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Abstract

Quantifying pain through assay of a human’s or animal’s response to a known stimulus as a
function of time of day is a critical means of advancing chronotherapeutic pain management.
Current methods for quantifying pain, even in the context of etiologies involving deep tissue,
generally involve stimulation by quantifiable means of either cutaneous (heat-lamp tests, electrical
stimuli) or both cutaneous and subcutaneous tissue (von Frey hairs, tourniquets, etc.) or study of
proxies for pain (such as stress, via assay of cortisol levels). In this study, we evaluate the
usefulness of intense Focused Ultrasound (iFU), already shown to generate sensations and other
biological effects deep to the skin, as a means of quantifying deep diurnal pain using a standard
animal model of inflammation. Beginning five days after injection of Complete Freund’s Adjuvant
into the plantar surface of the rat’s right hind paw to induce inflammation, the rats were divided
into two groups, the light-phase test group (09:00h—18:00h) and the dark-phase test group
(23:00h-06:00h), both of which underwent iFU application deep to the skin. We used two classes
of iFU protocol, motivated by the extant literature. One consisted of a single pulse (SP) lasting
0.375 seconds. The other, a multiple pulse (MP) protocol, consisted of multiple iFU pulses each of
length 0.075s spaced 0.075s apart. We found the night group’s threshold for reliable paw
withdrawal to be significantly higher than that of the day group as assayed by each iFU protocol.
These results are consistent with the observation that the response to mechanical stimuli by
humans and rodents display diurnal variations, as well as the ability of iFU to generate sensations
via mechanical stimulation. Since iFU can provide a consistent method to quantify pain from
deep, inflamed tissue, it may represent a useful adjunct to those studying diurnal pain associated
with deep tissue as well as chronotherapeutics targeting that pain.
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INTRODUCTION

Many symptoms of inflammation-based pain diseases such as rheumatoid arthritis and
fibromyalgia exhibit circadian rhythms (Spies et al., 2010; McLean et al., 2005; Bellamy et
al., 2004). As such, the diurnal variation of pain has received much scrutiny, through direct
study of humans as well as via animal studies (human studies: Bachmann et al., 2011;
Bruguerolle and Labrecque, 2007; Bellamy et al., 2004; Strian, 1989; animal studies:
Millecamps et al., 2005; Perissin et al., 2004; Nagakura et al., 2003, Perissin et al., 2003,
Crockett et al 1977; Frederickson et al 1977; Konecka and Sroczynska 1998, Christina et al
2004). For example, numerous studies of the hypothalamic-pituitary-adrenal (HPA) axis
have shown that many painful diseases exhibit circadian rhythms due to contributions from
chronic stress, leading to a particularly active area of research in this field (McBeth et al.,
2005; Bomholt et al., 2004; Sarlis, 1992). With an appreciation of the existence of diurnal
pain rhythms comes the motivation for chronotherapeutic approaches to the treatment of
pain, with particular attention paid to maximizing drug effects by administration at optimal
times of day (Junker and Wirz, 2010; Boom et al., 2010; Karakucuk et al., 2006; Levi et al.,
1985; Kowanko et al., 1981).

Current methods for quantifying pain in research, even in the context of etiologies involving
deep tissue, generally involve application of a quantifiable source of stimulation of to
cutaneous (heat-lamp tests) or to both cutaneous and subcutaneous tissue (von Frey hairs,
tourniquets, etc.) or, by monitoring proxies for pain such as stress (Bruguerolle and
Labrecque, 2007, Mellor et al., 2000). However, these methods are often inaccurate or
incomplete tests for pain originating in deep tissue because they either do not specifically
quantify the pain source of interest, or because they are only surrogate measures of pain.

Quantifying pain is also of clinical importance, and new techniques for this have recently
emerged. These include biochemical sampling at trigger points to examine —near real-time
concentrations of inflammatory markers and pH as compared with normal muscle tissue, as
well as making use of magnetic resonance elastography and sonography to quantify
variations in tissue stiffness as it relates to deep pain (reviewed in Basford and An, 2009).

Previous studies assessing diurnal pain variation in rats and mice through physical tests have
utilized hot-plate or light tests (Crockett et al 1977; Frederickson et al 1977; Kubynin and
Ignatov 1995, Konecka and Sroczynska 1998, Christina et al 2004) as well as mechanical
compression and electrical stimulation of the base of a rat’s tail (for example, Kubynin and
Ignatov, 1995). These approaches provide a useful metric for general pain measurement, but
are non-specific and have little relevance for clinical usage. Moreover, there is little
consensus in the literature about the specific trend observed in rodents regarding timing of
highest and lowest sensitivity to stimulation. For example, some studies whose focus is heat
stimulation have found that shortest latency times occur during the light-phase (Frederickson
et al 1977; Crockett et al. 1977) and others during the dark-phase (Christina et al 2004).

With these challenges of experimental design and clinical practice in mind, we sought here
to take the first steps towards testing the potential usefulness of intense focused ultrasound
(iFU) as a quantifiable source of stimulation, capable of reliably interacting with deep,
painful tissue without stimulating adjacent tissues.

iFU has already been shown to stimulate deep tissue, focusing its ultrasonic energy in a
manner consistent with mechanically-based stimulation of tissue within a spot
approximately the size and aspect of a grain of rice, with its focus at a prescribed depth
below the surface of the skin (Dalecki, 2004; Wright et al., 2002; Davies et al., 1996;
Gavrilov et al, 1996; Gavrilov et al., 1977). (Used with greater power, high intensity focused
ultrasound — HIFU — can destroy deep tissue such as tumors without affecting intervening
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tissue — through a combination of heat (Ward, 2011; Orsi et al., 2010; Kennedy et al, 2003)
and cavitation, by Hynynen, 1991, who also established the threshold for HIFU-induction of
cavitation /n vivo). Because the output of the transducer can be characterized through
standard means one can quantify the amount of iFU delivered to the tissue of interest (Sutton
et al., 2006; Hill et al., 1994). In this way, iFU may be used to quantify thresholds for
stimulation of deep tissue in anatomically specific way, giving iFU potential applicability
for both researchers and clinicians.

While already shown to stimulate deep, healthy tissue, iFU has not been used to
differentially stimulate inflamed tissue, nor has that stimulation been shown to vary in a
diurnal way. We demonstrate both, here. Specifically, we have tested the hypothesis that
stimulation generated by each of a single acoustic pulse as well as a series of iFU pulses
preferentially stimulates inflamed tissue relative to contralateral tissue in an animal model of
inflamatory pain, and that the amount of iFU necessary to stimulate inflamed tissue exhibits
a diurnal pattern. As such, our results suggest that researchers could use iFU as a way to
quantify diurnal pain patterns from deep tissue by providing a consistent method by which
researchers can accurately and objectively stimulate deep inflamed tissue.

MATERIALS AND METHODS

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committees
(IACUC) of both the University of Washington and the Veterans Administration of Puget
Sound as well as conformed to relevant national guidelines.

Adult male Fischer rats (Charles River) weighing approximately 180g were housed 3 per
cage under housing conditions of 12h light:12h dark (light on at 06:00h and light off at
18:00h) and temperature of 20-22 °C. Animals were kept at this standardized light/dark
regimen for at least one week to establish synchronization. The animals had free access to
food and water.

Animal Model of Peripheral Inflammatory Pain

Thirty-two adult male Fischer rats (approximately 180 g, Charles River) were used for the
study. The rats were deeply anesthetized with a 5% isoflurane (Pitman-Moore, Mundelein,
IL) and oxygen mixture via nose cone for induction and 2% isoflurane for maintenance of
the anesthetic plane. Inflammation was induced using methods adapted from Nagakura et al.
0.2 ml of Complete Freund’s Adjuvant (CFA, Sigma Aldrich) was injected subcutaneously
over 45 seconds into the plantar surface of the right hind paw at the base of the toes using a
25 g 5/8” needle. This produced significant inflammation throughout the right hind paw —
from skin to periostium — relative to the left (Nagakura et al., 2003).

Ultrasound Devices and Acoustic Protocols

In order to apply ultrasound for stimulation we used the inner element (22.6 mm inner
diameter, 48.5 mm outer diameter) of a two-element, 2 MHz annular array transducer
(H-106 S/N-01, Sonic Concepts, Inc., Woodinville, WA), placed within a brass housing that
facilitated hand-held deployment of the device. The radius of curvature of the device
measured 62.6 mm. We quantified the focus of the device (Figure 1) using numerical
simulations (Kossoff, 1979; O’Neil, 1949, using MATLAB, The Mathworks, Inc, Natick,
MA\), appropriate at the relatively high intensities given off by our transducer (Sutton et al.,
2006; Hill et al., 1994). The transducer had its focus at 7.0mm beyond the proximal surface
of the device, with less than twenty percent of the intensity of the ultrasound at the focus
found at that surface.
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The transducer was driven by two function generators (33120A, Hewlett Packard/Agilent,
Palo Alto, CA) and an amplifier (A150 RF Power Amplifier, ENI, Chesnut Ridge, NY). The
first generator gated the pulse to a specific duration. The second generator, in series with the
first, modified the acoustic output and ensured that the pulse was emitted at a specific
frequency. The amplifier increased the signal from the function generators and sent it to the
solid cone device. An oscilloscope (Wave Runner LT 322, LeCroy, Chesnut Ridge, NY)
measured the duration of the pulse, its carrier frequency and the voltage delivered to the iFU
device by the amplifier during each experiment. This voltage was correlated to acoustic
intensity emitted by the iFU device via a force balance’ technique (Sutton et al., 2006; Hill
etal., 1994). In particular, the displacement of a scale produced by ultrasound energy
emitted by the device, along with mathematical calculations of the spatial distribution of
ultrasound energy (the half-maximum-pressure contour — Figure 1), is translated
mathematically into a measure of intensity (Isata)- Specifically, Isata is the spatially and
temporally averaged intensity over the area enclosed by the half-pressure-maximum contour
in the focal plane, a standard measure of ultrasound intensity. We have also measured the
peak positive and peak negative pressures associated with representative intensity values
(Table 1) using a calibrated hydrophone (Onda, Sunnyvale CA), using linear extrapolation at
large values of pressure and intensity.

The paw withdrawal data were collected for two acoustic protocols. One protocol consisted
of multiple pulses (MP) made up of five 0.075-second pulses spaced by 0.075 seconds,
similar to those previously used by other researchers (Dalecki, 2004; Wright et al., 2002).
The other acoustic protocol consisted of a single pulse (SP) with length of 0.375 seconds,
motivated by protocols explored by Gavrilov, Wright, Dalecki and colleagues (Wright et al.,
2002; Dalecki et al., 1995; Davies et al., 1996; Gavrilov et al., 1996; Wright et al., 1993;
Wright and Davies, 1989).

iFU Application to Rats

Beginning five days after CFA injection, the rats were divided into two groups, the light-
phase group and the dark-phase group. The testing was done in the time between 10:00h and
16:00h for the light-phase group and between 23:00h and 04:00h for the dark-phase group.

We habituated sets of three rats to their free-ranging presence within individual cages
containing three separate enclosures, each with a mesh bottom whose individual holes were
large enough to allow the researcher to pass through the proximal tip of the ultrasound
device to the bottom of the rat’s feet (Figure 2). We also habituated the rats to the touch,
through the mesh, of the iFU transducer and acoustic gel (Aquasonic 100 Ultrasound
Transmission gel, Parker Laboratories Inc.) to the plantar aspect of the rat’s paw (again
Figure 2). After habituation we again placed the proximal surface of the device up through
the holes within the bottom of the mesh cage until that proximal surface touched the bottom
of one of the rat’s hind paws, using ultrasound gel to ensure adequate coupling. (Note that if
during the iFU test procedure a rat began to withdraw its paw in response to contact with the
device plus gel but without iFU application, it was re-habituated to the touch of the device
plus gel before re-starting iFU threshold testing.) This time we applied one of our MP or SP
acoustic protocols to the plantar surface of the paw. During and immediately after iFU
application we looked for an immediate and rapid withdrawal of the stimulated hind paw,
before returning to the other hind paw in each of the three rats after a minimum of 30
seconds. In the absence of a hind paw withdrawal response the intensity of ultrasound was
increased in increments beginning at 30% and tapering to 10% increase as intensity
increased, starting with an initial acoustic intensity of approximately 50 W/cm?. Rats
showing only one out of two withdrawal responses to a given level of iFU stimulation at a
given power by a given paw were considered negative tests and the intensity was increased
as described until the minimum iFU threshold intensity at a given duration was achieved that
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induced two consecutive withdrawal responses from a given paw. If rats withdrew both hind
paws to a given iFU intensity the acoustic intensity was decreased and iFU was re-applied
until only one paw withdrawal response was observed twice after each of two consecutive
applications of iFU to that paw or we determined that we could not identify a single
sensitive paw. In our experience this entire experimental procedure required one to two
hours of effort.

The intensity and dose of iFU that caused two consecutive withdrawals on the same paw for
a given rat was defined as the iFU threshold value for that rat on that day. iFU was then
applied six more times at that same intensity to facilitate calculations of sensitivity and
specificity. We applied the MP and SP protocols to each rat on separate testing days. No rat
received an entire iFU test more than once per day, with at least 1 day between each test.
After testing, rats were returned to their cages and then returned to the animal housing
facility.

Data Analysis

RESULTS

Data was entered into an Excel (Microsoft, Redmond, WA) spreadsheet where the intensity
and acoustic dose at each acoustic protocol were calculated, reported as aggregates in terms
of means + standard deviation. The acoustic dose was defined as the time duration of iFU
application multiplied by the intensity. Differences in intensity and acoustic dose between
groups were evaluated by analyses of variance with the Student’s t-test used for appropriate
post-hoc comparisons (GB Stat; Dynamic Microsystems; Silver Springs, Maryland).
Differences between two groups of data are reported as statistically significant if the p-value
is smaller than the significance level of 0.05.

The sensitivity and specificity of iFU application to the paws were calculated using data
from the first two consecutive withdrawals that identified a given iFU threshold value as
well as the subsequent six iFU applications of that same iFU threshold value to each of the
rat’s rear paws. Sensitivity was defined as the number of withdrawal responses on the
injured paw to the threshold intensity divided by the total applications to that paw at that
intensity. Similarly, the specificity was defined as the number of applications of iFU at the
threshold intensity to the uninjured paw that elicited no response divided by the total number
of applications to that paw.

Diurnal variation of iFU thresholds

Twenty-three rats were tested during the dark-phase and nine rats were tested during the
light-phase, in order to manage the observed larger variance in iFU thresholds we observed
for the dark-phase group in a manner consistent with Fitts (2010). iFU thresholds values of
intensity and acoustic dose for both SP and MP protocols vary significantly (P < 0.05)
between day and night (Fig. 3 and Fig. 4). Specifically, the thresholds of intensity and
acoustic dose during the dark-phase for both SP and MP protocols are significantly higher
than those during the light-phase (Table 2 and 3, respectively).

All rats withdrew their inflamed paw first after sufficient application of iFU, thereby
defining the iFU threshold value. Combining that initial behavioral data with the additional
six iFU applications described above, the average sensitivity and specificity measured
greater than 89% for the SP protocol and 95% for the MP protocol for the light-phase rats
(Table 4 and 5). The average sensitivity and specificity measured greater than 88% for the
SP protocol and 73% for the MP protocol for the dark-phase rats. Student’s t-test highlighted
a significant difference between the sensitivity and specificity of the dark-phase versus the
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light-phase group for each of the MP protocol (Table 5) though not for the SP protocol
(Table 4).

DISCUSSION

We have tested /7 vivothe hypothesis that stimulation by intense focused ultrasound (iFU)
favors inflamed tissue relative to contralateral, uninflamed tissue, and that that stimulation
exhibits diurnal variability. Specifically, the rats always withdrew their sensitized paws first
to iFU stimulation; this withdrawal occurred at lower intensity and dose values of iFU
during the light phase than the dark phase. The increased variance in the results and reduced
sensitivity and specificity during the dark phase relative to the light phase is consistent with
the nocturnal nature of the rodents we tested, where greater activity, hence distractibility,
among other factors, offers a plausible explanation for their response to iFU stimulation
(Moont et al, 2010).

As to how iFU generates a sensation with diurnal variability, we note that studies of the
circadian variation in experimental pain show a variety of results for both humans and
rodents as a function of stimulation source (Bruguerolle and Labrecque, 2007; Kubynin and
Ignatov 1995; Strian, 1989). Interestingly, thermal stimuli (both hot and cold) generally fail
to generate responses with a diurnal component for humans, with mixed results for rodents.
Instead, mechanical stimulation has a well-documented diurnal rhythm in a manner
consistent with our results. (See also Kubynin and Ignatov (1995), who observed a reduced
sensitivity of rodents to mechanical stimulation during the dark phase relative to the light
phase.) Studies of stimulation by iFU support the view that it is iFU’s ability to
mechanically palpate tissue within its focal region via the acoustic radiation force that
generates sensations (Dalecki, 2004; Wright et al., 2002; Davies et al., 1996; Gavrilov et al.,
1996; Gavrilov et al., 1977). Also, cavitation is an unlikely mechanism of mechanical
stimulation, given the work of Hynynen (1991). Specifically, he showed /in vivothat at 1
MHz one would require a minimum dose of 800 W/cm? applied for one second to generate
cavitation. The dose values we required to generation sensations measured substantially less
than this threshold value except for a few data points. Our work here is therefore consistent
with the view that iFU represents a mechanical source of stimulation via tissue palpation
induced by the acoustic radiation force.

With regard to the safety of this procedure, we note that a number of authors have applied
comparable amounts of ultrasound to themselves and to test subjects without incident
(Dickey et al, 2012; Dalecki, 2004; Wright et al., 2002; Davies et al., 1996; Gavrilov et al.,
1996; Gavrilov et al., 1977). Moreover, Foley et al (2008) found that an intensity of 7,890
W/cm? and duration 5 seconds [hence a dose of almost 40,000 (W*s)/(cm?)] was required to
cause acute damage to peripheral nerves. This is well beyond the intensity and dose values
we (or anyone else, to our knowledge) have used to generate sensations with iFU. Therefore,
extant evidence suggests that eventual use of iFU in the clinic with amounts of ultrasound
comparable to what we used here will likely be safe. Useful next steps would include
experimental measurement of the margin of safety of iFU’, that is, determination of how
much iFU is required to cause damage relative to that necessary to generate reliable
sensations.

CONCLUSION

The response to intense focused ultrasound stimulation of deep tissue exhibits a diurnal
variation. Given that ultrasound can be applied deep to the skin and can also be quantified,
these results suggest that iFU may one day serve as a useful tool for animal and human
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research targeting the study of diurnal variations of deep pain as well as the study of
therapeutic interventions sensitive to those diurnal variations.
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Figure 1. Characterization of the stimulating ultrasound iFU field

(A) Two-dimensional mathematical simulation of the intensity field of our iFU transducer as
a function of the transverse distance across the transducer face and the axial distance from
the transducer, through the proximal surface of the cone (at 55 mm) to the focus of the
transducer (at 62 mm) and beyond. (B) Plot of intensity versus axial distance from the
proximal face of the ultrasound delivery system, calculated along the center of the
ultrasound field. (C) Plot of calculated intensity distribution at the focus as a function of the
transverse distance.
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transducer

Figure 2. Photograph of our experimental design

Here a rat resides within in a Plexiglas box on top of a perforated aluminum plate. The holes
in the plate allowed us to deliver ultrasound to the plantar aspect of the rat’s paws in a serial
fashion, using our iFU device. That device consists of a transducer — characterized in Figure
1, covered by a water-filled cone to facilitate propagation of the ultrasound from the
transducer into the rat’s paw, as well as to aid in the aiming of the iFU into the paw.
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Figure 3.

Comparison of the intensity and acoustic dose of iFU necessary to produce a reliable
withdrawal response in animals using the single pulse (SP) protocol, for the dark-phase

group of rats versus the light-phase group of rats.
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withdrawal response in animals using the multiple pulse (MP) protocol, for the dark-phase

group of rats versus the light-phase group of rats.
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Relationship between intensity, peak positive pressure and peak negative pressure.

Table 1

Intensity (W/cm?2) | Peak positive pressure (MPa) | Peak negative pressure (MPa)
250 0.96 -0.85
500 1.39 -1.18
750 1.76 -1.45
1000 2.06 -1.66
1250 231 -1.80
1500 * 261 -1.97
2000 * 3.27 -2.32
2500 3.87 -2.67
3000 4.47 -3.02

*
extrapolated values
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