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Abstract
The effects of chronic pain are debilitating and long-lasting, which make traditional tools like
pharmaceuticals impractical and ineffective. One alternative treatment is vibratory stimulation to
promote pain gating: decreased pain in the presence of innocuous tactile stimuli. However,
evidence concerning the parameters to maximize pain modulation is contradictory. Earlier work
has shown that vibration can even increase pain in those who sensitize rapidly to repetitive heat
stimuli, suggesting that the application of vibration to increasing pain can exacerbate the change
(Hollins, Harper & Maixner, 2011). The present study changed the force of a pressure stimulus
to elicit large changes in pain and selectively applied vibration while subjects reported their pain
as increasing or decreasing. Although the vibration condition did not cause a change in overall
pain, the presence of vibration attenuated the pain fluctuations. A similar phenomenon was
found when runs were grouped by order: earlier runs created smaller increases and decreases of
pain. These findings suggest that offset analgesia is related to vibratory pain gating and
sensitization. The lack of difference in pain between vibration paradigms suggests that vibratory
hyperalgesia is a result of a central process unrelated to changes in pain intensity. Nevertheless,
the change in fluctuation magnitude found with vibration and sensitization may provide a new

parameter for effective vibratory pain modulation and the management of chronic pain.
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Intermittent Application of Vibration to Fluctuating Pressure Pain

For the majority of the population, pain is an unavoidable experience. Although pain is
by its nature an undesirable feeling, it often serves a useful and beneficial purpose. Experiencing
pain alerts individuals to danger, whether from a hot stove or a damaging movement, and the
desire to rest while in pain promotes the healing process. Even so, individuals suffering from
acute or chronic pain often seek relief through painkilling medication to optimally perform
throughout the day. Many methods of analgesia exist, but the most promising treatments for
chronic pain would not require drugs or any foreign substance. In an effort to create a minimally
intrusive treatment to relieve pain, we hope to exploit the organization of the somatosensory
system to beneficially manipulate the perception of pain.

The Importance and Mechanics of Pain

Perhaps the most colorful illustration of the utility of pain comes from those who live
without that experience. People with congenital insensitivity to pain never feel the burning of a
hot stove, the throbbing of a bruised shin, or any other painful experience. This condition often
leads to severe and chronic injury patterns because this population never feels the warning signs
to protect themselves from painful stimuli (Nagasako, Oaklander & Dworkin, 2003).

Chronic pain conditions lie on the other end of the spectrum. This label covers a wide
range of causes and symptoms, but the commonality among chronic pain conditions is that they
do not provide useful information or protection for the individuals affected by them. Chronic
pain is therefore often referred to as maladaptive pain (Cohen, Quintner & Buchanan, 2013).
One such chronic pain condition is fiboromyalgia syndrome, which is characterized by general
musculoskeletal soreness, stiffness, and nonrestorative sleep among other symptoms (Leventhal,

1999). The soreness this population experiences is not indicative of any past or present
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musculoskeletal injury. Since their pain is not derived from a typical source like inflammation,
traditional analgesics like anti-inflammatory drugs often have a limited or absent effect
(Leventhal, 1999), so other avenues of pain relief are greatly needed.

To effectively modulate the pain experience, the mechanisms of pain must first be
understood. Importantly, the perception of pain is influenced not only by the physical stimulus,
but also many subjective factors. Cognitive processes can significantly influence how
individuals experience and deal with pain. The intensity of pain subjects report can increase or
decrease based on attention directed towards or away from the painful stimulus, respectively
(Bantick et al., 2002; Wiech, Ploner & Tracey, 2008). Such a method does not exploit a known
physiological mechanism to counteract or block a pain pathway, and yet directed attention
practices like meditation have still been used effectively to reduce pain (Perlman, Salomons,
Davidson & Lutz, 2010). A slightly different cognitive process of expectation has also
consistently been shown to be an effective analgesic in the form of the placebo effect. With
nothing more than belief in a treatment, many populations can have pain reduced by the
application of a completely inert substance (Wager et al., 2004). Neurophysiological recordings
of subjects expecting an effective treatment have shown significant changes in cortical
somatosensory-evoked potentials, suggesting the modulation of pain intensity to be of cortical
origin (Fiorio et al., 2012). Successful analgesia in the absence of physiological manipulation
highlights the subjective nature of pain.

Unfortunately, cognitive processes can exacerbate pain as well, which is often the case in
chronic pain patients. Patients with conditions like fibromyalgia may inadvertently aggravate
their symptoms by catastrophizing, which creates a general negative outlook in regards to their

pain, ruminating and feeling helpless about the persistence of their pain state (Edwards,
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Bingham, Bathon & Haythornthwaite, 2006). In experimental settings, those who regularly
catastrophize their pain report the same stimulus intensity as more painful when compared to
healthy controls. This negative outlook is often coupled with hypervigilance, a heightened
sensitivity to and awareness of painful, unpleasant, or worrisome sensations (McDermid,
Rollman & McCain, 1996). The processes that increase pain can interact with and effectively
negate those that alleviate pain. In a study conducted by Campbell and colleagues (2010),
distraction away from a painful stimulus reduced pain ratings in all subjects, yet this reduction
was delayed in the subjects who catastrophized about their pain. Their results suggest an
interplay between the two mechanisms. Thus, even if chronic pain patients are taught to distract
themselves from their pain, negative cognitive processes may block the therapeutic benefits of
distraction. These cognitive processes combine with the physical sensation of chronic pain, and
make such diseases even more debilitating.

The dynamic nature of pain offers insight to the physiological mechanisms behind the
development of pain perception to a given stimulus or set of stimuli. Specifically, pain signals
can be separated into ‘first pain’ and ‘second pain’, which depend on the origin of pain signals;
myelinated A-delta and unmyelinated C nociceptors, respectively (Price, Hu, Dubner & Gracely,
1977). With repeated stimulation, pain derived from A-delta nociceptors, characterized by a
stinging or burning pain, adapts and lessens in intensity, while pain from C fibers increases,
showing sensitization. Importantly, adaptation of A-delta fibers is site specific, a phenomenon
which indicates adaptation to most likely be at the level of the peripheral receptors, whereas the
sensitization of C fibers occurs even if the stimulation changes position, supporting a model

using a central mechanism (Price et al., 1977). Sensitization of second pain occurs under
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conditions for temporal summation as well as conditions with a longer interstimulus interval that
does not allow for temporal summation (Hollins, Harper & Maixner, 2011).

Data from chronic pain patients were key in determining at what level the magnification
of pain occurred during sensitization. The rate subjects sensitized to the stimulus depended on
the stimulus intensity, not the subjective pain rating, and subjects exhibiting hypervigilance or
catastrophizing did not show a more profound sensitization. Such a pattern suggests that the
phenomenon occurs at a precortical level (Hollins et al., 2011). Many phenomena like central
sensitization of second pain that modulate pain perception have been found to act before
associated cognitive processes. The interactions of multiple types of afferent fibers in the spinal
cord have been found to play crucial roles in precortical pain modification. The spinal cord is
the first place where tactile and noxious signals meet and interact, so tactile stimuli can also be
manipulated to change the pain experience (Le Bars, Dickenson & Besson, 1979).

Touch, Vibration and Other Somesthetic Sensations

Pain is not unique in its subjective nature. When studying the mechanisms of other
somesthetic senses, perception of innocuous tactile stimuli is found to be just as liable to
cognitive modulation as pain is. Expectation of a treatment can have an effect on non-noxious
perception in the same way that the placebo effect can alter pain. Fiorio and colleagues (2012)
found that subjects would report a more intense tactile sensation of non-noxious stimulation if
they believed they had been given a cream to enhance sensitivity of the skin. Their results
showed expectation to be a cognitive process that can act on all types of somatosensory stimuli
and can modulate the experience both ways: either by reducing the sensation (placebo effect) or

enhancing the sensation.
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The direct interaction of non-noxious stimulation and the perception of pain is
demonstrated in the phenomenon of allodynia, the sensation of pain in reaction to normally
innocuous stimuli. When subjects are experiencing delayed-onset muscle soreness (DOMS),
mechanical stimulation like gentle pressure or vibration causes pain. In a study using large-fiber
nerve blocks to impede mechanoreceptor signals, allodynia derived from DOMS was found to be
a product of distortion of signals from mechanoreceptors. That is, pain is still felt even when
nociceptors do not fire (Weerakkody et al., 2003). The fact that stimulation of mechanoreceptors
can create a painful sensation suggests that the two modalities are physiologically linked.
Connecting the two sensations opens possibilities of modulating pain through tactile stimuli

Vibration has long been a useful tactile stimulus in experimental settings because its
parameters can be strictly defined and controlled. This type of stimulation preferentially
activates two distinct mechanoreceptors in the skin: rapidly adapting Meissner corpuscles and
Pacinian corpuscles. In contrast to Meissner corpuscles, Pacinian corpuscles show spatial and
temporal summation, and have greater sensitivity at higher frequencies (around 100 Hz and
greater). Such distinctions allow the two pathways to be individually stimulated to adapt one
receptor class at a time, demonstrating that they are indeed separate channels (Gescheider,
Wright & Verillo, 2009). These and other tactile afferent fibers project to the dorsal horn of the
spinal cord, which is the first site of integration of multiple stimuli. Wide-dynamic range
(WDR) neurons are prime examples of convergent neurons that integrate inputs from nociceptive
and non-nociceptive fibers. Converging pathways carrying signals about different parameters of
stimulation, in which the WDR neurons send a graded signal based on the totality of excitatory

inputs versus inhibitory inputs that the WDR neuron receives (Price & Dubner, 1977). With this
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knowledge, it appears that enhancing the inhibitory inputs to WDR neurons can lessen the
perceived intensity of noxious stimuli.
Pain Modulation

One of the first theories to explain the interaction between painful and innocuous
sensations was Melzack and Wall’s Gate Control Theory (1965). The premise behind the theory
was that if a touch signal and a pain signal were coming from the same area on the body, they
would both project to the same dorsal horn neuron. The nociceptor would be excitatory and
stimulate the circuit to the brain, whereas the mechanoreceptor would be inhibitory and close the
gate, terminating communication from the painful stimulation. The theory attempts to explain
phenomena like how rubbing a bruised area on the body can lessen the pain of the bruise.
Although the mechanisms of the Gate Control Theory have not been wholly supported by more
recent data, the research base has continued to build and elucidate how the interactions between
modalities occur.

As previously stated, WDR neurons are one type of convergent neuron in the dorsal horn
of the spinal cord which integrate noxious and non-noxious information. A high firing rate of
these neurons has been found to be indicative of pain perception (Price & Dubner, 1977).
However, not all inputs to WDR neurons increase the excitability; innocuous stimuli can depress
WDR firing, possibly serving to decrease pain perception (Salter & Henry, 1990). Inhibition of
convergent neurons is not constrained to tactile stimulation or near the origin of pain. The
phenomenon of diffuse noxious inhibitory controls reduces pain in one area when a noxious
stimulus is applied to a separate area on the body. The distal noxious stimulation has been
shown to inhibit the convergent neurons that were activated by the primary pain stimulus,

therefore reducing the pain intensity (Le Bars et al., 1979). This effect arises from an inhibitory
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loop that first projects to the brainstem before descending to the area of primary pain, which
allows for inhibition across dermatomes (Le Bars, Villanueva, Willer & Bouhassira, 1991).
However, this phenomenon is restricted to distal stimulation of A-delta or C fibers. Since A-
delta and C fibers are activated exclusively in response to noxious stimuli, innocuous mechanical
stimulation away from the site of pain has not proven to be effective. Alleviating one source of
pain by inducing another is not ideal in a clinical situation.

The desire for an innocuous method of pain modulation has prompted extensive research
on the efficacy of vibrotactile stimulation. When compared to other methods of tactile analgesia,
vibration decreased experimental pain more than application of cold, heat or pressure (Bini et al.,
1984). However, the mechanisms behind vibratory pain modulation have rendered seemingly
contradictory findings. For instance, 33 Hz vibration has been found to be more effective at
reducing pain than 100 Hz when applied on the hand (Hollins, Harper & Maixner, 2011) and 100
Hz vibration has been found to be more effective than 20 Hz when applied to the face (Roy,
Hollins & Maixner, 2003). It is the Pacinian corpuscles that respond more strongly to high
frequency, and yet the face does not contain Pacinian corpuscles. However, spatial summation
has been shown to affect the extent of pain modulation when tested in other areas, which is a
unique feature of the Pacinian system (Roy et al., 2003). This discrepancy may simply indicate
that vibration modulates pain through multiple pathways, but an exact map of those pathways is
unknown.

Although the exact mechanisms are unknown, there is extensive work to support that
vibration modulates pain at a central level of processing. Originally it was thought that vibration
could be physically interfering with nociceptors at the receptor level due to its repetitive nature.

However, vibratory analgesia was still apparent when pain was electrically applied to the
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cutaneous fascicles, therefore bypassing the nerve endings themselves (Bini et al., 1984). The
influence of late cortical processes was also assessed by comparing the effects of vibration in
healthy controls and patients with chronic pain conditions like fibromyalgia and
temporomandibular disorder. These disorders are characterized in part by central enhancement
of pain as a result of cortical processes like catastrophizing and hypervigilance. Therefore, a
difference between these clinical populations and healthy controls would suggest that cortical
processes were involved in vibratory pain modulation. No such differences have been found
across multiple studies, so vibrotactile stimulation likely modulates pain primarily at a
precortical and/or early cortical level (Staudl, Robinson, Goldman & Price, 2011; Hollins et al.,
2011; Kosek & Hansson, 1997).

The importance of early cortical mechanisms in somatosensory processing has been
highlighted by the recent data showing substantial crosstalk between areas 3a and 3b/1 of the
primary somatosensory cortex. The inhibitory interneurons of these two areas are more
responsive than the excitatory interneurons, so a multimodal stimulus appears to have a net
inhibitory effect on perceived intensity compared to a one-modality stimulus (Vierck, Whitsel,
Favorov, Brown & Tommerdahl, 2013). Again, this network does not rule out the role of
segmental processes in vibratory pain modulation. However, one phenomenon characteristic of
spinal mechanisms is a excitatory-center/inhibitory-surround receptive field (Hollins,
McDermott & Harper, 2014). If vibratory analgesia worked at the level of the spinal cord,
vibration could produce a stronger inhibitory effect on pain further from the location of the pain
itself. Such a distinction was not observed when Hollins and colleagues (2014) tested vibratory
analgesia near to and far from a pressure pain stimulus. The recent evidence would suggest that

cortical mechanisms are the driving factor behind vibratory analgesia.
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The subjective nature of pain has raised questions of whether modulation through
vibration is truly due to the physical stimulation, or by another cognitive factor. This concern is
pertinent because the majority of testing on vibratory analgesia is done on experimentally
induced pain, such as heat pulses or pressure, which can be repetitive and predictable to the
subject. As such, a sudden vibratory stimulus could serve as a distraction away from the pain,
which could be the main cause of a drop in pain ratings. Longe and colleagues (2001) studied
this effect by applying a noxious and vibratory stimulus, and asking subjects to attend to the
pain, vibration, or a neutral stimulus. Analgesia was only found when attending to the vibration
or neutral stimulus, but attending to the pain rendered the vibration ineffective. This does not
mean, however, that vibration modulates pain solely at a cortical level. Vibration capturing the
attention of subjects cannot be a full explanation, because it still has a modulatory effect when
subjects are distracted from the vibratory stimulus (Staudl et al., 2011). The totality of the
evidence rules out vibratory pain modulation acting solely through cognitive processes, but like
many other sensations, cognition may play a role in addition to earlier integration.

The intensity of the pain stimulus in the present study will fluctuate during experimental
runs to elicit changes in pain, therefore the effects of offset analgesia must be considered. Offset
analgesia has been described as a temporal mechanism that produces a decrease in pain intensity
independent of the change in stimulus intensity. Using a noxious thermal stimulus, Yelle Rogers
and Coghill (2008) found that decreasing the temperature by one degree produced a pain rating
significantly lower than if the stimulus started at that cooler temperature. That is, decreasing a
noxious stimulus produced an analgesic effect disproportionate to the change. In addition, the

interactions of multiple stimuli and lack of spatial summation suggested that offset analgesia is a
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central mechanism that acts only at the area of noxious stimulus. If that is the case, the effects of
offset analgesia may influence the central mechanism of pain gating.

Pain relief from offset analgesia was shown by Grill and Coghill (2002) to last for 15
seconds at most with a changing thermal stimulus. More importantly, fluctuating continuous
thermal stimuli showed that both decreasing and increasing intensities had a lasting effect on
subsequent ratings (Vierck, Riley 111, Wong, King & Mauderli, 2010). Increases produced a
sensitization-like effect, while decreases produced the analgesic effect described earlier.
Bidirectional temporal mechanisms of pain modulation may play a role in chronic pain patients,
with whom the mechanisms of temporal sensitization could be inappropriately activated. Like
other central pain modulation systems, offset analgesia is reduced or absent in many chronic pain
conditions (Niesters, Hoitsma, Sarton, Aarts & Dahan, 2011). Traditional analgesic medication
are also less effective, leaving many patient populations without a reliable physiological
treatment.

The present study will be using a pressure stimulus (instead of thermal stimuli like the
studies described above), so the exact temporal constraints may differ, but such effects must be
considered whenever fluctuating stimuli are used.

Purpose of the Present Study

The controversy behind the mechanisms and the most effective parameters of vibratory
pain modulation is the motivation for the current study. In some cases vibration has even caused
an increase in pain (Hollins et al., 2011). Thus, conditions that enable vibratory analgesia must
be fully understood before it can consistently produce a reliable clinical benefit. In a previous
study, subjects who displayed a shallow sensitization slope to repetitive thermal stimuli showed a

decrease in pain ratings when vibration was applied, but those with a steep sensitization slope
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had their pain worsened by vibration (Hollins et al., 2011). This correlational evidence is the
basis for the current study: the application of vibration during pain will be manipulated to
determine if its effect on pain depends on the context of pain at the time it is applied. If so, the
direction of pain modulation could depend not on the parameters of the vibratory stimulus, but
the timing of its application in relation to how pain intensity is changing. This problem will be
tested by applying a vibratory stimulus only when pain is increasing or decreasing to measure its
effects during different pain contexts. One alternative explanation of the previous results is that
subjects who sensitize more rapidly to repetitive stimuli process pain differently in some central
mechanism (e.g. at the spinal cord or early cortical levels) which alters the effect of vibration.

In order to accurately test this hypothesis, the vibratory stimulus will be programmed to
respond to a digital Visual Analog Scale (VAS), a linear scale used to continuously record the
intensity of a sensation. This connection will allow the application of vibration to be precisely
tuned to the moment-to-moment fluctuations in pain that a subject may experience. Pain is
known to spontaneously fluctuate in chronic pain patients (Apkarian, Baliki & Geha, 2009), but
these fluctuations will be made salient to the subject and predictable to the experimentor by
changing the pressure stimulus throughout an experimental run. Such a level of synchrony
would not be possible with a traditional analog VAS.

The VAS has been criticized for its tendency to reflect a subject’s bias, whether it be
measuring pain ratings or another modality. Just the presentation of a VAS can be suggestive
enough to a subject to bias their results. Kemp, Despres and Dufour (2012) reported that subjects
would rate the same stimulus as both painful and pleasant, depending on how the VAS was
labeled. However, the stimulus presented in the current study is a pressure stimulus well above

pain threshold, so the presentation of a pain VAS is not expected to bias the ratings. Also, the
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repeated use of a VAS to measure pain in chronic pain patients has demonstrated high internal
consistency (Price, McGrath, Rafii & Buckingham, 1983), showing that even if VAS ratings are
subject to bias, the ratings are a valid representation of a given subject’s pain experience. The
conditions of the current study have been designed to eliminate the biases listed above.
Obtaining pain ratings through a VAS should not confound the results.

Pain ratings from the VAS will be collected to assess the hypothesis. Based on the
previous data showing vibration to exacerbate pain in subjects with a steep sensitization slope
(Hollins et al., 2011), it is hypothesized that the direction of vibratory pain modulation will
depend on which direction a subject’s pain is changing at the time of vibratory stimulation.
Specifically, it is hypothesized that vibration applied while a subject’s pain is increasing will
increase pain, and applying vibration while a subject’s pain is decreasing will decrease pain over
the pain reported when no vibration is applied. Extending this reasoning, vibration may
generally affect increases and decreases in pain differently. If such a pattern is true, our results
could provide clarification of the mechanisms of vibratory pain modulation at the segmental
level. Ideally, this information could be used in a clinical setting to establish more effective
vibratory analgesic treatments for chronic pain patients by selectively applying vibration during
periods of spontaneous decreases in pain.

Methods
Participants

All subjects were enrolled in PSYC 101 in Fall 2013 or Spring 2014 at the University of
North Carolina at Chapel Hill. 50 subjects were enrolled for the study. The age of subjects
ranged from 17-22 (M = 18.8, SD = .89). 45 subjects were right-handed.

Exclusion Criteria and the Archival Data Set
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Participants were excluded if any of the safety precautions were triggered (described
below). Participation was immediately terminated in this case. Reporting insubstantial pain,
defined as a lack of reported pain of at least 10 in a given run or reporting ‘No Pain’ during a
run, was also grounds for exclusion. Data was excluded after the experiment was completed if
the participant failed to report substantial pain.

Thirty-six subjects completed the experiment and were included in the final data set, with
fourteen being excluded. Five were excluded because they reported a 90 on the VAS, which
caused an automatic termination of the experiment for safety precautions. Eight subjects did not
report substantial pain. One subject was excluded because a computer error prevented the
completion of the experiment.

Of the archival subjects, there were 24 females and 12 males, with ages ranging from 17-
22 (M =18.7, SD = .86). Thirty-two were right-handed.

Participants who were excluded due to intense pain or insubstantial pain still provided
useful data for exploratory analyses. All subjects (with the exception of the one excluded from
computer error) were included in the analysis of finger size and pain ratings. Excluded subjects
were only used for this analysis, which could possibly serve to screen participants (i.e. excluding
a participant with small fingers because he/she would experience intense pain) in future studies.
The archival data set was used for all other analyses.

Survey Measures
Subjects were given three pencil-and-paper questionnaires.
A demographic questionnaire was used to report age, gender, ethnicity (Hispanic or

Latino/a or Not), racial category, and handedness.
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The intensity and unpleasantness of current and recent pain were reported in a separate
questionnaire, as well as the location of any current pain.

Subjects completed the Cognitive Failures Questionnaire (Broadbent, Cooper, FitzGerald
& Parkes, 1982). This data was recorded specifically to assess the distractibility subscore of the
questionnaire, which includes questions such as “Do you read something and find you haven’t
been thinking about it and must read it again?” (Wallace, Kass, & Stanny, 2002).
Visual Analog Scale and Pain Ratings

Subjects reported their pain on a digital VAS. All programming was completed using
LabView software (National Instruments). The VAS appeared on a computer monitor with the
left end labeled as “No Pain” and the right labeled as “The Most Intense Pain Imaginable”. No
other demarcations or labels were given. The VAS was presented on the screen as 23.5 cm in
length and 4.25 cm in height. It was given on a black background, and the VAS was grey when
empty. Pain ratings were reported during a run by moving a computer mouse to fill the VAS
with a red bar.
Pain Stimulus

The pain stimulus was applied by a Computer-Controlled Forgione-Barber Stimulator.
The apparatus was similar to the traditional Forgione-Barber stimulator (Forgione & Barber,
1971), the difference being that the applied force was digitally controlled (instead of manually),
and the force was applied through a pneumatic system rather than a series of weights on a lever.
Pressure was applied using a Thomas Ultra-Pac air compressor. The compressed air passed
through a mechanical valve limiting the pressure in the system to 11.5 psi. The pressure applied
to the subject was controlled with computerized valves. The experimenter was able to monitor

the applied pressure at all times with an analog pressure gauge.



INTERMITTENT VIBRATION AND PRESSURE PAIN 18

The pain stimulus was a hard plastic ridge with a radius of curvature of 2.25 mm, which
was applied to the dorsal side of the middle phalanx of a finger of the subject’s hand. The
stimulus was applied to the index and middle fingers of the left hand over the course of the
experiment. Participants placed his/her finger in an open cylinder with a diameter of 31 mm and
length of 57 mm which housed the plastic ridge. The apparatus could move towards or away
from the vibratory stimulus (described in the following section) along two plastic tracks secured
to the table. The subject’s hand rested on a table, palm down, while the stimulus was being
applied (Figure 1).

In a given run, the pressure was manipulated to elicit fluctuations in stimulus intensity
and pain ratings. The relationship between the pressure in the system and the force on the plastic
ridge was non-linear with the apparatus used, so forces were calibrated for each condition
sequentially using a digital balance. The pressures were calibrated to produce a 1.2 kg force for
75 seconds, followed by 0.48 kg for 17 seconds, 1.1 kg for 17 seconds, 0.48 kg for 17 seconds,
1.0 kg for 17 seconds, and 0.48 kg for a final 17 seconds. Each experimental run lasted 160
seconds. Changes in pressure were computer-controlled.

A parameter of the pressure stimulus was modified during data collection in response to
several subjects reporting intense pain. Changes between high and low pressure were virtually
instantaneous for the first 8 archival subjects, but the pressure changed more slowly
(approximately 250 g/second) for the remaining 28 subjects.

Safety Precautions
To protect the subjects from intolerable pain, the run and all continuing participation was

terminated if the subject flipped a toggle switch to cut off pressure to the ridge, requested the
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experimenter to end the run, or reported a pain rating of 90 on the VAS. All subjects were
informed of these three methods of ending their participation during the consent process.
Vibratory Stimulus

Vibration was applied using a circular contactor with a diameter of 15 mm, raised 1.0
mm above the table. The contactor protruded through a circular gap in the table with a diameter
of 45 mm. Subjects placed the base of the middle or index finger of the left hand (to correspond
to the finger used for the pain stimulus) palmar side down on the vibratory contactor (Figure 1).
60 Hz vibration was applied, and the system was calibrated for each subject to apply an
amplitude of 0.80 mm.

Application of vibration was controlled through the same LabView program that subjects
used to report the intensity of pain on the digital VAS. In all conditions, vibration could only be
applied in the final 100 seconds of the run; starting 60 seconds after the initiation of the run. The
final 100 seconds of each run was therefore termed the ‘vibration period’. The delay was
incorporated to allow pain intensities to stabilize before the experimental manipulation.
Experimental Design

The experiment consisted of four conditions, differing only with regard to when vibration
was applied. In the random condition (RAN), vibration was randomly applied for 25 seconds
during the final 100 seconds. The randomization was calculated in LabView at the start of the
run. No vibration (NO) was applied in a separate condition. In the increasing (INC) or
decreasing (DEC) condition, vibration was applied in response to a change of at least one pixel
on the VAS in the direction corresponding to the experimental condition. If the subject moved
the mouse so that its movement was not captured by a change of one pixel, the LabView

program recorded the change in pain rating, but no vibration was applied. The program
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compared the VAS ratings of two consecutive 0.1 second increments to determine if the
necessary condition was met, and if it was, would then apply vibration for 0.2 seconds. The
minimum possible vibration duration was 0.2 seconds; continuous vibration could be applied in
response to a continuous change of VAS rating.

Procedure

Subjects were given a brief description of the study upon entering the laboratory.
Specifically, all subjects were told that the purpose of the study was to examine moment-to-
moment fluctuations in pain and factors that can influence those fluctuations. However, subjects
were not told of the parameters of the experimental runs or the hypothesis that the effect of
vibration on pain is dependent on the context of its application. The surveys were completed
after the consent process. Subjects were then trained to use the VAS by completing an auditory
intensity rating task. Using a VAS labeled with “No Loudness” to “The Loudest Music
Imaginable”, subjects rated the loudness of a 108.5 second excerpt of Peter Ilyich Tchaikovsky’s
“Dance of the Reed Flutes”. The subjects listened to the music through Sennheiser 265 HD
Linear headphones, with the computer volume set to 80% of maximum. The presentation of the
VAS was identical to that in the experimental runs with the exception of the aforementioned
labels.

The widths of the index and middle finger were measured using a caliper while the
subject spread his/her fingers on the table. The caliper was tightened so as to be gently resting
on either side of the finger. Subjects’ fingers were marked on the dorsal surface of their fingers
to indicate placement of the plastic ridge before the experimental runs began. Over the course of
the four runs, the ridge was positioned 3 mm distal and 3 mm proximal from the center of the

middle phalanx of the index and middle fingers. Experimental conditions were assigned in
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random order. Position of the plastic ridge was assigned in pseudo-random order, with the
constraint being that the ridge had to alternate between index and middle fingers.

During each run, participants listened to moderate-loudness pink noise through
headphones to mask the sound of the vibratory stimulus and pneumatic pressure system. The
pink noise was generated using Rane AC22 and RA27 components. Low/Mid frequency was set
to 500 Hz.

All runs began with the plastic ridge already lowered on the subject’s finger. Subjects
continually rated their pain during the run using their right hand to control the mouse. Pain
ratings were recorded at 0.1 second intervals throughout the entire run. At the end of the run, the
subject removed his/her hand from the stimulator and was given a short break of approximately
five minutes. The plastic ridge was repositioned to stimulate the correct location on the finger
for the new run, and then the second run was administered using the same protocol. A 10 minute
break was given between the second and third runs, and another short break was given between
the 3 and 4" runs.

All procedures were approved by the Institutional Review Board at UNC-CH.

Analysis

Data from the surveys and pain ratings were analyzed using IBM SPSS 22 and Microsoft
Excel.

The effects of condition and run number were analyzed using repeated-measures
ANOVA tests. Where appropriate, post-hoc tests were run using pairwise comparisons of
estimated marginal means at a 95% confidence interval with Bonferroni corrections.

Results

Survey Measures
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Subjects reported an average distractibility of 16.4 (range: 7-30, SD = 5.1) from the
Cognitive Failures Questionnaire. 13 subjects reported pain at the time of the experiment (M =
11.1, SD = 12.6), but none reported pain in the left hand. The average diameter of subjects’
index and middle fingers of the left hand was 17.0 mm (SD = 1.5).

Manipulation Check

Changes in the pressure stimulus were performed to create large fluctuations in pain
ratings. If this was successful, more vibration would occur during the high pressure phases in the
INC run, and more vibration would occur during the low pressure phases in the DEC run. The
manipulation was tested by grouping the three high pressure phases (1.2 kg, 1.1 kg, 1.0 kg)
together and three low pressure phases (.48 kg, .48 kg, .48 kg) together (of the vibration period)
for separate analysis.

Overall, vibration duration (in seconds) for INC (13.34 £ 1.09) and DEC (13.93 £ 1.48)
were similar, and RAN displayed approximately twice as much vibration (26.78 + .70).
Vibration duration was significantly different across conditions in high, F(1.49,52.27) = 100.9, p
=.001, np? = .742 and low pressure phases, F(1.78,62.29) = 149.3, p = .001, ny>= .810. INC
(2.0 = .373) was significantly less than DEC (11.9 + 1.24) and RAN (14.1 £ .519) in low
pressure phases, and DEC (2.00 + .445) was significantly less than INC (11.4 + .973) and RAN
(12.7 £ .454) in high pressure phases (Figure 2).

The relationship between vibration duration and condition indicates that the pressure
manipulation produced the desired changes in pain, granting validity to the following analyses.
Pain Ratings

Pain during all four runs averaged 28.05 (SD = 13.3). During the experimental

manipulation (the ‘vibration period’), pain averaged 33.47 (SD = 14.6).
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The subjects who experienced the instantaneous changes in pressure experienced
significantly greater pain throughout the entire run than those who experienced gradual changes
t(34) = 2.86, p = .007. On average, instantaneous changes produced a pain of 38.8 (SD = 12.6),
and gradual changes produced a pain of 25.0 (SD = 11.9). Similarly, there was a significant
between-subjects effect when comparing pain of the vibration condition by the two pressure
paradigms with a 4 x 2 mixed-measures ANOVA, F(1,34) = 6.130, p = .018, np*> = .153.
However, there was no significant interaction effect, F(1.91,65.04) =.202, p=.808. When the
runs were ordered temporally and not by vibration condition, the same pattern existed. There
was a significant effect of pressure paradigm on pain ratings by run number, F(1,34) =8.19, p =
.007, np? = .194, and no significant interaction between pressure paradigm and run number,
F(3,102) = .319, p = .811.

Lacking a significant interaction effect, the subjects from both pressure paradigms were
grouped together for the main data analysis. All further analyses comparing the four vibration
conditions were completed using a one-way, repeated-measures ANOVA.

The main hypothesis of the experiment was that the vibration condition would affect pain
ratings during the run. There was no significant effect of vibration condition on pain ratings
during the vibration period, F(3,105) = 1.011, p = .391 (Figure 3). The effect of vibration
condition was also analyzed after normalizing the pain ratings in a given run by taking the
average of seconds 55-60, and dividing all pain ratings by that number. Since this was the time
period immediately preceding the vibration period, dividing all ratings by that average had the
effect of erasing any variance of rating before the vibration period. There was no significant

effect of vibration condition on normalized pain ratings, F(1.919,67.163) = 1.637, p = .203.
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Analyzing the effect of order on pain ratings did not require a normalization of ratings.
The independent variable (the order number) affected the run from start to finish, so there was no
need to normalize any variance at the beginning of the run. Order number also did not affect
pain ratings. There was no significant within-subjects effect of order on pain ratings, F(3,105) =
.865, p =.462 (Figure 4).

Fluctuations in pain ratings

Pain ratings were further analyzed by breaking down the run into high and low pressure
phases, in the same way that vibration duration was analyzed. Then, the changes in pain over the
course of a given phase was computed by subtracting pain at the beginning of the phase from
pain at the end of the phase. The difference from the three high pressure or three low pressure
phases were summed to give total pain increase and total pain decrease, respectively.

Increases during the high pressure phases were significantly different across conditions,
F(3,105) = 6.15, p = .001, np>= .149. RAN produced the smallest increase in pain ratings (17.80
+2.56). NO (30.47 £ 3.51) and DEC (29.77 £ 3.74) produced significantly larger increases in
pain. INC (26.58 £ 3.69) produced qualitatively larger increases in pain that approached
significance (Figure 5).

Vibration condition also had a significant effect on decreases in pain rating during low
pressure phases, F(3,105) = 2.931, p = .037, np? = .077. The overall effect was significant, but
the data did not hold enough power to determine which conditions were statistically significant.
Qualitatively, RAN (-19.28 + 4.40) produced the smallest decrease when compared to NO
(-31.77 +5.71), INC (-27.76 + 5.11) and DEC (-31.62 + 5.54) (Figure 5).

Fluctuations were also analyzed by grouping runs by order. Order had a significant effect

on increases in pain rating during high pressure phases, F(3,105) = 4.63, p = .004, np? = .117.
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The fourth run (32.92 + 3.67) produced significantly larger increases than the first (21.28 + 3.25)
and second (23.18 = 3.19) runs. The third run (27.24 £ 3.60) was not significantly different from
the fourth (Figure 6).

Order also had a significant effect on decreases in pain during low pressure phases,
F(3,105) = 4.70, p = .004, 0, = .118. The fourth run (-37.42 + 6.13) produced significantly
larger increases than the first (-21.06 + 4.43) and second (-23.40 £ 4.37) runs. The third run
(-28.58 * 5.56) was not significantly different from the fourth (Figure 6).

Pain Levels and Response to Vibration

Bini and colleagues (1984) reported that pain closer to tolerance level was less reduced
by vibration, so it was hypothesized that subjects who reported greater overall pain (0-160
seconds) would not be affected by vibration as much as those who reported less pain. The
analysis was done by subtracting the average pain rating of NO from average pain rating of the
three other conditions to assess the general response to vibration. Averaging the three conditions
did not raise concerns of variance because there was no significant effect of condition on pain
rating. Analysis of this response to vibration with overall pain showed no significant correlation
between the two variables, r(34) =.189, p = .271 (Figure 7).

Distractibility and Pain Perception

The distractibility subscale of the Cognitive Failures Questionnaire allowed comparison
of a participant’s distractibility and the response to vibration. Vibration has been hypothesized
to act at least in part through distracting the participant away from the painful stimulus, so
greater distractibility may have influenced response to vibration. No significant correlation was
observed between distractibility and response to vibration, r(34) = -.069, p = .691.

Distractibility was also not correlated with overall pain, r(34) =.179, p = .296.
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Finger Width and Overall Pain Ratings

Since the participants’ contact with the plastic ridge could change based on the width of
the subject’s finger, we hypothesized that finger width would be correlated with overall pain.
There was no significant correlation between finger width and overall pain when the archival
subjects alone were analyzed, r(34) = .006, p = .974.

However, many subjects were excluded based on pain ratings that were either too high or
too low. A separate analysis was completed using all participant data. Participants who reached
90 on the VAS were assigned a score of 90, and those who did not reach 10 in a run were
assigned a score of 10. In this analysis, finger width and overall pain was moderately correlated
in a negative direction, r(47) = -.439, p = .002. Larger finger width significantly predicted a
lower overall level of pain, R? = .193, F(1,48) = 11.239, p = .002 (Figure 8).

Discussion

Applying intermittent vibrations to fluctuating pain did not reduce or exacerbate
experimental pressure pain. Lacking an effect one way or the other, the question posed by
Hollins and colleagues (2011), of whether vibratory hyperalgesia was caused by increasing pain
or a central process in subjects who rapidly sensitize, could not be directly addressed. This study
was unique in applying intermittent vibrations during changing pain stimuli, so there is not a
large literature base to compare the results against. However, the prospect of minimizing
fluctuations in pain could be useful in a clinical setting. Attenuated fluctuations in pain would
create a more constant pain experience, which could allow for a more accurate management of
pain and an easier psychological control over it.

Also, our successful manipulation of pain intensity (and the subsequent application of

vibration) may be a more accurate representation of the spontaneous fluctuations in pain that
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patient populations experience (Apkarian et al., 2009) than the commonly-used static thermal
stimulus. Pressure pain is not as easy a modality to work with when compared to heat pain, and
working with it brings in a new set of variables like finger size and previous injury. However,
pressure pain more accurately represents the musculoskeletal pain so often seen in chronic pain
conditions like fibromyalgia. For that reason, the study into analgesic mechanisms specific to
pressure pain should be stressed in the context of chronic pain research.

Factors Related to Overall Pain

Many participants were excluded from the archival data set due to intense or insubstantial
pain. The significant correlation between finger width and overall pain (Figure 8) could allow
for a further screening measure to prevent exclusions in future studies of a similar setup. Such
an effect likely demonstrates a relationship between finger size and the area of contact between
the ridge and finger. A smaller area of contact would increase the pressure on the subject even
under the same force.

However, overall pain (0-160 seconds) was not correlated to a participant’s response to
vibration (Figure 7). Such an effect was observed by Bini and colleagues (1984), in which
vibration reduced pain that started at sub-tolerance level more than it did when pain began at
tolerance level. Their results may not have reflected a graded effect, but one specifically related
to tolerance. We did not measure tolerance levels directly in the present study, but it is safe to
assume tolerance was not reached, because participants were instructed to end their participation
if they were uncomfortable with what they were experiencing. Therefore, the wide range of pain
ratings would not affect response to vibration, because they were all at sub-tolerance levels. The
alternative is that since there was no effect of vibration overall, such a difference could not be

observed between high or low pain ratings even if the relationship exists.
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Intermittent Vibrations Do Not Change Overall Pain

No application paradigm of vibration produced a significant change in pain during the
vibration period. A lack of effect is in contradiction with many previous studies, which have
shown vibration to decrease pain (Hollins et al., 2014; Bini et al., 1984) or increase pain in
certain participants (Hollins et al., 2011). A lack of effect may be a result of the short overall
duration of vibration. Depending on the condition, subjects experienced approximately 14 or 27
seconds of vibration during the 100 second manipulation. This is in contrast to 80 seconds of
vibration applied to a pressure pain that produced a median of 10% pain reduction (Hollins et al.,
2014). If vibration duration has a linear relationship with the magnitude of analgesia, only a 3%
decrease would be expected, which would likely not be detected with the number of subjects run.

An alternative hypothesis is that fluctuating pain decreases the efficacy of vibratory
analgesia. Large changes in pain could prompt participants to attend to their pain, which has
been shown to erase any analgesic effects of brief vibration (Longe et al., 2001). If that was the
case, analgesic effects may be strengthened by instructing participants to either attend to the
vibratory stimulus or a neutral stimulus.
Intermittent Vibration and Order Affected Pain Fluctuations

Vibration did decrease both positive and negative fluctuations in pain during RAN. The
other vibration conditions did not produce a significant difference in fluctuations, but
qualitatively the changes were smaller than during NO. The disparity between conditions may
be due to the longer vibration application during RAN, or a distraction phenomenon arising from
the unpredictable stimulus.

It is important to note that the effect did go both ways, so that decreases in pain were

smaller during RAN as well (Figure 5). Attenuated analgesia would, of course, not be an ideal
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effect of a therapy. Again, the result may be due to the unpredictable stimulus distracting
participants away from the changes in pressure, or the vibration could be interacting with the
endogenous mechanism of offset analgesia. The relationship between pressure and pain intensity
during offset analgesia is likely different than that of heat and pain. The pressure stimulus
pushes down on the finger to change its conformation, exposing different tissue and stimulating
different populations of afferents as the ridge “settles”. Conformational changes in the finger
would explain the continuous increase in pain during the first 60 seconds (Figures 3,4). Even so,
pressure offset did produce noticeable decreases in pain, which were attenuated by vibration.
Further studies would need to find a way to produce an additive (instead of a cancellation) effect
of offset and vibratory analgesia to crease a useful treatment.

The other issue to consider with offset analgesia is that, during rapid changes of thermal
stimuli, the effects were seen to last up to 15 seconds (Grill & Coghill, 2002). Pressure changed
every 17 seconds during the vibration period, so the effect of one change could blend into the
next pressure phase. Also, if stimulus fluctuations can bidirectionally modulate the pain
response (Vierck et al., 2010), it is possible that the sensitization from the high pressure and
analgesia from the low pressure cancelled each other out over the course of the run. Such
considerations could be further explored by extending the time of each pressure phase to better
isolate the effects of one change. This would come at the cost of pain leveling out at the end of
each phase, so high or low pressure could not be accurately described as increasing and
decreasing pain periods.

Although it was not a factor planned at the beginning of the study, the order of runs also

showed a significant effect on the magnitude of pain fluctuations. The final run, which would
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have a randomly assigned vibration condition, displayed the greatest increases and decreases in
pain, even though the overall pain throughout the run was no different (Figure 4).

Qualitatively, each consecutive run produced larger pain fluctuations than the previous
one. A pattern like this would suggest a sensitization-like effect, but one would assume that
sensitization would translate to overall pain levels as well. Like sensitization phenomena in
other studies (Price et al., 1977), the effect seems to be an artifact of a central mechanism,
because runs alternated fingers. A peripheral mechanism would likely show the 1%t and 2", and
the 3 and 4™ to be the same.

Since the analyses of run order were a product of the data and not manipulated in
isolation, a concrete explanation is not possible. One possibility is that participants grew more
accustomed to the procedure with each consecutive run, so they attended more to the pressure
fluctuations instead of their pain. Another explanation is that the mechanisms behind central
sensitization interact with offset analgesia, and increased sensitization increases offset analgesia.
Such an interaction would support Grill and Coghill’s initial hypothesis (2002) that offset
analgesia could act to reinforce escape behavior. Sensitization occurs when a noxious stimulus
is presented repeatedly, and recurrent damage would be a strong cue for escape from that
environment.

Conclusions

A lack of overall pain modulation does not discredit vibratory analgesia. Intermittent
application would not allow for the residual analgesia found by Bini and colleagues (1984) that
was proportional to duration, and the current paradigm just may not produce a noticeable effect

size. Changes in pain fluctuations support that even with the current experimental setup,
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significant pain modulation is taking place. What remains to be seen is whether shrinking
fluctuations would reduce unpleasantness of pain in a clinical setting.

Since the manipulation of pain fluctuations was effective in the current study, follow-up
studies with alterations in vibratory application could clarify the relationship between vibration
duration and pain fluctuations. It is possible that the primary question, that vibration during
increasing or decreasing pain modulates pain differently, could be clarified if vibration was
applied constantly during high or low pressure phases. Also, the phenomenon of RAN
producing a larger effect merits further study. It is possible that the unpredictable nature of
random vibration caused greater distraction to account for the larger effect, or simply the longer
application. RAN produced twice as much vibration as INC or DEC so that high (for RAN and
INC) and low (for RAN and DEC) pressure phases would have the same amount of vibration
(Figure 2), but equalizing all three conditions could clarify this point.

The current study applied vibration to patients that were also affected by the endogenous
mechanisms of offset analgesia (from the pressure fluctuations) and possibly sensitization (from
the repeated runs). Although many chronic pain patients display a reduction of endogenous
analgesic mechanisms (Niesters et al., 2011), a combination of mechanisms may provide

significant relief for these patient groups.
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Figure 1. Setup of apparatus, with placement of pressure and vibratory stimulus. The pressured

plastic ridge was placed on a participant’s index and middle finger (a) while his/her arm was laid
palmar side down on a table (b). The vibratory stimulus was applied to the palmar surface of the
metacarpophalangeal joint of the corresponding finger (c). The pressure stimulus could be

moved forwards and backwards on tracks to line up the two stimuli appropriately (d).
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Vibration condition did not significantly affect pain ratings.
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Figure 5. Fluctuation in pain during high or low pressure conditions by vibration condition.
Pressure changes are displayed as absolute values, but all low pressure changes represent
decreases in pain. Error bars denote SEM.

* denotes p < .05
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Figure 6. Fluctuation in pain during high or low pressure conditions by run order. Pressure
changes are displayed as absolute values, but all low pressure changes represent decreases in
pain. Error bars denote SEM.

* denotes p < .05

** denotes p < .01
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Figure 7. Average pain over all four runs was not significantly correlated with the change in
pain from vibration. Change in pain in response to vibration was calculated by subtracting the

average pain of NO from the average pain of the three vibration conditions.
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Figure 8. Correlation between average finger width and overall pain. Excluded subjects were
assigned a pain of 90 if exclusion was due to reaching 90, and 10 if the subject failed to reach 10
during a run. Regression analysis shows finger width to significantly predict overall pain.

*p=.002





