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Abstract

Introduction—Cerebral projections of nociceptive stimuli are of great interest as targets for
neuromodulation in chronic pain. To study cerebral networks involved in processing noxious
stimuli, researchers often rely on thermo-nociception to induce pain. However, various limitations
exist in many pain-inducing techniques, such as not accounting for individual variations in pain
and trial structure predictability.

Methods—We propose an improved and reliable psychometric experimental method to evaluate
human nociceptive processing to overcome some of these limitations. The developed testing
paradigm leverages a custom-built, open-source, thermoelectric device (TED). The device
construction and hardware are described. A maximum-likelihood adaptive algorithm is integrated
into the TED software, facilitating individual psychometric functions representative of both hot
and cold pain perception. In addition to testing only hot or cold thresholds, the TED may also be
used to induce the thermal grill illusion (TGI), where the bars are set to alternating warm and cool
temperatures.

Results—Here, we validated the TED’s capability to adjust between different temperatures and
showed that the device quickly and automatically changes temperature without any experimenter
input. We also validated the device and integrated psychometric pain task in 21 healthy human
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subjects. Hot and cold pain thresholds (HPT, CPT) were determined in human subjects with <1°C
of variation. Thresholds were anticorrelated, meaning a volunteer with a low CPT likely had a
high HPT. We also showed how the TED can be used to induce the TGI.

Conclusion—The TED can induce thermo-nociception and provide probabilistic measures of
hot and cold pain thresholds. Based on the findings presented, we discuss how the TED could
be used to study thermo-nociceptive cerebral projections if paired with intracranial electrode
monitoring.
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Nociception; pain; psychophysical; sensory system; hot/cold pain

1 Introduction

In 2016, an estimated 28.4% of people in the United States (U.S.) had chronic pain [1-3],
making it one of the country’s most significant public health problems [4]. Total U.S.
healthcare expenses attributable to chronic pain are $560 to $635 billion annually [5]. In
some cases, current pharmacological pain treatments may do more harm than good, as
evident by the opioid crisis [6]. Alternative pain treatments are needed.

Alternatives to opioids are drugs targeting transient receptor potential (TRP) channels
and their projections, as these channels transduce physiological sensations. TRP channels
are also recruited under pathophysiological chronic pain conditions and may modulate
neurotransmitter release in the spinal cord [7-10]. To study the cerebral projections of
nociception, researchers often rely on thermo-nociceptive techniques [11-14]. However,
many pain-inducing methods use a fixed stimulus intensity [15-22] and don’t account
for subject variations. Short thermal stimuli pulses are often presented within a set

time and repeated at long intervals [23], leading to anticipation and predictability. Pain
anticipation correlates with greater placebo-induced pain relief and reductions in pain
region neural activity [24], which influences the descending pain modulatory system and
disrupts psychophysical responses and neural analyses of nociceptive transmission. Studies
that varied the inter-stimulus interval have shown that this is a sufficient method to avoid
expectation and habituation [25].

To overcome these limitations, we propose a psychometric testing paradigm that leverages
a custom-built, open-source, thermoelectric device (TED) facilitating pain threshold
estimation with <1°C standard deviation. Adaptive temperature stimuli accounts for
individual differences in perception. While this takes more time than prescribing one
extreme value, the TED hardware enables the interface to quickly adapt between cold and
hot temperatures known to activate transient receptor potential (TRP) channels (0-50°C)
[26]. Minimizing adjustment time decreases the task time to keep the test subject focused.
The related methodological section describes additional features of the device.

The device and programming were designed for research purposes; however, the TED may
also be utilized in quantitative clinical sensory testing [27,28]. The device interface is
comprised of multiple independently controlled bars. During the psychometric pain task,
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all the bars are set to be all one temperature—either hot or cold. The TED can be used to
determine hot or cold pain thresholds (HPT, CPT, respectively). We performed both in this
validation study and show individual probabilistic pain curves. In addition to testing only hot
or cold thresholds, the TED may also be used to induce the thermal grill illusion (TGI).

The TGI, first discovered by Thunberg in 1896, consists of closely spaced alternating hot
and cold stimuli—themselves nonpainful—perceived as painful when felt simultaneous [29-
32]. Subjects perceive burning pain from the alternating surface without enduring physical
harm [30,33]. Many groups have used the TGI to study pain; therefore, we incorporated a
TGl setting into our graphical user interface (GUI). The TED is versatile and incorporates
various methods to study pain.

The novel TED and programmed experimental protocols establish a new way to study pain
in humans. The device and two pain tests were validated in healthy volunteers. Based on
the findings presented, we discuss how the TED can facilitate studying pain in patients
undergoing intracranial electrode monitoring.

2 Methods

Many currently available thermoelectric devices have several limitations, including not
accounting for individual pain perception and predictable trial structures. We designed
and built a novel device improving upon improve these limitations. We describe the
methodology of designing, building, and testing the device. We also discuss the steps
involved with the psychophysical pain task. Lastly, we present results from 21 healthy
human subjects who participated in the psychophysical pain task. Each bar on the

surface of the TED is independently controlled making it relatively straightforward to
control each bar’s temperature. We demonstrate this feature by validating the device’s
capability to elicit the TGI. While not shown in this work, the device is fully compatible
with various encephalographic recording systems, including stereoelectroencephalography
(SEEG). Al studies were performed following approved Institutional Review Board
protocol (#00122256) and carried out in accordance with The Code of Ethics of the World
Medical Association.

2.1 Construction of the thermoelectric device (TED)

The construction of the TED included both hardware and software components.

The device layout is similar to previously published thermoelectric devices [34-37]. Six
copper bars, each 9.8 cm long and 1.0 cm wide, were spaced 0.15 cm apart on the device
surface. This layout provides sufficient coverage of the average human palm. Copper was
chosen as the surface material due to its excellent thermal conductivity. The copper bars
were thermally and electrically isolated using plastic separators and each copper bar was
connected to a separate Peltier device. The bars were isolated from the other electronics to
ensure low noise interference (Figure 1A, Component I1). Multiple Peltier devices (Laird
Thermal Systems, Inc., 6.2 x 0.95 cm, 20.6 W) were connected to each bar, allowing
individual control of each element (Figure 1A, Component I). A large aluminum heatsink
(Wakefield-Vette, 22.9 x 18.8 x 8.0 cm) was incorporated to dissipate heat and allow
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accurate temperature control (Figure 1C, Component 1X). A high-current motor driver shield
(Pololu VNH5019) supplies current to change the Peltier device temperature (Figure 1A,
Component I). The real-time temperature of the copper bars is measured using a digital
integrated circuit sensor (Maxim DS18B20). Six sensors were installed (one for each bar)

to ensure that the desired temperature was maintained. An ATmega328P microcontroller
(Arduino Uno Rev3) running a proportional-integral-derivative (PID) control loop adjusts
the bar temperatures to match a user-defined set point by changing a pulse-width modulated
(PWM) output from the motor drivers to the Peltier devices. The temperature of each bar can
be controlled independently. Temperatures are held within 0.5 deg Celsius of the set point.
Temperatures and setpoints are transmitted in real-time via USB between the Arduino and

a MATLAB client on a separate experimenter computer. A GUI, developed in LabVIEW, is
then used to display these temperatures and control the setpoints based on the experimental
task. Capacitive touch sensors (SparkFun AT42QT1011) and load cells (Degraw HX711)
were installed within the 3D printed plastic support structure to indicate when a subject’s
hand is on the bars (Figure 1A, Component 1V). The trial timer starts once the capacitive
sensors and load cell force exceeds two pounds. The trial aborts if force drops below two
pounds. The experimenter can use the load cell force output to inform the test subject if they
need to alter the amount of pressure applied to the device. The load cell force throughout
the task is automatically saved. The overall device structure and integrated components
facilitated several key improvements for studying pain.

2.2 Evaluation of the adjustment time for the thermoelectric surface between different
temperatures

We assessed the time it took the TED to adjust between different temperatures to compare

it to currently available thermoelectric devices. A separate MATLAB script was written to
iterate through temperatures between 5 and 50°C with 5°C increments. The adjustment time
was recorded when all six interface bars reached the target temperature from the starting
temperature. The commanded temperature and setpoints were recorded in real-time via
USB between the Arduino and the MATLAB client on a separate experimenter computer.
An infrared camera (Teledyne FLIR ONE Pro) that captured the real-time temperature

of the bars was used to confirm the MATLAB script was correctly iterating through the
commanded temperatures and saving adjustment times. The temperature was considered
reached, and the adjustment time was recorded when the average temperature of all bars was
less than 0.50°C from the target temperature for at least 5 seconds. Once the temperature
was reached, the bars returned to the starting temperature and the new target temperature
increased by 5°C. Each path, or start-to-target temperature, was tested three times to
establish a mean. The mean across trials for each path was plotted in MATLAB using a
heatmap (Figure 2).

2.3 A new psychophysical pain task based on a maximume-likelihood adaptive procedure

The main limitation we sought to improve in the pain task development was accounting
for individual differences in pain perception. We did not want to assume that the same
temperature would cause pain in all subjects. Instead, we wanted to account for individual
variation in pain thresholds across subjects. Individual pain thresholds in subjects can be
determined using a staircase algorithm (i.e., ramping up the temperature stepwise) [35,38—
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40]. This method can be tedious, as many trials are required to determine the pain threshold.
Staircase algorithms are susceptible to more variation between subjects, as one must
verbally or physically respond that their pain threshold has passed [41]. To overcome this
limitation, we integrated a maximume-likelihood adaptive algorithm (QUEST Psychophysics)
to describe the relationship between the temperature stimulus and the probability that the
stimulus was painful [42,43].

The maximum-likelihood adaptive algorithm was used to parameterize a Weibull
psychometric function representative of the subject’s tested pain perception (i.e., either
HPT or CPT in our task). The procedure incorporates the test subject’s response after

each trial. Each trial consists of the test subject placing their hand on the device while it

is set to a specific temperature (Supplementary Video 1). The response to each trial was
incorporated to update the Weibull probability density function until the number of desired
trials are complete or a minimum standard deviation of the estimated threshold is reached.
The psychophysical experimental pain task utilizing QUEST was programmed in MATLAB
and LabVIEW.

The main advantage of using the probabilistic method built-in to QUEST is that it is more
accurate than other threshold-determining methods [42]. It also enables parsing of trials that
were most likely painful from those that were not on an individual basis since the task

is uniquely maximized for each test individual. The overall task objective is to determine

a test subject’s hot and cold pain thresholds (HPT, CPT)—the temperatures at which the
bars are uniform and painful. However, using a probabilistic tool also enables the derivation
of probability function shape parameters that contribute to perception of pain, such as the
slope, which represents pain sensitivity.

Subjects who participated in the task were blinded to the stimulus parameters to limit
experimental biases. The maximume-likelihood adaptive algorithm suggested a new test
temperature each trial, but the subject did not know whether the temperature increased,
decreased, or stayed the same before playing their hand on the device for the next trial. The
subject interacted primarily with the touchscreen, which instructed them when to place their
hand on the device. The trial structure was automated to help reduce interaction between the
experimenter and test subject. Using a maximum-likelihood adaptive procedure enabled the
derivation of individualized probability density functions subjects’ pain perception.

setup and psychometric pain task structure

A few simple steps were required to start the experiment. The power supply (Figure 1,
VI11) was connected to a standard wall outlet. The capacitive touch and USB output
(Figure 1, Component V) were plugged into a desktop computer. The desktop computer
was connected to a monitor that the experimenter used to run the software, and a second
touchscreen monitor was placed within reach for the test subject. The touchscreen monitor
was placed within reach of the test subject so they could readily respond to questions about
the sensation of the TED. For all our experiments, a touchscreen was available. However, if
a touchscreen is not available, one could have the test subject use a mouse to respond to the
survey questions within the task about the sensation experienced.
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After plugging in the necessary components, the experimenter opened the GUI and selected
either HPT or CPT in the drop-down experimentation options. Several parameters can be
altered after this step, but we have determined the values that worked well for the pain task
described and include them as default initial options.

Several parameters are adjustable within the TED software before starting the task. Our
study tested different temperatures until the predicted threshold standard deviation was
<1°C, and the subject completed 20 trials. An a priori power analysis revealed that a
minimum trial count of 16 would be adequate to differentiate painful heat from innocuous
heat. We rounded up to account for noisy trials or those with errors. However, the
experimenter may adjust the trial count or the minimum required standard deviation. The
experimenter may also randomly integrate catch trials into the experiment. Catch trials
involve exposing the test subject to 1°C above (HPT) or below (CPT) the current estimated
pain threshold. If a catch trial occurred at the beginning of the task, the catch temperature
was likely nonpainful since the intensity is initially low and gradually increases towards the
true pain threshold throughout the task. However, if the catch trial occurred near the end

of the task, then it would likely be painful since the tested temperatures oscillate near the
true pain threshold. We have found adequate space sampling in that psychometric data could
be parameterized (Figure 4B and D) by incorporating a catch trial rate of 0.10. Again, the
catch trial rate can be adjusted if preferred. Other easily adjustable parameters include those
involving timing. The experimenter may adjust the length of time the user puts their hand
on the device, the inter-trial interval (i.e., the minimum required time between trials), and
the length of time the subject is given to respond to the questions regarding the sensation.
In that case that the experimenter wishes not to perform the described psychophysical pain
task, they may select “Manual” in the drop-down experiment options instead of “Cold” for
testing CPT or “Hot” for testing the HPT.

Our study used the described default parameters for the initial trial stimulus. All settings
were communicated to the device programmatically and adjusted to the initial test intensity.
All initial test intensities were determined using previously established pain thresholds and
parameters [7,35,44]. After the experimenter started the task, they did not need to adjust
anything else, as the copper bar interface automatically adjusted to the stimulus temperature.
Once the interface reached the desired temperature, the touchscreen display that the test
subject sees is automatically updated to indicate to the test subject that they should place
their hand on the device (Figure 3, Step 1-2). Once the test subject placed their hand on

the device (determined by the capacitive touch sensor), the timer on the touchscreen started
counting down from 10 seconds (Figure 3, Step 2-3). After the trial was complete, the
touchscreen automatically updated and asked the subject, “Was that painful?” The subject
selected “Yes” or “No” (Figure 3, Step 3). However, the precise text of the questions are
adjustable within the code running the GUI. The touchscreen was updated again to three
different sliding bar scales from 0 to 10 (Figure 3, Step 4). The subject rated the pain, hot,
and cold.

The maximum-likelihood adaptive algorithm used the answer to each yes-no question to
update the psychometric function and test temperature for the next trial. After submitting
their answer regarding the sensation, the touchscreen returned to the starting screen, as the
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temperature on the bars adjusted from the previously tested temperature to the new test
temperature (Figure 3, Step 1). The updated test intensity was communicated to the TED
programmatically. When the “Ready” bar turned neon green again, the interface was ready
for another trial. The task proceeded until the minimum threshold requirements were met
(pain threshold standard deviation is <1°C, and the subject completed 20 trials). For our
validation studies, the experimenter first performed the psychometric pain task involving at
least 20 hot and 20 cold trials.

2.5 Validation of the TED in healthy human subjects

Twenty-one healthy human subjects (18-65 years old) participated in the psychophysical
pain task experiment. The sample size was determined from an a priori power analysis with
an assumed effect size (£= 0.625), type | error probability (a = 0.05), and power threshold
(0.80). All experiments were approved by the University of Utah Institutional Review Board.
Individuals were recruited on and around the University of Utah campus. The screening
included a questionnaire to exclude people with a neurological injury or neuropathy history.
Individuals were checked for cutaneous lesions on their dominant hand before placing the
hand on the TED. The pain task was performed as outlined in the 7est subjects’ interaction
with the guided-user interface (GUYI) section. The experiments all took place in an air
temperature-controlled room at 20°.

All participants completed at least 20 hot and 20 cold trials to determine their HPT and

CPT. The standard deviation of each threshold was <1°C after 20 trials. The psychometric
function of each subject’s pain threshold was plotted and parameterized in MATLAB. Given
that a four-variable Weibull function was used for the parameterization, at least four different
temperatures needed to be tested for parameterization. The probability plots were used to
evaluate if the Weibull parameterization adequately represented the psychometric data. The
logarithm of the probability of pain at a given temperature was plotted with reference data
following a Weibull distribution. The temperature data was inspected to determine if the
data points of the plot appeared along the reference data. If the data has a distribution other
than a Weibull, it does not follow the reference line and instead has a curve. The visual
comparison of distributions was quantified using the Lilliefors test. The Lilliefors test was
used to test if the logarithm of the subject data had an extreme value distribution. If this null
hypothesis could not be rejected, then the subject data would be assumed to follow a Weibull
distribution. Evaluating the distribution of the gathered psychometric data was an important
step in verifying the validity of parameterizing the data using the Weibull function.

2.6 Utilization of the TED in performing the thermal grill illusion (TGI)

All subjects from the TED validation study also participated in a TGI task. One may

use set temperatures for the TGI or incorporate individual temperature pain thresholds. To
account for variation across subjects, we opted to test subjects’ HPT and CPT and then use
those thresholds for an individualized TGI. The TGI task was similar to the psychometric
temperature threshold experiments. Subjects first completed the HPT and CPT task, then
nonpainful cool temperatures (1°C + CPT) and nonpainful warm temperatures (HPT — 1°C)
were used for the TGI task. Since the cool and warm temperatures used in the illusion
should be innocuous on their own and thresholds were determined <1°C of certainty,
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the thresholds were padded with 1°C to establish the innocuous cool and warm settings.
Subjects completed 20 trials each at three different temperature settings—cool, warm, and
alternating. All sixty trials were randomized. After every trial, the program generated a
question on the touchscreen asking the subject if they experienced pain. The subject then
rated pain, cold, and hot on a scale from 0 to 10. The ratings were compared between stimuli
instead of determining a psychometric function.

As previously described, not all subjects thought the illusion was painful and were
classified as non-responders [34,39]. Subjects were defined as responders if they rated
pain experienced by the TGI stimulus as significantly different than the cool or warm
stimuli, determined using a Tukey-Kramer post hoc pairwise comparison (a = 0.05). The
responders’ median VAS response to each temperature setting was normalized by the
average median responses to all temperature settings. Normalization accounted for the
subjective nature of quantifying pain among individuals.

Within the responders, a Kruskal-Wallis H test determined if there was a statistically
significant difference in how the test subject rated Pain, Hot, and Cold between the three
different experimental conditions: TGI, Cool, and Warm. A Tukey-Kramer post hoc pairwise
comparison on the mean ranks of the rating group (Pain, Hot, or Cold) was used to test for a
significant difference between each rating group.

3 Results

3.1 The TED quickly adjusts to different temperatures

We evaluated the time it took for the system to adjust to selected temperatures. Figure 2
shows the average time for each temperature path (start-to-target temperature). The longest
adjustment times were when the starting temperature was high with a low target temperature
—e.g., going from 50°C to 5°C took the longest time, 73 seconds—while the shortest
occurred during heating (e.g., 5°C to 50°C path took 26 seconds).

The recorded adjustment times demonstrate the technical capability of the device. We chose
initial test thresholds and probable ranges for the CPT and HPT. It would be improbable that
you would see a “cold” (i.e., <30°C during HPT) or “hot” (>30°C during CPT) temperature
during pain threshold testing of the opposite temperature category. Instead, it is most likely
that the temperatures tested during HPT would stay between 40°C and 50°C and adjust with
a much smaller increment than 5°C, resulting in an average adjustment time of <10 seconds.

3.2 QUEST-determined hot and cold pain thresholds are determined with <1°C of

variation

Twenty-one healthy human volunteers participated in the TED pain task. Nineteen subjects
had enough tested temperatures to fit the four-parameter Weibull function used by QUEST.
An example of the psychometric curves generated for one test subject are shown in Figure
4A. All subjects’ psychometric curves are shown in Figure 4C. CPTs appeared to be more
variable than the HPTS, so Levene’s test for variance equality was computed. A Levene’s
test indicated unequal variances between the CPTs and the HPTs (F = 8.59, p = 0.00545),
suggesting that inter-individual CPTs are more variable than HPTs. The adjusted R? of the
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psychometric fits are shown in Figure 4D. All CPT fits had R2 values of >0.50 and all HPT
RZ were >0.40. The p-values for all fits were <0.05.

Corresponding log-log probability plots were generated for all subjects to verify that the data
distribution fit a Weibull distribution. The data is deemed to follow a Weibull distribution

if it follows a reference line on the probability plot. While the data appeared to follow

the reference line, a Lilliefors test was also used to test the hypothesis that the log of the
temperature data followed an extreme value distribution. The Lilliefors test confirmed that
none of the data distributions were significantly non-normal. An example of the probability
plot for one test subject is shown in Figure 4B.

3.3 The thermal grill illusion is perceived as painful in a subset of healthy human

subjects

Eleven out of the 21 healthy human subjects who participated in the TGI task were classified
as responders based on our stringent inclusion criteria (52%). Within the responders, pain,
hot, and cold were rated significantly different in the three different experimental conditions,
which were TGI, Cool, and Warm (pain: 22 = 13.09, p < 0.002; hot: 22 = 26.53, p <<
0.001; cold: 22 = 23.94, p << 0.001). The pairwise comparison between the mean ranks

of the VVAS rating groups (pain, hot, and cold) shown in Figure 5 demonstrated significant
differences. The pain was rated higher for the TGI than for the hot and cold settings.

There was no difference in how test subjects rated hot between the TGI and warm settings.
Similarly, no difference was present for cold ratings between the TGI and cool settings.

4 Discussion

We present a novel TED with an integrated experimental protocol to study thermal pain.
We describe the hardware used to build the device and showed that the TED is a unique
approach to study pain processing in human subjects. The pain task and developed software
were also described. The pain task was validated in healthy volunteers. We accounted

for individual differences in pain thresholds across subjects. The thresholds determined

by the psychometric functions were generated with <0.5°C error and were similar to
thresholds described using similar methods. In addition to the thresholds we report, the
psychometric function represents a probabilistic relationship between temperature and pain
for all subjects. We show that thermo-nociception follows a Weibull distribution, similar

to how other perceptions are modeled. Lastly, we showed the versatility of the TED

by showing how pain, hot, and cold are rated differently under TGI, warm, and cool
experimental conditions.

Similar devices using Peltier-based mechanisms tend to use a continuous staircase method
to change temperature [34,35,39,45]. The temperature is ramped up for HPT testing or
down for CPT testing. Temperature changes at a rate of 1-3°C per second until the test
subject indicates that they are experiencing pain [31,33,46]. The staircase method with a
typical starting temperature of 30°C takes 15-45 seconds to reach a common HPT of 45°C.
According to our results, the TED takes <20 seconds to adjust from 30°C to 45°C. The
timing of the TED is comparable to other experimental thermoelectric devices. Anecdotally,
completing 20 trials of HPT or CPT takes the test subjects approximately ten minutes to
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complete. This time includes the inter-trial interval where the subject answers questions
about the sensation experienced in the trial. We acquire this amount of data by keeping the
interface set near the temperature from the previous trial until the QUEST algorithm updates
to the next trial temperature. The time to complete the trials was manageable for the test
subjects.

The CPT and HPT were determined for each test subject and utilized for performing the
TGI. Using individual pain thresholds facilitated an optimal temperature difference between
the cool and warm bars for the illusion, as the greatest difference between the cool and
warm bars causes the most intense pain response [34,39,47]. We hypothesized that our TGI
responder rate would be less than previous reports (~60%, [39,48]), as our responder criteria
required a statistical difference in TGI pain ratings. We also hypothesized that when all the
bars on the TED were 1°C below the HPT (warm setting) or 1°C above the CPT (cool),

the reported pain would be less than when the warm and cool bars were alternating (TGI
setting). If the alternating temperature caused pain, it would verify that the TED could
perform the TGI. Our results showed that the TGI was rated more painful than just the cool
or warm bars on their own. The TGI has also been described as paradoxical burning or a
cold burn [30,38,39]. This cold-burning phenomenon was also present in our findings, as
indicated by the cold VAS and hot VVAS ratings for the TGI. The pain ratings demonstrate
how experimenters can also use the TED to perform the TGI.

The basis of the TED psychometric pain task is determining HPT and CPT using QUEST.
Most healthy human volunteers who participated in the validation study (19/21 subjects)
had parameterizable psychometric functions of their HPT and CPT. The two subjects did
not reach the minimum allowed temperature of 5°C and did not experience pain. Therefore,
they did not complete enough “painful” trials to construct an individualized psychometric
function confidently. These subjects could have had a high pain tolerance, not understood
the task instructions, or their skin adapted to the temperature. The remaining test subjects’
psychometric curves were evaluated with a Lilliefors test to confirm that it was appropriate
to use a Weibull distribution to parameterize the collected data. Based on the adjusted

R2 values, parameterization of the psychometric curves yielded fits that were acceptable
representations of individuals’ pain perception.

Test subjects’ psychometric curves showed a broader range in CPTs than for HPTs. There
was a 16°C difference between the lowest and highest CPT and an 8°C difference between
the lowest and highest HPT. We quantified this observation using Levene’s test to evaluate
if the CPTs had an equal variance to the HPT and found that the variance was unequal
between the two groups. This variance may represent the differing peripheral processing
mechanisms of cold and hot nociceptive processing [7,8,26]. It is also possible that the
increased variation in CPTs is due to cold being harder to quantify as pain. If this is the
case, it would make sense for clinicians using the cold pressor test to consider testing hot
pain instead. However, these results were obtained in subjects without pathological pain, so
further investigation in additional populations is warranted.

We plan to use TED to investigate cerebral pain processing in future studies. Prior work
shows that hot and cold pain can be conveyed to the brain separately from the peripheral
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nervous system. Thermal pain is likely the result of converging nociceptive signals within
the brain [13,45,49]. Painful experiences within the brain are thought to derive from a
“dynamic pain connectome” consisting of sensory-discriminative, affective-motivational,
and cognitive-evaluative dimensions [50-53]. The normal adaptive relationship between
nociception and experiential pain within these networks becomes disrupted in chronic pain
[54].

Various other tools currently exist to quantify pain networks in the human brain. Studies
using non-invasive functional imaging and surface electroencephalography (EEG) show the
thalamus, posterior and anterior insula, somatosensory cortex, anterior cingulate cortex, and
the periaqueductal gray matter exhibit neurological patterns of pain processing [14,22,55—
59]. SEEG is another invasive approach which records neural electrical activity using
penetrating intracranial electrodes. This methodology offers both surface and deep cortical
recordings [60]. SEEG is most commonly performed in patients with drug-resistant epilepsy
undergoing intracranial monitoring to identify potential seizure onset zones. The procedure
is minimally invasive as a neurosurgeon stereotactically places electrodes into numerous
brain structures—many of which are part of the pain processing network [61]. Patients

are clinically observed in the hospital for 1-3 weeks after placement of SEEG electrodes.
The patient is asked to participate in institutionally approved research studies. Performing
the TED pain task with the SEEG patient population facilitates investigation into pain
processing within the human brain [21,51,62—64]. Since the TED is portable and easily

fits on a small table, it can easily be brought into a hospital room for experimentation.

Our unique method of inducing and quantifying pain, paired with intracranial electrodes,
will enable mechanistic and causal investigation of cerebral pain processing. The TED,
developed software, algorithms, and methods developed for our experiments are available
upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

A custom-built, novel thermoelectric device with an integrated psychophysical pain task
is validated in healthy human subjects. Experimental data show the device’s utility in
bringing together psychometrics and human nociceptive processing.
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Figure 1.
A. Internal components of the device, including an: 1) Arduino Uno and three dual

VNH5019 motor driver shields, I1) six Peltier devices placed under each copper bar, 11)

six DS18B20 digital thermometers, and 1V) capacitive touch sensors and load cells (2). B.
External outputs and device surface, including: V) capacitive touch output, VI) USB for
software communication, V1) copper bars that change temperature, and the VIII) power
supply. C. The side of the device demonstrating the 1X) heat sink and in D., the X) fans. E.
demonstrates an axial view of hand placement. F. shows the sagittal view of hand placement.
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Figure 2.
Average time for the interface to adjust from a starting temperature to a target temperature.

Temperatures between 5 and 50°C were tested. Lighter shades of purple represent faster
adjustment times while darker shades represent longer adjustment times. Temperature
adjustment was tested three times and the average time is shown.
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Figure 3.
Touch screen display viewed by test subject. The test subject first sees back-left screen.

The dark green color surrounding “Ready” means that the interface bars are adjusting to

the target temperature and the subject should not yet put their hand on the bars. One

screen forward, the “Ready” bar changes to neon green indicating that the bars are at the
target temperature, and the patient may put their hand on the interface. Once their hand

is detected by the capacitive touch sensor, the timer on the screen counts down to 0 and

then the display changes to the next screen. The test subject must touch the display screen

to answer a question regarding the sensation they just experienced. After answering the
question displayed, the screen changes to front-most image, where the test subject rates the
prior sensation based on pain, hot, and cold on a sliding scale between 0-10. The test subject
slides the cursor within each white horizontal bar to the desired numerical rating.
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Figure 4.
Psychometric curves for hot and cold pain. A. Fitted psychometric curve from one patient.

Blue for all subplots represents cold pain perception while the purple is hot pain. The
filled circles are the subjects’ proportional responses to pain at various temperatures. The
psychometric curve gives an estimated probability for an individual experiencing pain at
specific temperature. C. Fitted psychometric curves for all patients. B. Weibull probability
plots for cold and hot (C) pain for one test subject. The log-log probability plot compares
the distribution of the temperatures to the Weibull distribution. The solid reference line
connects the first and third quartiles of the data. The dashed line extends the solid line

to the end of the data. Since the data points appear along the reference lines, the sample
data is assumed to have a Weibull distribution and it is appropriate to use the Weibull
distribution to parameterize the collected data. The Lilliefors test was used to confirm this
visual comparison. D. Adjusted R2 of all subjects’ CPT and HPT fits.
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Normalized visual analogue scale (\VAS) ratings to three different interface settings for
healthy volunteers. Warm (purple) represents when the interface was set to one degree below
the patients’ hot pain threshold. Cool (blue) was when the interface was set to one degree
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above the patients’ cold pain threshold. The TGI trials are the cool and warm bars interlaced
(orange). The subplots represent the subjects’ response to A. “Pain,” B. “Hot,” and C.
“Cold” on a visual analog scale. One asterisk represents p<0.05, two asterisks represent
p<0.005, and three asterisks represent p<0.0005.
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