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Abstract

Pain-evoked functional magnetic resonance imaging (fMRI) experiments have helped uncover
numerous features of the brain’s neural underpinnings of the pain experience. These analyses
commonly contrast blood oxygenation level dependent (BOLD) responses to noxious stimuli
applied in ON blocks (i.e., during application of a noxious stimulus) with the BOLD response
during OFF blocks (i.e. during periods of no, or innocuous stimulation). In most studies, it is
generally assumed that pain is experienced primarily during the ON blocks, with minimal pain
experienced during OFF blocks. However, C fibers transmit nociceptive signals to the brain
slowly (as slow as 0.5 m/s), leading to delays in the onset of pain, and painful after-sensations
(AS) are sometimes experienced after noxious stimulation has ended. Previous research has
shown that AS is greater in individuals with chronic pain (e.g. fibromyalgia), meaning that pain
experienced during off blocks could add noise to the analysis pipeline by comparing groups who
are not experiencing pain similarly over time. In many fMRI studies of pain, one to several
discrete numeric rating scale (NRS; e.g. 0-100) pain ratings are obtained after the presentation of
a noxious stimulus, capturing the overall rather than the moment-to-moment experience of the
pain. Given that the temporal experience of pain may differ depending on the different
modalities (e.g., thermal vs. mechanical) that are utilized in a study, the need to characterize the
temporal nature of the pain experience of stimuli that are used in pain-evoked fMRI experiments
is also essential. Therefore, in the present study we evaluated pain using a continuous visual
analog scale (VAS) that recorded the experience of both a noxious mechanical and a noxious
thermal stimulus on a moment-to-moment basis (every 0.1 sec). We assessed how stimulus type
(thermal or mechanical), change in intensity (slowly increasing, constant, or slowly decreasing),

and stimulus location (left vs. right calf) may influence the temporal progression of the pain



experience during a typical fMRI block design experiment of 20 secs ON interleaved with 20
secs OFF. On average, participants took 8.63 secs (£ 3.10) from the onset of the ON block to
perceive the thermal stimuli as painful (i.e. > 5/100) and 5.12 secs (£ 2.53) to perceive pain from
the mechanical pressure stimuli. Stimulus intensity was not a predictor of when the stimulus
would be perceived as painful, but rather stimulus type (whether noxious heat or noxious
pressure) was the only predictor, with noxious heat taking longest to be perceived at all
intensities. On aftersensations, participants reported noxious heat eliciting longer lasting painful
sensations after the stimuli had been removed (time for pain to disappear was measured as
VAS<5/100)—with the increasing and constant conditions taking longest to do so: 6.67 = 2.09
secs and 6.62 + 2.09 secs, respectively. Significantly, as many as 75% of subjects reported for
the sensation of pain to reach its peak after stimulus had been turned off during the blocks where
the increasing thermal stimulus was applied.

Conclusions: These results provide additional evidence that the temporal dynamics of the pain
experience are not entirely in line with the onset and offset of the eliciting stimulus. Taking these
nuances in the temporal dynamics of pain into account during analysis of pain-evoked BOLD
could improve in the signal to noise ratio of the neural correlates of the pain experience.
Modified blocks of time considering when subjects begin and stop perceiving a painful
sensation, which varies dependent upon the intensity of a stimuli and the type of stimuli being
applied, may ultimately lead to more precise assessment of this objective marker of pain. Our
future analyses of the fMRI data from these same participants will use modified “perceived pain

ON” and “perceived pain OFF” blocks accounting for these temporal differences.
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Introduction

In 2016, approximately 50 million adults—nearly twenty percent of the US population—suffered
from chronic pain. It is estimated that approximately eight percent of U.S. living adults suffer
from high-impact chronic pain'. Given the increasing prevalence of chronic pain, researchers
from all fields of neuroscience, biology, chemistry, and physics continue to investigate the
mechanisms behind the experience of pain—which is not yet clear-cut. When a stimulus reaches
an intensity that becomes noxious or suggestive of damage, peripheral nerve fibers (nociceptors)
become activated to further relay information to the central nervous system. These nociceptors
are found in the skin, bones, and muscles, and may be activated separately or together depending
upon the type and intensity of stimulation. Nociceptors can be classified in two major groups:
fast, thinly myelinated Ao fibers which can conduct signals at a velocity of 5 m/s; and slow,
unmyelinated C fibers, which can conduct nociceptive signals as slow as 0.5-2 m/s?. Scientists
typically rely upon the use of several research tools such as Quantitative Sensory Testing (QST)
and functional magnetic resonance imaging (fMRI) for assessing and quantifying their
understanding of pain in humans. Specifically, functional neuroimaging has been used among the
pain community for investigating the functionality and connectivity of key brain regions
associated with the experience of pain. Biomarkers most frequently studied include regions such
as the primary (S1) and secondary (S2) somatosensory cortex, the anterior cingulate cortex
(ACC), anterior and posterior regions of the insula, prefrontal cortices (PFC), limbic structures,
cerebellum, and striatum?*. As fMRI studies rely upon changes in blood-oxygen-level-dependent
(BOLD) signal as indicative of activation in brain regions, they are designed with the goal of
allowing to isolate or highlight these changes in pain-evoked activity in various brain regions!®-
' In pain research, one common way for researchers to highlight these differences is by using
the traditional “block” or “boxcar” design (Figure 1), which uses changes in BOLD signal during

the ON blocks (set periods of time where a noxious stimulus is presented, or a task is performed)



as representative of pain, while the OFF blocks (which can be resting state or periods of
innocuous stimuli) may serve as a baseline for comparison'%!'!. Nevertheless, it is not clear
whether this typical model used for designing fMRI experiments is an accurate representation of
the temporal dynamics of the pain experience. Considering the varying conduction velocities of
different nociceptors and the brain’s processing time (approximately 500-800ms), which
includes perception, decision, and execution'?1 it may be difficult for studies to accurately
determine when a stimulus has become painful or stopped being so as the traditional model
would suggest. As a matter of fact, some studies already suggest that these blocks may be
leaving out portions of the experience of pain. For example, a study in patients with nerve injury
found that patients frequently reported intense pain during the moments after a stimulus had been
removed'4. Another study in patients suffering from chronic pain (e.g.,fibromyalgia) found that
some patients experience painful after sensations in the immediate fifteen seconds upon removal
of a stimulus'>-'®, Such evidence then raises multiple questions about the characterization of the
pain experience: for instance, is this traditional boxcar model (with defined on versus off epochs)
representative of the experience of pain? How does the experience of pain change upon the use
of different modalities (i.e., thermal versus mechanical noxious stimuli) and lastly, are there
other factors such as overall intensity of the stimuli and location (i.e., side where the stimuli is

applied) that play a role in the experience of pain?
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Adapted from Tie, Yanmei et al., 2008. Figure reflects typical block design used in fMRI
experiments. In figure above, each “ON” block lasts 20 secs and is followed by 20 secs “OFF”
block.

In the present study, we investigate these questions by evaluating the subjective experience of
pain using a continuous visual analog scale (VAS) that recorded the experience of both a noxious
mechanical and a noxious thermal stimulus on a moment-to-moment basis (every 0.1 secs). We
assessed how stimulus type (thermal or mechanical), changes in intensity (slowly increasing,
constant, or slowly decreasing), and stimulus location (left versus right calf area), may influence
the temporal progression of the pain experienced during a typical block design experiment of 20
secs ON interleaved with 20 secs OFF. The second portion of this working study will focus on
utilizing modified blocks of time that may be more representative of the pain experience for the
analysis of collected fMRI data.

As a secondary aim, the study assessed whether the side where a stimulus is being applied may
influence the subjective experience of pain. In specific, previous studies have demonstrated that
pain may exhibit a hemispheric right-bias, meaning that some regions of the right hemisphere
will respond either solely or more strongly to pain regardless of which side the stimuli may be
applied'’-'8, The data on these studies has often been limited to using one type of noxious stimuli

in their results, thus leaving the possibility that this effect may be unique to their specific



stimulus and location being applied. Given the application of two different stimuli and at a

different location, the present study allowed us to assess this question.



Methods

Participants:

Fourteen healthy volunteers from the Emory University community and its surroundings were
recruited, 6 males and 8 females, age 22 £7.35 yrs; the demographics consisted of 9 individuals
identifying as White, 3 Asian, and 2 as other; 10 were right-handed, 2 left-handed, and 2
ambidextrous. Participants signed a written consent form, and all study-related procedures were
explained prior to completion of any tasks. All procedures were approved by the Emory

Institutional Review Board.

Preparation Procedure:

After undergoing the consent process, participants were provided with questionnaires aiming to
assess eligibility upon additional variables—anxiety, initial pain prior to study session—as well
as collect additional information such as demographics and handedness. For anxiety and initial
pain, the short-form McGill Pain Questionnaire was used'?; a short form of the Edinburgh
Handedness questionnaire was used to assess handedness?. Questionnaires were used for pre-
screening of participants prior to any study-related procedures and were not utilized during any
part of the data analysis. Additionally, women of premenopausal age were required to undergo a

pregnancy test given that the effects of MRI on a developing fetus have not yet been determined.

Session Protocol:

The study involved the application of two moderately painful stimuli, noxious heat as applied
using the Thermal Sensory Analyzer (TSA) 2 (Medoc, Israel), and noxious deep pressure using a
rapidly inflatable blood pressure cuff device (Hokanson, Bellevue, WA), both of which are

regularly used in academic and clinical research. For the safety of participants, temperatures



above 50°C and pressure above 300 mmHg were not applied. All study-related interventions
were completed over one 3-hr session, which involved part one of solely QST and a second
portion that included experiencing the stimuli while undergoing a functional magnetic resonance

imaging (fMRI) scan.

Initial calibration of a moderately painful stimulus:

Seated in a reclined chair and extending their leg on another chair placed directly in front of
them, a mark was made on participants’ tibialis anterior muscle. To ensure continuity on testing
location, a mark was assessed by measuring the midpoint between participants’ patella and talus,
then moving 3 cm laterally. Though somewhat arbitrary, this location would ensure the tibialis
anterior muscle would be the exact location being targeted and where the thermode head used for
applying heat stimuli (30x30 mm) was attached. Additionally, it allowed for repetition of testing
area and avoiding any confounding results that may be due to differences in testing location. The
calf area was used for the testing of noxious pressure. Participants were asked before the study
session to wear clothing that would make this region accessible without causing any discomfort
that could interfere with study goals (i.e., additional pressure from rolling up pants). Thermal and
pressure stimuli were calibrated to take ~2 secs to ramp up to maximum physical intensity at the
beginning of the ON blocks. Using a modified method of limits (Figure 2), participants were
presented stimuli in an ascending series, increasing 1°C or 20 mmHg each time, lasting 10 secs
followed by a 10 secs interval. At the end of each block, subjects were asked to provide a verbal
rating on a scale of 0-100—where 0 represents “no pain” while 100 represents “the most painful
sensation imaginable” from the stimulus. Ascending sequences were carried out by presenting
the lowest stimuli first, either 40°C or 100mmHg, followed by increases in intensity until a rating

of 60 or the highest available stimulus was reached (48°C or 300mmHg), whichever occurred



first. Upon reaching the target value, then a descending sequence would start, decreasing 1°C or
20 mmHg each time, until a rating of 30 or the lowest available stimulus was reached. Using a
linear regression analysis, the values corresponding to a pain intensity level of 40 (Pain 40) were
calculated and used for the main experiment (or closest available value). As used in previous
studies, 40 is a value that would correspond to a moderately painful stimulus?!-?°. In cases where
Pain40 was a decimal value, values were rounded up or down to the next available integer
following standard logic rules (value>0.5, round up; value<0.5 round down) due to equipment
limitations; the Medoc device does not allow for values with more than one decimal spot for rate
of change and Hokanson cuff only allows for integer pressure values. This procedure was
repeated on each leg for each stimulus while randomizing which leg was tested first, as to avoid

any possible order effects.
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Participants were presented stimuli in an ascending series, increasing 1°C each time, lasting 10 secs followed by a 10 secs
interval. At the end of each block, subjects were asked to provide a verbal rating on a scale of 0-100—where 0 represents no
pain while 100 represents the most painful sensation imaginable from the stimulus. Ascending sequences were carried out by
presenting the lowest stimuli followed by increases in intensity until a rating of 60 or the highest available stimulus was
reached (48°C or 300mmHg), whichever occurred first. Upon reaching the target value, then a descending sequence would
start, decreasing 1°C or 20 mmHg each time, until a rating of 30 or the lowest available stimulus was reached. Using a linear
regression analysis, the values corresponding to a pain intensity level of 40 (Pain 40) were calculated and used for the main
experiment (or closest available value).



Main experiment:

Quantitative sensory testing (outside of MRI scanner):

Seated in the same position, each stimulus was applied 12 times in blocks consisting of 20 secs
on and 20 secs off. Stimuli were applied using a pseudorandomized sequence consisting of 1) 4
constant trials where the stimuli were constant at pain 40; 2) 4 increasing trials where the stimuli
reached pain 40, was maintained for the first 10 secs, and then increased at a rate of
0.1°C/2mmHg per second above pain 40; and 3) a decreasing series of 4 decreasing sequences at
a rate of 0.1°C/2mmHg per second in a similar manner (pain 40 for 10 secs, then 10 secs
decreasing below pain 40 (Figure 3). The pseudorandomized sequence maintaining at pain 40
and then either increasing, decreasing, or remaining constant was designed to discourage subjects
from trying to guess the intensity of each following sequence and thus focus more on how each
individual stimulus felt. The time of the blocks, 20 secs, was designated to induce tonic acute
pain, which is mediated primarily by C fibers?®. During this period, participants were asked to
rate their sensation of pain continuously as it was applied using a computerized visual analog
scale (VAS) that was placed directly in front of them. The scale relied upon the movement of a
mouse to record the rated sensation of pain, and the range was similar to the verbal—where 0
(left-far end) represented “no pain” and 100 (far-right end) represented “the most painful
sensation imaginable” from the stimulus. This VAS recorded participants’ subjective experience

of pain every 0.1 secs and saved it as a numeric file that would be later available for analysis.
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Figure above illustrates the experimental paradigm

Functional Magnetic Resonance Imaging:

Upon completion of all QST-related tasks, participants were escorted by a study team member
to the Center for Systems Imaging (CSI) Core located in the Emory University Hospital where
the experiment sequence was repeated using the previously determined ratings inside of a
Siemens 3T Magnetom Prisma Fit scanner. Using a 32 channel receiver head coil, high-
resolution multi-echo T1 [TE (echo time) = 2.96 ms; TR (repetition time) = 2.53s; 7° flip angle;
slice thickness = 1 mm; FOV (field of view) = 256 mm; resolution = 256 x 256] anatomic
images were collected at the beginning of each run. For the four different blocks series, 250
echo-planar images were collected using a single-shot, gradient-echo echoplanar (EPI) pulse
sequence [TR = 2000 ms; TE =27 ms; flip angle = 80°; FOV =220 mm]. Seventy-two
contiguous transversal 2.0-mm thick slices were selected to provide whole-brain coverage (voxel

size: 2.0 mm x 2.00 mm x 2.00 mm).



Data Analysis:

Repeated-measures analyses of variance confirmed there were no differences in between trials;
thus, sequences of same modality were pooled together to yield average increasing, decreasing
and constant ratings of each stimulus for each subject. Unlike more commonly designed
experiments trying to assess the subjectivity of pain, the continuous nature of the VAS allowed
for the assessment of pain sensation throughout the interval rather than collecting ratings at a
specific point in time during the interval— i.e: ratings at 1 sec were ten successive 0.1 secs time
periods rather than one of the points during the block. Ratings were consequently averaged to
yield a 30-secs interval from the beginning of the onset of the stimulus. Additionally, all
participants’ data was checked for normalization and verified to meet all the assumptions
necessary for analysis using general linear model (GLM). Both procedures were conducted prior
to any analysis of the data. All statistical analysis of QST data was conducted using IBM’s
Statistical Package for the Social Sciences (SPSS). Due to time constraints, one subject did not
complete QST portion of the study. Additionally, one subject’s data was removed from analysis
due to noncompliance (subject failed to concentrate on the task and therefore did not provide
ratings for analysis in multiple runs).

Multivariate analysis revealed there were no significant differences mediated by side, thus both

left and right were pooled across sides per stimulus per run for both conditions being tested: time
to first perceive the sensation as painful (VAS>5%) and time for sensation to reach a non-painful
threshold (VAS<5%). Aftersensations were measured as the area under the curve remaining after

20 secs, when the noxious stimulus was removed.



Results

Average pain 40s were 45.03 C° £ 2.28 and 45.05 C° + 2.83 for the thermal pain stimuli, on left
side and right side, respectively, while cuff pressures were 231 mmHg + 63 and 227 + 58, for left
and right, accordingly. These differences in ratings between sides were not statistically
significant. On average, participants took 8.63 secs (£3.10) from the onset of the ON block to
perceive the thermal stimuli as painful (i.e. > 5/100). Similarly, it took participants 5.12 secs
(£2.53) to perceive pain from the mechanical pressure stimuli (Figure 5). Within subject
multivariate analysis showed that neither side where the stimulus was being applied (0.008, 1,
p=0.931) nor overall intensity (.277, 1, p=0.615) were predictors of these delays. Stimulus type
was the only significant predictor (15.215, 1, p=0.006), with the noxious thermal stimuli taking

the longest to be perceived regardless of intensity (6.103,11, p<0.001)(Table 2).
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Table 1) Time to Perceive Stimulus as Painful?®

Heat Heat Heat Pressure Pressure Pressure
Increasing  Constant  Decreasing  Increasing  Constant  Decreasing
Mean 8.9167 9.8750 6.7500 4.3333 4.0000 4.0833
Std. 3.59819 4.06272 2.40738 2.59662 2.13307 1.85660
Deviation
Minimum 3.00 2.50 3.00 2.00 2.00 2.00
Maximum 14.50 17.00 11.00 9.00 7.50 8.00

a. Painful defined as achieving a VAS rating greater than 5
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Table 2) Time to Perceive Stimulus as Painful®
Heat Pressure
Mean 8.6333 5.1250
Std. Deviation 3.10204 2.53374
Minimum 2.83 2.33
Maximum 13.80 9.33

a. Given the multivariate analysis showed that intensity was not a contributing factor in time to
perceive pain, this table reflects the times of each stimulus to be perceived as painful--regardless
of overall trial intensity.



Regarding aftersensations, the temporal course of pain during the pressure stimulus was more so
aligned with the temporal course of the physical stimulation compared with the perception of the
thermal stimulus. Participants reported noxious heat eliciting longer lasting painful sensations
after the stimuli had been removed (time for pain to disappear was measured as VAS<5/100)—
with the increasing and constant conditions taking longest to do so: 6.67 + 2.09 secs and
6.62+2.09 secs, respectively (Figure 6). Side was not a contributing factor to the duration of after
sensations at a significance of p<0.05 (3.513, 1, p=0.088). Instead, stimulus type, heat versus
pressure (19.110, 1, p=0.001) and the intensity of the trial (39.205, 1, p<0.001) were the
predictors of duration. Paired t-test comparison showed the effect of intensity was most relevant
in the increasing (5.252, 11, p<0.001) and constant conditions (3.621, 11, p=0.004) and not
significant during the decreasing trials (1.713, 11, p=0.115). At all intensities, nonetheless,
noxious heat elicited longer lasting aftersensations (Table 3).
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Table 3) Time for Pain to Disappear?®

Heat Heat Heat Pressure Pressure Pressure
Increasing Constant  Decreasing Increasing Constant  Decreasing
Mean 6.6667 6.6250 4.1250 3.4583 2.4583 2.5833
Std. 2.09256  2.09029 3.89711 1.43746 1.43746 1.27624
Deviation
Minimum 3.50 3.00 .00 1.50 .00 .00
Maximum 10.00 10.00 10.00 6.50 5.00 4.50

a. Measured as the time to reach a VAS rating of 5 or less.

Table 4 contains a summary of the percentage of pain that was experienced following the
removal of stimuli—as measured by the portion of AUC after the stimulus had been turned off.
Generally, the noxious heat stimuli elicited a greater magnitude of pain after the stimulus had
been turned off. Remarkably, as many as 75% of subjects reported for the sensation of pain to
reach its peak after stimulus had been turned off during the blocks where the increasing thermal
stimulus was applied. Within subject multivariate analysis showed that the type of stimulus and
whether the run was increasing, decreasing or constant was highly correlated with the
painfulness of after sensations (p<0.001) with the noxious heat increasing, constant and
decreasing trials eliciting the greatest percentages of pain after stimulus had been turned off

(Figure 7). The overall temporal dynamics are further represented in the supplementary figures.

Table 4)

Percentage of Pain Experienced After Stimulus Had Been Turned Off*

Heat Heat Heat Pressure Pressure Pressure
Increasing Constant Decreasing Increasing Constant Decreasing
Mean 37.9461 35.4134 14.0303 13.9329 10.4477 9.7767
Std. 13.35785 12.84462 11.16337 6.18581 5.89559 4.50596
Deviation
Minimum 21.64 18.25 17 3.16 .65 1.03
Maximum 63.17 57.52 33.26 22.34 17.32 16.09

a. Measured as a percentage of the total area under the curve
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Discussion

In the present study, we focused on determining stimuli perception time courses as well as
factors that may play an influential role in the time to perceive onset and offset of noxious
stimuli. Consistent with previous literature suggesting that pain intensity is correlated to the
duration of aftersensations in chronic pain patients'é, the present study found a direct relationship
between stimuli type and intensity and the percentage of AUC remaining after stimuli had been
removed (p<0.001), with the effect being of greater intensity for thermal stimuli in increasing
and constant sequences.

Use of the traditional block designs has been challenged since the earliest days of fMRI. A 1992
study for example displayed a flashing checkerboard for distinct durations and assessed at
finding whether the stimuli evoked the expected box-car shape used in block design. They found
that stimuli of longer duration were more in line with this shape, while short duration stimuli
elicited a sharp yet delayed BOLD response from when the stimulus was first presented.
Significantly, this study came to yield what is now known as event-related design®’-?® (figure 8).
The main takeaway from this evidence though is that there is room for improvement in current
block design methodology, and that the traditional boxcar shape may not be a suitable method
for analysis for all research fields. As it pertains to pain, multiple research studies in chronic pain
patients have previously hinted that the experience of pain may not follow this traditional
model—such as the documenting of after sensations, for example, where patients report
continuing to perceive pain even after the stimuli has been removed'® 2°. Nonetheless, to our
knowledge, this is the first study that aims at characterizing the experience of pain by explicitly
defining time thresholds at which pain is first perceived, determining when it first vanishes, and
assessing which factors are most relevant to the onset and duration of these sensations. The

present data serves as evidence that the pain experience does not follow the traditional boxcar



model that is commonly utilized for the analysis of data and could serve as a guideline for future

studies aiming to isolate the subjective experience of pain.
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Figure adapted from Huettel et al 2009—using data from Blamire et al 1992. Figure above
shows how short duration stimuli elicited a change in the BOLD hemodynamic response,
typically referred to as fMRI signal, that was not representative of the boxcar model normally
assumed.?’-28
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Traditionally, research studies have argued the experience of pain to be tridimensional: sensory-
discriminative, affective-motivational, and cognitive-evaluative. The sensory-discriminative
dimension is what characterizes the physical stimulus and other factors like location, compared
to the affective-motivational where one assesses factors like emotion and the feeling of
unpleasantness. Lastly, the cognitive-evaluative dimension refers to the gauging of the
significance or meaning of pain (i.e, state or consequences as a result of injury)3°. Studies have

demonstrated the significance of emotional state (affective-motivational dimension) on the



overall perception of pain: a study on healthy dental patients found that negative emotions
elicited stronger sensations of pain, whereas positive thoughts or emotions had the opposite
effect’!-32, Other studies in fibromyalgia patients have found that catastrophizing, or magnifying
the fear of pain, and even low self-esteem have been correlated with augmenting the experience
of pain**-33. Given the importance of each dimension, the pain research community continues to
increase their efforts to separate these dimensions from each other—Ilike isolating the subjective
sensation of pain versus other factors like emotion, cognition and motivation that may also
influence the overall experience,'®3¢. Our evidence suggests that traditional data analysis models
where ON and OFF blocks are the designated cutoff points may be magnifying the difficulty of
isolating these dimensions, given that analysis blocks include time where subjects are not
perceiving stimuli as painful and leave out portions where subjects may still be perceiving pain.
Our findings suggest current research methodology may be leaving out an average of 29% or
more of the subjective experience of pain from ON blocks in the analysis of fMRI data when
using thermal noxious stimuli, for example. Previous studies in the pain community have
established the existence of strong temporal non-linearities in the relationship between the
pattern of a stimulus and the reported ratings by participants’’, thus assessing how the experience
of pain is translated into concrete time thresholds like time to perception and time for pain to
vanish is essential for reducing the gap between theory and the phenomenon that actually occurs.
Further pertaining to our results, it is worth noting that there is a significant difference in
perception of pain as well as aftersensations in between both the cuff and the Medoc device.
Although both may stimulate A8 and C-fibers alike? 2%, the cuff device through its rapid inflation
mechanism also induces a period of innocuous pressure, which may have led subjects to begin
rating the stimulus as soon as it was turned on. Innocuous pressure, as initially induced by the

cuff, is also mediated primarily by the thickly myelinated A fibers, which can conduct signals



as fast as 14 m/s*®. Additionally, we believe the application of each stimulus may have played a
difference as well; whereas the thermal device forced participants to solely rely on the
experience of the thermal noxious stimuli to identify the perception of pain and vanishing of
aftersensations, though non-intended, the cuff device provided an additional cue of sound where
a noticeable “snap-like” sound inadvertently may have alerted participants whether the stimulus
was being turned on or off. Although there is no certainty whether this was a determining factor,
previous pain research studies analyzing demand characteristics have found that participants may
augment their perceived painfulness of a stimulus when given cues or directions significant to
their expected performance®-*. In this case, the sound of the cuff being turned on may have
alerted participants of “having to” begin to report sensation given the stimulus was on. To avoid
this effect in the first place, beyond procedure explanations during consent process, subjects
were not explicitly notified when either stimulus would be turned on or off. Additionally, to
further discourage participants from being cued or guessing, all runs started with the same
stimulus intensity for the first 10 secs (Pain 40) and then diverged to their respective target
sequence—whether increasing, decreasing, or remaining constant (figure 3). Though
unmeasured, it is also worth noting that, post-fMRI session, participants often accounted for the
stimuli being significantly more painful while undergoing the scan—though intensities were the
same as the QST session. Despite being narrative-based, pain-catastrophizing has been well-
documented in the literature—where the participants may perceive a stimulus as more painful
based on the “dread” or expectation of knowing that a noxious stimulus is coming at a future
time and feeling unable to address it'%*-**, Inside the scanner room, participants were blinded as
to whether the stimulus was on or off, or when the next sequence would begin given the
separation between scanner control room and participant undergoing scan. This cue could be an

explanatory variable for the temporal course of pain in thermal versus mechanical pain being



significantly different under the same perceived intensity; participants may have had a more
difficult time predicting the beginning and ending of thermal stimuli relying solely on perception
while compared to the cuff.

One of the limitations of this study was the use of a numeric rating to collect initial rating and
assess pain 40. Upon visual evidence, it became clear that subjects often struggled thoroughly
grasping the concepts of no pain (0) versus the most painful sensation imaginable from the
stimuli (100). This was evidenced by either extreme VAS movements either too high, or not all,
upon perception of the stimuli. Given the aim at calibrating a moderately painful stimulus, these
movements were not expected. Upon first observation of this limitation (first 2 subjects), we
modified our protocol to present the stimuli to be used (pain 40) three times before asking for
continuous ratings to verify that it indeed was moderately painful. Ultimately, this limitation
speaks to the efficacy of using alternate scales such as a continuous VAS and attests how there is
information NRSs may leave out. Studies analyzing the use of NRSs, in the clinical setting for
example, suggest that these scales miss nearly a third of patients who experience pain considered
to be clinically relevant®. As it pertains to the study of pain, given the impactful role that
research plays in the advancement of the field, future studies should reassess whether these
scales are the most efficient and appropriate for the desired measures.

Lastly, there is the possibility these results may be localized to the area being tested. Given the
size of the leg area in the sensory distribution of the cerebral cortex, also known as sensory
homunculus, there is the possibility these delays in perception may be unique to the stimulus
location*®. Future studies should address the temporal course of pain in other areas that may be
more densely innervated. Nevertheless, the leg area is a location used for quantitative sensory
testing in numerous pain-related studies and the relevance of the present study is not hindered.

The leg was used specifically in this study given it permitted for access to switching between



sides per stimuli while the participant remained in the scanner, and it is likely a reason why it

may continue to be used as a testing site in other fMRI studies involving pain.



Conclusion and Significance for Clinical Research

Upon completion of this preliminary study, the next steps will include a two-way analysis of the
collected fMRI data comparing the standard predetermined blocks consistently used in standard
research procedures versus the proposed new block. As it stands, this study may serve as a
guideline for the improvement in accuracy for identifying biomarkers of acute and neuropathic
pain where investigators account for this delay in the subjective experience of pain and
continuous effects even after the stimuli is removed. The results in this study indicate that there
1s room for improvement in reducing the influence of other factors that may be associated with
the experience of pain, like fear/anxiety, or even noise and opens to the possibility of increasing
the collection of more accurate data as the field of pain research continuous to advance.
Ultimately, this proposed method for data analysis may help identify other biomarkers of the
subjective pain experience that may otherwise be left out by using the standardized blocks for
data collection. In the future, these modified blocks considering the perceived pain experience
may be useful for emerging approaches toward the study of pain that rely upon already available

data—such as machine learning algorithms and neural nets.



Supplementary Figures:
Figures below (A-F) are average runs from all participants for each stimulus, intensity, and side.
It is worth emphasizing that stimulus began being applied at 0 secs and was turned off at 20 secs.
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