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Background: Cryoneurolysis uses tissue cooling as an opioid-sparing, long-lasting treatment for peripheral nerve pain. A nerve-
selective method for cryoneurolysis by local injection of ice-slurry was developed to allow cryoneurolysis to be performed with a
standard needle and syringe, similar to peripheral nerve blocks. Since the treatment of patients with chronic pain may require repeated
injections, we investigated the safety and tolerance of repeated treatments in a rat model.

Methods: Three repeated ice-slurry treatments, given 6 weeks apart were performed around the rat sciatic nerve. Nerve and
surrounding tissues were collected up to 4 months after the third treatment for analysis. Coherent anti-Stokes Raman scattering
(CARS) microscopy was used to study effects on myelin sheaths and axon structure. Immunofluorescence (IF) staining was used to
study effects on axon density. Hematoxylin and Eosin (H&E) staining was used to examine histologic effects on sciatic nerve and
surrounding tissue.

Results: Histologic and CARS image analysis of nerve tissue collected months after three injections demonstrated recovery of nerve
structure, myelin organization and axon density to baseline levels, without any residual inflammation, scarring or neuroma formation.
No inflammation or scarring was detected in surrounding skin and muscle tissues.

Conclusion: Repeated ice-slurry injections cause temporary, nerve-selective and reversible changes in the peripheral nerve. There
was no histologic damage to surrounding skin and muscle tissues. Repeated treatments with injectable ice-slurry for cryoneurolysis
appear to be safe and well tolerated. Clinical studies for patients with chronic pain are warranted.
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Introduction

Cryoneurolysis is an opioid-sparing therapy for long-lasting reduction of peripheral nerve pain. In recent years,
cryoneurolysis has re-emerged as an addition to multimodal analgesic regimens for pain control, as it is able to achieve
long-lasting analgesia.'> Cryoneurolysis is currently being used in some treatment centers to control post-operative pain,
peripheral neuropathic pain, chronic refractory neuropathic pain, post-herniorrhaphy pain, knee osteoarthritis pain and
other pain syndromes.>® In its current form, cryoneurolysis requires direct nerve-contact and freezing with an extremely
cold cryoprobe (—60°C and below) to provide long-lasting analgesia.” ° However, the extreme cold temperature of these
cryoprobes is not nerve-selective and can damage any tissue near the target nerve.'® Damage to surrounding tissue like
muscle (myonecrosis), blood vessels (bleeding, hematoma), and skin (hyper- and hypopigmentation, ulceration, scar
formation, alopecia) has been reported with cryoprobe cooling.'®'? In addition, these techniques are highly dependent on
the skill of a trained operator able to visualize the nerve location, and are relatively time-consuming, thus limiting their
use as a practical pain management modality.'*° Also, capital equipment and expensive probes for each freezing cycle
are needed, further limiting their use in pain management. The limitations of current cryoneurolysis methods have caused
them to fall into disuse as means of producing long-lasting pain relief.
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In contrast, injection of local anesthetics induces selective nerve block for effective pain relief, but they are short
acting. The longest injectable anesthetic works only for 48—72 hours, compared to months of pain relief achieved by
cryoneurolysis.'* Advantages of anesthesia by local injection include nerve-selectivity, and being a common and
practical procedure familiar to most physicians. If a nerve-selective, injectable form of cryoneurolysis existed, the
procedure could be as familiar and practical as injection anesthesia for nerve block, with the added advantages of very
long duration and complete recovery of nerve.

We developed a novel injectable and nerve-selective method of cryoneurolysis that overcomes the limitations of currently
available techniques.'* A biocompatible ice-slurry is locally injected, consisting of a homogeneous suspension of small ice
particles in an electrolyte solution. The high latent heat of fusion of water (334 J/g) extracts large amounts of tissue heat during
ice melting, while clamping temperature just below 0°C. The advantage of performing cryoneurolysis by injection is more
than a convenience. Being a fluid suspension, ice slurry can infiltrate by flowing around the target nerve, unlike the extremely
cold cryoprobe devices now held in direct contact with nerves. In addition, use of a standard hypodermic needle and syringe,
routinely used by pain physicians, can make ice-slurry treatment more familiar and easily performed at potentially lower cost.

We have used the sciatic nerve model to demonstrate the feasibility, safety, and effectiveness of ice slurry injection in
selectively targeting peripheral nerves via cryoneurolysis after a single injection.'* However, many patients with chronic
pain are likely to require multiple treatments over time to maintain pain reduction. Therefore, we studied the selectivity
and recovery after repeated treatments with ice-slurry injection.

Methods

Adult male Sprague-Dawley rats 200-250g and 7-8 weeks old were purchased from the Charles River Laboratories
(Wilmington, MA). Animals were housed under pathogen-free conditions in an animal facility at the Massachusetts
General Hospital in accordance with animal care regulations. Total of 13 animals were used in this study. Animal studies
were approved by Massachusetts General Hospital IACUC, and followed the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health. Slurry composed of normal saline (0.9% sodium chloride) and
10% glycerol was produced using a sterilized commercial slurry maker (Vollrath Frozen Beverage Dispenser; Vollrath Co,
LLC, Sheboygan, WI) and a sterilized commercial blender (HGB150, Waring Commercial, Torrington, CT) as described
previously.'* Briefly, room temperature sterile normal saline with 10% glycerol solution was added into the sterile slurry
maker which was cooled with constant mixing to produce the ice slurry of about 50% ice-content. The slurry mixture was then
blended in the sterile blender to create an injectable ice slurry with 40% ice-content. Ice-particle size was controlled by
blending to produce slurry with ice-particle size that was consistently injectable through a 15-gauge needle. Slurry temperature
was measured with a thermocouple (Omega, USA). Rats were injected with 15mL of —5°C ice slurry with 40% ice content or
the identical composition and volume at room temperature (control solution), around the sciatic nerve using 15-gauge needle
as previously described.'* Total of 3 injections were performed, 6-weeks apart. Coherent Anti-Stokes Raman Scattering
(CARS) microscopy was used to assess myelin and nerve structure as previously described.'*'® Briefly, the CARS microscope
used a confocal microscope (Olympus FV1000, Center Valley, PA) modified with a dual output femtosecond pulsed laser
system (Spectra-Physics Insight DeepSee, Santa Clara, CA) to generate Raman signal from myelin sheath lipids via CH bond
vibrational modes. Depth stacks were acquired from the surface of the nerve to 20pm within the tissue at 1-um intervals,
resulting in 21-frame image stacks. The volumetric image sets were projected to 2D images, using false color to denote depth
within the stack: cyan features are most superficial, while red features are deeper within the tissue. A series of three such
images were acquired from each sample. The corrected correlation parameter (CCP) was extracted to assess myelin structure
following the methodology described previously.'*'> Briefly, CCP corresponds to orderly structure of myelin sheaths.
Samples of treated and untreated sciatic nerve, and of surrounding skin and muscle tissue were also processed and embedded
in paraffin, and sectioned at Spm. Sections obtained from sciatic nerve, skin and muscle samples were then deparaffinized, and
stained with hematoxylin and eosin (H&E). For Immunofluorescence (IF) staining, sciatic nerve samples were deparaffinized,
rehydrated and incubated in Cytomation Target Retrieval solution (DAKO, Carpinteria, CA) at 98°C for 30 minutes for
antigen retrieval. Sections were permeabilized with 0.1% Triton X-100 in Tris-buffered saline for 15 minutes, blocked with a
solution of 10% goat serum, 3% bovine serum albumin, 0.1% Tween-20 in Tris-buffered saline for 30 minutes, and treated
overnight at 4°C with primary anti-rat antibodies (See Supplementary Table 1). Sections were washed in 0.01M PBS and
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fluorescent secondary antibodies were applied for 2 hours at room temperature. Sections were washed in 0.01M PO4 PBS,
and VECTASHIELD Mounting Medium (Vector Labs, Burlingame, CA) was applied. An Olympus Fluoview FV1000
(Olympus, Center Valley, PA) laser scanning confocal microscope with IX81 inverted microscope base was used, with
40x0.80NA (UPLSAPO) objective lens for imaging. To determine the axon density, the number of NF200 positive axons was
quantified in 10 random areas of 1000pum? in each sample using ImageJ software. Statistical analysis was performed using
Prism 9 (GraphPad Software, Inc., La Jolla, CA). Data were tested for normality using the D’ Agostino & Pearson normality
test, and non-parametric tests were used where an outcome measure did not follow the normal distribution. Ordinary one-way
ANOVA followed by Dunnett’s multiple comparison test was used as the test of significance for immunofluorescence axon
density. Kruskal-Wallis test followed by Dunn’s multiple comparison test was used as the test of significance for corrected
correlation parameter (CCP) index. p < 0.05 was considered significant. All the bar graphs show mean + SD or median with
interquartile range as noted.

Results

A total of 3 repeated ice-slurry treatments given 6-weeks apart were performed. The treatment group received 15mL ice-
slurry injections with —5°C temperature, and control group received 15mL control solution injections with room
temperature solution. The treated nerve, surrounding skin and muscle tissue from both groups, was collected at day 56
and day 112 post-third injection for analysis.

H&E stained sections from samples collected at days 56 and 112 post-injection showed normal nerve and other tissue.
There was no inflammation, neuroma formation, fibrosis or scarring in the treated sciatic nerves (Figure 1A). No damage
or scarring was detected in the surrounding skin, and muscle tissue (Figure 1B and C). After multiple treatments, ice-
slurry treated tissues were indistinguishable from control tissues.

The effects on myelin morphology and nerve architecture were examined using CARS microscopy in treatment and
control groups (Figure 2A). Corrected correlation parameter (CCP) index, which quantifies the degree of organization in
the myelin and axon structure, did not show any difference between baseline, room temperature control and multiple ice-
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Figure | Repeated slurry injection treatment does not induce histological damage to the nerve and surrounding skin and muscle tissues. (A) Representative images of sciatic
nerve (B) skin and (C) muscle at the injection site at days 56 and |12 post third injection; scale bars, 100 um.
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Figure 2 Repeated slurry injection treatment does not induce permanent damage to the nerve. (A) CARS imaging shows myelinated nerve fibers at baseline and at D56 and
D112 post third injection of slurry and room temperature control solution. (B) Graph shows corrected correlation parameter (CCP) index at baseline and at D56 and D112
post third injection of slurry and room temperature control solution. Data are presented as median with interquartile range. CCP was compared with baseline by Kruskal—
Wallis test followed by Dunn’s multiple comparisons test. (C) Immunofluorescence staining shows S100-positive Schwann cells (green) and myelin basic protein positive
myelin (blue) and NF200-positive axons (red). (D) Graph shows quantification of axon density as axons per 1000 um? at baseline and at D56 and D1 12 post third injection of
slurry and room temperature control solution. Data are presented as mean + SD. Axon density was compared with baseline by ordinary one-way ANOVA followed by
Dunnett’s multiple comparisons test; scale bars, 20 pm.

Abbreviations: RT, room temperature; p3rd, post-third injection.
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slurry treatment group rats at day 112 post-injection (0.89 [0.73 to 0.92], 0.84 [0.73 to 0.88], and 0.82 [0.77 to 0.87],
respectively, p = 0.1048) (Figure 2B). There was slight reduction of CCP value at day 56 post-injection in the treatment
group (0.72 [0.60 to 0.80]); however, the difference was not significant (p = 0.17). IF staining was used to examine the
effect of repeated slurry injections on axon density (Figure 2C). The density of NF-200 positive axons quantified at day
56 and at day 112 post-injection, both showed levels indistinguishable from baseline and RT control groups (14.20 = 2.30
at baseline, 14.45 £ 1.99 in slurry day 56, 14.45 £+ 1.88 in slurry day 112, 14.70 + 1.84 in room temperature group day 56,
13.60 = 1.79 in room temperature group day 112, p = 0.4870) (Figure 2D). Thus, no difference from baseline or from RT
control group was seen in treated rats with either CARS or IF imaging, indicating recovery of the nerve structure and
axon density after 3 treatments.

Discussion

In this study, we found that repeated treatments with ice-slurry did not cause permanent or long-term changes in the nerve
structure and appeared to be safe to surrounding tissues. We have previously shown that a single injection of slurry
around the rat sciatic nerve leads to significant decrease in mechanical pain for about 49 days, with full recovery of the
nerve structure.'® In this study, we sought to investigate the safety of cryoneurolysis after multiple ice-slurry injections.
Both CARS and IF imaging demonstrated recovery of nerve structural architecture and axon density to baseline levels
and showed no difference compared to control solution treated rats. Samples of skin and muscle tissue collected near the
target nerve where the injections were performed showed no inflammation, fibrosis or scar tissue formation. Thus,
repeated cryoneurolysis with ice-slurry injections appears to be safe, producing nerve-selective effects that recover fully
by 112 days from the last injection.

The results of this study are consistent with our previously published work demonstrating that single treatment with ice-
slurry leads to cryoneurolysis, with complete structural nerve recovery and without damage to surrounding tissues.'* Others
have reported that three repeated treatments of rat sciatic nerve with cryoprobes configured to deliver cooling temperature of
about —60°C did not result in long-term changes to nerve structure.'® Ice-slurry is cold, but far warmer than the cryoprobes
used for cryoneurolysis. In addition, needles used for ice slurry injection are smaller than currently used cryoprobes, making
the method less invasive than current cryoneurolysis. Although uncommon, neural ablation methods including chemical and
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surgical ablation may result in adverse effects such as neural damage due to neuritis, and neuroma formation. The risk of such
adverse effects increases after repeated ablative procedures.'” Unlike these nerve ablation procedures, our histologic and
CARS microscopy analysis of ice-slurry treated sciatic nerve showed no inflammation, neuroma formation, fibrosis or
scarring after multiple ice-slurry treatments. Another advantage of the ice slurry method over the available neural ablative
methods, such as radiofrequency, is that it is much easier to use. With radiofrequency treatment, the probe must be inserted
tangentially to the nerves, which is technically much more complex. This does not apply to the ice slurry method as it is
administered by a simple injection. Taken together, these results suggest that ice-slurry injection has a wide margin of safety
compared with cryoprobe treatment or with any other nerve ablation treatment.

We hope that its efficacy for producing a prolonged analgesia, nerve-selective targeting, lack of adjacent tissue injury,
complete recovery, and the familiarity of a local injection procedure will make ice-slurry injection for cryoneurolysis to
be more accessible and easily performed. The findings of this study strongly suggest that multiple ice-slurry injections
will be safe and well tolerated in patients with chronic pain, who will likely require repeated treatments. Clinical studies
of ice-slurry injection for this application are warranted.

Conclusions

In this study, we found complete recovery after repeated ice-slurry injections in the rat sciatic nerve model, compared
with baseline and control injections. There was no histologic damage to surrounding skin and muscle tissues. Myelin
sheath and axons recovered completely to baseline levels. Multiple, repeated treatments with injectable ice-slurry for
cryoneurolysis of peripheral nerves are nerve-selective, recover completely, and appear to be safe.

Study Approval
Animal studies were approved by Massachusetts General Hospital IACUC and followed the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health.
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