, vital signs such as
heart rate, blood pressure, respiratory rate, galvanic
skin response and/or cutaneous blood flow measured
by laser Doppler flowmetry have been used to monitor
the physiological parameters in response to a noxious
stimulus. However, the clinical experience has proven
that these physiological signs are not practically reli-
able and should be interpreted cautiously. For
instance, physiological parameters change due to many
factors other than pain such as distress, medications,
and illness. Laser Doppler flowmetry data are also very
noisy and the smallest motion causing any change in
the contact between the probe tip and the skin creates a
drastic change in the signal. Further, since the typical
depth of penetration for a laser Doppler flowmeter is
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FIGURE 7. Line graphs of THb' across cold pressor test (CPT) trials (for the definition of THb', please see “The Effect of a CPT on

the THb Concentration’ section).
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TABLE 3. Main effect of cold pressor test (CPT) trials repeated measures ANOVAs on THb'.

THb' (umoles/s)(mean + SD?)

Forehead Side Channel 1st CPT 2nd CPT 3rd CPT Repeated Measures ANOVA*
Right 1 (2.8 cm) 0.12 + 0.08 0.05 + 0.04 0.04 £+ 0.05 F(1.38,26.20) = 31.41 G-G
p < 0.001
2 (2.8 cm) 0.13 £ 0.10 0.05 + 0.03 0.04 + 0.05 F(1.32,25.08) = 27.27 G-G
p < 0.001
3 (1 cm) 0.13 + 0.09 0.06 + 0.04 0.06 + 0.06 F(1.49,28,35) = 16.83 G-G
p < 0.001
Left 1 (2.8 cm) 0.08 + 0.06 0.03 + 0.03 0.02 £+ 0.02 F(1.32,25.03) = 24.62 G-G
p < 0.001
2 (2.8 cm) 0.06 + 0.05 0.02 + 0.03 0.02 £+ 0.03 F(1.44,27.30) = 23.18 G-G
p < 0.001
3 (1 cm) 0.10 + 0.08 0.05 + 0.06 0.03 + 0.06 F(1.55,29.36) = 32.20 G-G
p < 0.001

*Experiment-wise error rates are False Detection Rate (FDR) adjusted (p values).

23D’ stands for ‘standard deviation’.

PDue to departure from sphericity, the degrees of freedom were adjusted using the Greenhouse—Geisser (G—G) correction value.

TABLE 4. Pairwise cold pressor test (CPT) trials comparisons across the Forehead Side and Channel including 95% confidence
intervals and effect sizes for THb'.

95% CI? of the difference

Forehead Side Channel Pair of CPT Lower Limit Upper Limit p-value* Cohen’s d
Right 1 (2.8 cm) 1st CPT—2nd CPT 0.043 0.095 <0.001 1.266
1st CPT—3rd CPT 0.052 0.106 <0.001 1.376
2nd CPT—3rd CPT —0.003 0.023 0.138 -
2 (2.8 cm) 1st CPT—2nd CPT 0.051 0.125 < 0.001 1.117
1st CPT—3rd CPT 0.061 0.123 < 0.001 1.391
2nd CPT—3rd CPT —0.013 0.021 0.637 -
3 (1cm) 1st CPT—2nd CPT 0.033 0.107 0.001 0.886
1st CPT—3rd CPT 0.045 0.103 <0.001 1.184
2nd CPT—3rd CPT —-0.018 0.025 0.726 -
Left 1 (2.8 cm) 1st CPT—2nd CPT 0.027 0.076 <0.001 0.964
1st CPT—3rd CPT 0.041 0.082 <0.001 1.389
2nd CPT—3rd CPT —0.002 0.021 0.088 -
2 (2.8 cm) 1st CPT—2nd CPT 0.022 0.062 <0.001 0.971
1st CPT—3rd CPT 0.033 0.066 <0.001 1.392
2nd CPT—3rd CPT —0.004 0.18 0.174 -
3 (1 cm) 1st CPT—2nd CPT 0.029 0.070 <0.001 1.131
1st CPT—3rd CPT 0.045 0.083 <0.001 1.588
2nd CPT—3rd CPT 0.003 0.027 0.020 0.573

*Significant results (after controlling the False Detection Rate (FDR)) are shown in bold.

2CI’ stands for ‘confidence interval’.

less than 1 mm, the results are very sensitive to the type
of the skin and the location where the probing is
conducted.**’

Over the past 5 years, we have used fNIRS for
monitoring hemodynamic response to noxious stimuli.
We aimed to find an association between a noxious
stimulus and the evoked hemodynamic response and to
demonstrate that induced noxious stimuli elicit a
reproducible and consistent hemodynamic response
which can be reliably detected by fNIRS. During this
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period, we have explored different protocols by
changing the setting of the stimulus such as type,
intensity and duration as well as fNIRS probe config-
urations in an effort to optimize the reproducibility
and strength of the response. The results presented in
this manuscript demonstrate only a piece of our quest
to identify reliable and robust stimulus-response
parameters. The present study aimed to investigate the
hemodynamic changes during repeated CPTs
employed as an experimental model of the tonic pain
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FIGURE 8. Line graphs of THb' for separate trials of cold pressor test (CPT) (for the definition of THb', please see ‘“The Effect of a
CPT on the THb Concentration” section). Significant interactions between the Forehead Side and Channel were found for the 1st

and 2nd CPT trials.

with the capability of evoking a general acute sympa-
thetic activation. We established that a simple NIRS
device can effectively monitor the hemodynamic
response to a CPT. Since the signal penetrates deeper
and the light source and detector are directly in contact
with the skin, there is a negligible noise due to the
movement of components with respect to the skin.

According to the literature, cold sensation, at
freezing temperatures, becomes painful within the ini-
tial 10 s and progressively increases until it reaches its
maximum at approximately 60 s.*! Based on our pilot
experiments, we observed that 45 s was a reasonable
duration of a CPT to induce an acute pain response in
normal subjects and also to allow a detectable hemo-
dynamic response to evolve. Moreover, the 2 min post-
stimulus immersion in the tepid water was sufficient
time for the hemodynamic response to get close to a
steady state. In retrospect, we realized that we could
have allowed more time between CPTs to let the
hemodynamics return to its initial baseline level.
However, we tried to keep the duration of the experi-
ment as brief as possible to avoid our subjects
becoming bored and other potential confounds.

It is suggested that for a stimulus that lasts for 1 s,
the hemodynamic response evolves over 10-12 s with
some components having longer recovery time.'® For
longer events, the hemodynamic response adds up

roughly linearly over time.” The selected search win-
dows for calculating the ATHb were determined
experimentally using our small sample size. We noticed
that some subjects reached their maximum THb value
as soon as 30 s after starting a CPT. Consequently, we
chose to extend the search window for the maximum
THb response to 15 s before the termination of the
CPT and 20 s after it in all trials.

The tonic pain induced by noxious cold water is
massively confounded and regulated by sympathetic
activity. Thus, it is plausible to conclude that the
observed hemodynamic change in response to CPT is
mainly dominated by the sympathetic nervous system
in terms of global increase in cerebral blood flow as a
consequence of the increase in cardiac output follow-
ing painful stimuli. The observed asymmetric change in
ATHD at the intracranial tissues as measured by the
‘far channels’ and no laterality in the superficial tissues
as measured by the ‘near channels’ could be indicators
of the presence of simultaneous activations of the
systemic sympathetic system as well as higher cerebral
regulatory systems. While the results of this study are
consistent with the previously reported -cerebral
asymmetry in regulations of the autonomic nervous
system,*® further investigations are required prior to
making any conclusion on the hemisphere specificity in

response to a CPT.
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FIGURE 9. (a—c) Three sample total hemodynamic responses to the first cold pressor test (CPT) measured at the ‘far channel 1’
on the right side of the forehead. The first black vertical line represents the time point at which subjects immersed their hand into
the ice water and the second black vertical line shows the time when subjects immersed their hand back into the tepid water.
Dashed blue vertical lines represent the detected time points for ATHb calculation (see “Correlation Analysis between ATHb and
Subjective Pain Scores” section).
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Our experimental results did not provide any strong
evidence to link the observed lateralized activation in
the prefrontal region to any specific pain-induced
cortical activity; partly due to the type of the stimulus
applied and limited data analyses techniques used.
However, a NIRS study suggests that a stress-inducing
mental task induces asymmetrical activities in the
prefrontal cortex.*® Thus, the lateralized activation in
the prefrontal region could be related in part to the
stress induced by a CPT or may reflect a general
arousal due to a cold water stimulus.

Repeated CPTs have been previously used to
investigate cardiovascular habituation and to activate

TABLE 5. Within-subjects correlation values between self--
reported pain rating scores and ATHb.

Forehead Side Channel Within-subjects correlation*
Right Far channel 1 0.609

Far channel 2 0.577

Near channel 0.541
Left Far channel 1 0.556

Far channel 2 0.495

Near channel 0.670

*All the correlation coefficients were significant at a 0.05 level.

endogenous analgesic systems.>>*> In the present
study, three trials of CPT were performed to test the
reliability of our measurements as well as to study the
adaptation in our sample regarding subjective pain
scores and the objective hemodynamic measurements.
We observed that THb' responses had significantly
different values in the second and third CPT trials as
compared to the first CPT trial in all channels with
large effect sizes (d > 0.886). However, no significant
difference was found between the THb' in the second
and third CPT trials, except for one channel (the ‘near
channel’ on the left side of the forehead). This
observation suggests that the hemodynamic activity
adapts to repeated trials of CPT. Furthermore, the
median of pain rating scores, which is a subjective
measure, also decreased across the CPT trials as a
manifestation of the subjects’ adaptation to the pain.
The correlation analysis showed a moderate to large
effect size corresponding to a strong association
between the ATHDb and pain rating scores within
subjects. However, a future study that benefits from a
significantly larger sample size needs to be conducted
to further validate this association. Since self-report-
ing is very subjective in nature, an absolute correlation
between fNIRS parameters and self-reported pain
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FIGURE 10. Line graphs of ATHb for separate trials of cold pressor test (CPT) (for the definition of ATHb, please see Figs. 9a-9c).
For all three trials of CPT, significantly different activation on the left and right sides of the forehead was observed in ATHb as
measured by the ‘far channels’, while no laterality was observed in ATHb as measured by the ‘near channels’.
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TABLE 6. Pairwise channel pair comparisons across cold pressor test (CPT) trials including 95% confidence intervals and effect
sizes for ATHb.
95% CI? of the difference

CPT trial Pair of channels Lower limit Upper limit p-value® Cohen’s d

1st Right far channel 1—left far channel 1 0.817 4.151 0.006 0.697
Right Far channel 2—left far channel 2 1.513 5.225 0.001 0.849
Right near channel—left near channel —0.793 3.652 0.194 -

2nd Right far channel 1—left far channel 1 0.595 2.025 0.001 0.857
Right far channel 2—left far channel 2 0.619 2.483 0.002 0.779
Right near channel—left near channel —0.866 1.818 0.467 -

3rd Right far channel 1—left far channel 1 0.614 2.214 0.002 0.827
Right far channel 2—left far channel 2 0.713 2.251 0.001 0.902
Right near channel—left near channel —0.642 2.444 0.237 -

*Significant results (after controlling the False Detection Rate (FDR)) are shown in bold.

&ClI stands for ‘confidence interval’.

scores is not expected. We suggest that a combination REFERENCES

of our measurement and patients’ self-report provides
better information to the clinicians. In particular, our
method is most useful when in various conditions
subjects cannot provide reliable self-report, such as the
elderly with dementia and impaired cognition, very
young children, or critically ill patients.”” We hope that
our objective measurement provides complimentary
information to the self-report for the clinicians.

Undoubtedly, there is a critical need for a repro-
ducible, brief and simple measurement that can cor-
relate subjective pain experience to objective and
quantitative parameters for both clinical and research
purposes. Reliable biomarkers of pain can help in
evidence-based, personalized management of pain. In
the present research, we showed that the evoked
hemodynamic response to noxious cold water stimuli
can be measured using a non-invasive, portable device.
Further refinement of the utilized method in this study
may enable the measurement of the hemodynamic
response at the cortex and the extracranial tissues.
These refinements include incorporating advanced
signal processing techniques and using other noxious
stimuli that would evoke a less generalized systemic
response such as hot plates and pressure algometry.
Then, fNIRS can be used as a powerful clinical tech-
nique to assist clinicians in the assessment of pain with
or without subjective self-reports.
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