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ABSTRACT

Introduction: Ultrasound-guided percutaneous
cryoneurolysis provides analgesia using cold
temperatures to reversibly ablate peripheral
nerves. Cryoneurolysis probes pass a gas
through a small internal annulus, rapidly low-
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ering the pressure and temperature, forming an
ice ball to envelope the target nerve. Analgesia
is compromised if a nerve is inadequately fro-
zen, and laboratory studies suggest that pain
may be paradoxically induced with a magnitude
and duration in proportion with the incomplete
ablation. We therefore investigated the relative
effects of various factors that may contribute to
the size of the ice ball and the effective cry-
oneurolysis zone.

Methods: A cryoprobe was inserted into a piece
of meat, a gas was passed through for 2 min,
and the resulting ice ball width (cross-section)
and length (axis parallel to the probe) were
measured using ultrasound, with the tempera-
ture evaluated in nine concentric locations
concurrently.

Results: The factor with the greatest influence
on ice ball size was probe gauge: in all probe
types, a change from 18 to 14 increased ice ball
width, length, and volume by up to 70%, 113%,
and 512% respectively, with minimum internal
temperature decreasing as much as from —35 to
—32°C. In contrast, alternating the type of
meat (chicken, beef, pork) and the shape of the
probe tip (straight, coudé) affected ice ball
dimensions to a negligible degree. The ice ball
dimensions and the zone of adequate tempera-
ture drop were not always correlated, and, even
within a visualized ice ball, the temperature was
often inadequate to induce Wallerian
degeneration.
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Conclusions: Percutaneous probe design can
significantly influence the effective cryoneu-
rolysis zone; visualizing a nerve fully encom-
passed in an ice ball does not guarantee
adequate treatment to induce the desired Wal-
lerian degeneration because ice forms at tem-
peratures between 0 and —20 °C, whereas only
temperatures below —20°C induce Wallerian
degeneration. The correlation between temper-
atures in isolated pieces of meat and perfused
human tissue remains unknown, and further
research to evaluate these findings in situ
appears highly warranted.

Keywords: Analgesia;  Postoperative  pain;
Chronic pain; Acute pain; Cryoneurolysis;
Cryoablation

Key Summary Points

Why carry out this study?

Ultrasound-guided percutaneous
cryoneurolysis provides analgesia using
cold temperatures to reversibly ablate
peripheral nerves.

However, analgesia is compromised if a
nerve is inadequately frozen, and
laboratory studies suggest that pain may
be paradoxically induced with a
magnitude and duration in proportion
with the incomplete ablation.

We therefore investigated the relative
effects of various factors that may
contribute to the size of the ice ball and
effective cryoneurolysis zone.

What was learned from the study?

The factor with the greatest influence on
ice ball size was probe gauge, while
alternating the type of meat and the shape
of the probe tip affected ice ball
dimensions to a negligible degree.

Ice ball dimensions and the zone of
adequate temperature drop were not
always correlated, and, even within a
visualized ice ball, the temperature was
often inadequate to induce Wallerian
degeneration.

Percutaneous probe design can
significantly influence the effective
cryoneurolysis zone; visualizing a

nerve fully encompassed in an ice ball
does not guarantee adequate treatment to
induce the desired Wallerian
degeneration.

INTRODUCTION

Cryoneurolysis is an analgesic modality cleared
by the United States Food and Drug Adminis-
tration to treat both acute and chronic pain; in
cryoneurolysis, extremely cold temperatures
reversibly ablate peripheral nerves via the
induction of Wallerian degeneration [1]. His-
torically, a surgically exposed nerve would be
treated under direct vision, but the develop-
ment of percutaneous probes in the 1980s and
the more-recent proliferation of ultrasound
imaging technology have allowed for wide-
spread non-operative bedside cryoneurolysis.
The confluence of these three modalities—small
cryoneurolysis machines, percutaneous probes,
and portable ultrasound units—has increased
interest in using cryoneurolysis to treat both
postoperative [2-4] and chronic [5, 6] pain.
Modern cryoneurolysis probes pass a gas—
typically nitrous oxide or carbon dioxide—
down their length and through a small internal
annulus, which lowers the pressure and results
in a rapid temperature decrease due to the
Joule-Thomson effect. The decreased tempera-
ture induces an ice ball to form on the outside
of the probe (the gas is vented back out via the
probe). Axons exposed to temperatures between
—20 and —100 °C undergo Wallerian degenera-
tion and then regrow at approximately
2 mm/day, resulting in a reversible and variable
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sensory and motor block with a duration lasting
weeks to months [7, 8]. Therefore, the part of
the ice ball between —20 and —100 °C is the
“zone of effectiveness.” Since the ice ball is
hypoechoic on ultrasound [9], providers use
ultrasound visualization as a proxy to identify
the zone of therapeutic freezing and attempt to
encompass the target nerve within the ice ball’s
border [10]. The larger the ice ball, the larger the
presumed zone of adequate treatment [11, 12].
Unfortunately, a temperature in the range of 0
to —20 °C will produce an ice ball but also an
unpredictable and short-duration neuropraxia
instead of the desired long-term analgesia
resulting from Wallerian degeneration [13].

Prior studies have demonstrated that if a
nerve is inadequately frozen, a paradoxical
response can occut, inducing several weeks of
hyperalgesia with a magnitude and duration in
proportion with the incomplete ablation [14].
Consequently, maximizing the ice ball zone of
effectiveness is of paramount importance, pos-
sibly marking the difference between success—
inducing complete axonotmesis and providing
analgesia for weeks or months [2]—and failure:
producing a neuropraxia and possibly inducing
pain [13].

Multiple factors that influence ice ball size
have been identified, such as tissue osmolality
and cryoprobe temperature [15]. However, more
recently designed percutaneous-specific probes
are designed to increase ice ball size. While
theoretically beneficial, their relative effects
remain unknown. We therefore investigated the
relative effects of various factors that may con-
tribute to the size of the effective cryoneurolysis
zone. Our objective was to inform both clinical
practice and future laboratory research.

METHODS

This laboratory study did not involve live ani-
mals and, therefore, no Institutional Animal
Care and Use Committee (IACUC) oversight
was sought or required. Pieces of chicken breast,
pork loin, and beef filets (5-8 cm in thickness)
were heated to 20 °C (37 °C for one experiment)
in water baths (Fig. 1A) using heating units
(Culinary Sous Vide Precision Cooker Pro, 1200

watts, San Francisco, CA). The nine temperature
probes were calibrated prior to data collection
until they could each perform three consecutive
readings that were all within 0.5 °C of three
known-temperature  standards: dry @ ice
(=78.5°C), an ice bath (0°C), and the 37 °C
water bath (Digi-Sense Traceable Memory-Loc
Datalogging Thermometer, Cole-Parmer Instru-
ment Company, Vernon Hills, IL). The internal
tissue temperature was confirmed to match the
water bath temperature prior to
experimentation.

Cryoneurolysis procedures were executed in
an identical heated water bath setup with a
single piece of meat placed on a submerged
“stand” created specifically for this project from
ABS plaster with a layer height of 0.1 mm and
hole tolerances of 0.3 mm (Ultimaker S5,
Herndon Corp., Herndon, Virginia). The stand
included a single hole for the cryoneurolysis
probe which kept the probe at a 30° angle of
approach, allowing the depth required for the
ice ball to form while at the same time allowing
measurement of the cross-sectional area of the

Fig. 1 Equipment. A Pieces of meat heated in a water bath
using heating units (Culinary Sous Vide Precision Cooker
Pro, 1200 W, San Francisco, CA). B A stand to hold the
cryoneurolysis probe at a 30° angle of approach and nine
tapered thermocouple temperature probes at precise 5-mm
increments in all three dimensions relative to the end of
the cryoprobe. C The stand created with a three-
dimensional printer with the temperature probes inserted
(Cooper-Atkins 50209-K micro-needle thermocouple type
K probe, Cooper-Atkins Corp., Middlefield, CT). D Posi-

tioning of the equipment during measurements
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ice ball (Fig. 1B). Additional holes held nine
tapered thermocouple temperature probes
(Cooper-Atkins 50209-K micro-needle thermo-
couple type K probe, Cooper-Atkins Corp.,
Middlefield, CT) situated along vectors both in
and out of plane in 5-mm increments from the
middle for the cryoprobe bare-metal tip, the
center of ice ball formation (Fig.1C). This
increment size was limited by the ~ Smm
max. diameter of the temperature probes
themselves.

The factors investigated to inform future
laboratory research included three types of
animal muscle (chicken breast, pork loin, beef
filet mignon) as well as muscle temperature (20
vs. 37 °C). In addition, we measured the ice ball
cross-sectional diameter at 30-s increments
until the maximum diameter was reached using
a straight 14-gauge probe with a trocar end and
creased annulus (nitrous oxide from an
e-cylinder).

The factors investigated to inform clinical
practice included various probe characteristics
and the type of gas. Larger probes theoretically
produce larger ice balls but may be less com-
fortable for patients due to their larger diameter.
We therefore compared a relatively small 18
gauge to a 14 gauge, one of the largest com-
monly used probes in clinical practice. While
probes are traditionally straight along their
entire axis, a new “coudé” shape theoretically
increases ice ball width, and we therefore com-
pared straight with coudé (Fig. 2A). Probes with
a triangular or “trocar” end are designed to
improve the ease of passage through tissue, but
their effect on ice ball size compared with blunt-
end designs remaining unknown, and we thus
compared the two types (Fig. 2B). The original
annulus design was machined, but a new
“creased” annulus purportedly increases the
diameter of the ice ball to an unknown degree,
so we compared traditional (non-creased) to
creased designs (Fig. 2C-F). Lastly, most modern
percutaneous cryoprobes utilize either nitrous
oxide or carbon dioxide, and we therefore
compared the two gasses. Since a connector for
carbon dioxide was not available for an
e-cylinder, we used 20-pound cylinders for both
types of gasses to vary only a single factor for
this comparison.

Fig. 2 Probes. A A new curved (‘coudé’)
traditional straight probe. B A rounded or blunt versus

versus a

a trocar-tipped probe. C, D External rendering of a
traditional versus a “creased” probe. E, F Internal rendering
of the traditional versus creased annulus. Renderings are
included to illustrate the relative differences between
annulus designs and are not drawn to scale (the renderings
were created by Elan F. Ilfeld)

The factors held constant unless specifically
being investigated included a medium of pork
loin at 20 °C, a probe with a creased annulus
and straight trocar end, and nitrous oxide gas
from an e-cylinder. A 13- to 6-MHz linear-array
ultrasound transducer (HFL38, Edge-II, Sono-
Site, Bothell, Washington) was placed on the
surface of the submerged piece of meat with the
cryoprobe (PainBlocker, Epimed International,
Dallas, TX), initially in plane (Fig.1D). The
cryoneurolysis machine was activated for 2 min,
at which time the ice ball width and length
were measured (details below in the “Outcome
measures” section). Temperatures were mea-
sured throughout freezing at locations 0, 5, 10,
15, and 20 mm from the cryoprobe tip, both in
line with and perpendicular to the probe path
(nine temperature probes in total; only one
0-mm probe), and for up to 45 s after freezing
concluded. In addition, three trials were per-
formed where we measured the ice ball cross-
sectional diameter and temperatures at 30-s
increments for 8.5 min and a subsequent 2-min
thaw to observe when the maximum diameter
was reached (probe: straight, 14-gauge, creased
annulus, trocar end, with nitrous oxide from an
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e-cylinder). Each piece of meat was disposed of
after the trial concluded. For each factor inves-
tigated, three trials (N = 3) were performed, a
unique near-identical piece of meat being used
for each. Larger sample sizes were not explored
due to both the intent of this study to obtain
relativistic rather than absolute metrics and the
high repeatability and minimal variability of
placing a single cryoprobe into near-identical
pieces of meat. As the distribution of data could
not be explored for each factor investigated,
median metrics were used for all analyses.

Outcome Measures

For each freezing cycle, the cryoneurolysis
machine was activated for 2 min with either
nitrous oxide or carbon dioxide from an
e-cylinder or 20-pound cylinder, at which time
the width (the widest cross-section perpendic-
ular to the plane of the cryoprobe) and length
(parallel to the cryoprobe) of the ice ball were
measured, along with temperature readings
from all thermocouple probes (Fig. 1D).

While ice ball volume might intuitively seem
to be the outcome of greatest interest, in clinical
practice, a nerve cannot be positioned in the
center of the elongated sphere—called a “pro-
late spheroid” (similar in shape to a rugby
ball)—since the probe itself comprises the cen-
tral axis. In clinical use, the end of the probe is
usually placed adjacent to the target nerve, and
therefore the most relevant dimension is often
the distance between the side of the probe and
the border of the ice ball in the maximum cross-
section plane of the prolate spheroid. This
specific distance cannot be accurately measured
using ultrasound because the surface of the ice
ball has an impedance that results in an acoustic
shadow that completely obscures the probe
itself. Consequently, we used the maximum
width of each ice ball as a primary outcome and
retained the length and volume as secondary
outcomes, since they do influence the zone of
treatment. While ice ball width and length were
measured directly, the volume in cubic mil-
limeters was calculated using the prolate
spheroid formula: 4.19 x (width/2)? x (length/
2).

Regarding the ice ball temperature, time-de-
pendent temperature-location data (nine data
points reported every 10 s) were projected into
three-dimensional space with a Y dimension of
temperature and were fitted to a three-dimen-
sional Gaussian with two degrees of freedom.'
This fit was used to generate a time-dependent
estimated heatmap of temperatures along the
XZ plane relative to the probe and a central
temperature versus time graph for each trial.
This was done using a custom Python script
(Python Software Foundation, Wilmington,
DE).

RESULTS

Factors to Inform Laboratory Research

During the 8.5-min continuous freeze (Fig. 3),
the probe tip reached —20 °C after 30s, and by
2min it had reached —-30.6°C, which was
approximately 90% of the lowest temperature
(—=33.7 °C) recorded at the end of the 8.5-min
freeze cycle. The ice ball width (cross-section
perpendicular to the probe) after 2 min of freeze
was 11.5 mm, which was 65% of the 17.8-mm
maximum occurring at 8 min (Fig. 3). Following
the cessation of gas activation, the width of the
ice ball diminished by only 6% in the following
2 min of thaw, while the temperature took less
than 20s to fall below the —20 °C threshold
required to produce Wallerian degeneration
(Fig. 3). Increasing the pork loin temperature
from 20 to 37 °C decreased the ice ball width
by 13% and the length 28% (Table 1) and
changed the lowest temperature achieved at
2 min from —32 to only —15 °C (Fig. 4). While
all three types of meat resulted in similar ice ball
dimensions (Table 1), the lowest temperature
recorded varied: —28 °C for beef, —32 °C for
pork, and —38 °C for chicken (Fig. 5).

a =
sin®(0) | sin’(26)

ly_0_4A e—(a(X—X[))Z+b(X—X(,)(Z—Z())JrC(Z—Z())Z),
cos?(0) | sin®(0) b= —sin®(20) | sin®(26)
202 262 402 402 2452 202 "
Input data: Y = temperature, X, Z = location. Fitted
parameters: O = offset; A = amplitude; X, Z, = center
location, ¢ = standard deviation; 0 = fitting parameter.

C =
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Fig. 3 Ice ball dimensions and temperature with 8.5
continuous minutes of nitrous oxide from an e-cylinder
through a 14-gauge, creased-annulus, trocar-tipped probe
in a pork loin starting at a 20 °C baseline (PainBlocker,
Epimed International, Dallas, TX). The visible ice ball
width and length were determined at 30-s intervals using
ultrasound, and the maximum dimensions are represented
by the black circle in the right-hand panel. Concurrent
temperature readings recorded at 10-s intervals using
multiple thermocouples at 5-mm increments in all three
dimensions are represented by the green and blne heatmap

Factors to Inform Clinical Care
and Laboratory Research

Altering the end of the probe from the tradi-
tional straight to a new curved “coudé” shape
(Fig. 2A) changed the ice ball minimum tem-
perature or dimensions to a negligible degree
(Table 1). In contrast, the factor with the
greatest influence was probe gauge: changing it
from 18 to 14 increased ice ball width, length,
and volume by 70%, 113%, and 512%, respec-
tively (Table 1). Perhaps even more importantly,
in contrast to the 14-gauge probes, no 18-gauge
instrument reduced the temperature below the
—20 °C threshold required to induce Wallerian
degeneration (Fig. 6).

The new “creased” annulus design
(Fig. 2C-F) did increase the ice ball dimensions,
but far more so with a 14-gauge relative to an
18-gauge probe (Table 1). Curiously, while
adding the creased design decreased the

-40

(Cooper-Atkins 50209-K micro-needle thermocouple type
K probe, Cooper-Atkins Corp., Middlefield, CT). The y-
axis values of the graph are the medians of three separate
measurements at each time point, while the heatmap was
created from the first measurement only due to the
quantity of data collected. Therefore, dimensions may vary
between the graph and heatmap by 1-2 mm. The graph
data should be viewed as the most accurate regarding
specific ice ball dimensions, while the heatmap provides an
overall idea of the heat distribution

minimum ice ball temperature for the 14-gauge
probe, it had the opposite effect with the
18-gauge probe. Switching from a blunt/roun-
ded to a trocar end (Fig. 2B) both increased the
ice ball dimensions (Table 1) and lowered the
minimum ice ball temperature (Fig. 6). Finally,
when using 20-pound cylinders, switching from
nitrous oxide to carbon dioxide increased the
ice ball dimensions (Table 1) but raised the
minimum ice ball temperature (Fig. 7).

Data Reliability

All temperature probes met the initial calibra-
tion criteria described above. In all trials except
the 8.5-min continuous freeze, where larger
areas of the tissue were cooled, the 20-mm-
from-center temperature reading stayed nearly
constant, with an average intra-trial range of
0.4 £+ 0.1 °C across all study arms (N = 13), both
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Table 1 Factors and ice ball dimensions as well as minimum temperatures

Lowest Width Length Volume
Factor Temp | Muscle | Shape | Crease | Gauge | End | Gas| .
icetemp | mm Change | mm Change | mm® Change
37°C -15°C 9.8 10.8 543
Temperature Pork Straight Yes 14 Trocar | N,O 14% 40% 83%
20°C -32°C 1.2 15.1 991
Beef -28°C 11.2 o 16.0 o 1050 o
0 o 0
Medium 20°C | Chicken | Straight Yes 14 Trocar | N,O -38°C 11.2 16.0 1050
Pork -32°C 1.2 0% 15.1 -6% 991 -6%
Coude -29°C 1.1 14.7 948
Shape 20°C Pork - Yes 14 Trocar | N,O 1% 3% 4%
Straight -32°C 11.2 15.1 991
No -14°C 9.7 9.6 473
Yes 1 -32°C 11.2 15% 15.1 5% 991 110%
20°C Pork Straight —7———1 T N,O : .
Crease orl raig No rocar 16°C 6o 59 19
18 6% 20% 36%
Yes -5°C 6.6 71 162
18 -16 °C 6.2 59 119
No 56% 63% 298%
14 Trocar -14°C 9.7 9.6 473
Gauge | 20°C | Pork | Straight 8 wo 2 188 qen |7 aiaw | 2| si
9 o Ves 14 “ aec | 112 | 154 ° | oot °
18 Blunt -12°C 76 236% 8.6 o 260 101%
14 418°c | 103 * | o4 C | s i
Blunt -18°C 10.3 94 522
End 20°C Pork Straight Yes N,O 9% 61% 90%
Trocar -32°C 11.2 15.1 991
N,O| -33°C 7.7 10.0 310
Gas * 20°C Pork Straight Yes Trocar 12% 14% 42%
co, -24°C 8.6 114 441

The lowest temperatures at the tip of the probes are presented, with minimum temperatures higher than —20 °C denoted in

red

While ice ball width, length, and temperature were measured directly, the volume in cubic millimeters was calculated using
the prolate spheroid formula: 4.19 x (width/2)* x (length/2). Each ice ball dimension is the median of three separate
measurements, while the heatmaps of the static figures and supplemental graphics interchange format figures were drawn

from the first measurement only due to the quantity of data collected. Therefore, dimensions among the table, graphs, and

heatmaps may vary by 1-2 mm. The table and figure data should be viewed as the most accurate regarding specific ice ball

dimensions, while the heatmaps provide an overall idea of the heat distribution
*An e-cylinder was used for all experiments with the exception of nitrous oxide versus carbon dioxide in which a 20-pound

cylinder was used for both

indicating stable ambient tissue temperatures
and giving an approximate expected error in
the temperatures reported above. At all recorded
timepoints, at all locations, and in all trials
where a temperature heatmap was calculated,
residual values between the modeled tempera-
ture and measured temperature did not exceed
2 °C. While not enough trials (N = 3) per vari-
able were conducted to ensure the normal dis-
tribution requisite to reporting means or
standard errors of ice ball dimensional data, if a
normal distribution is assumed and standard

error values are propagated through subsequent
calculations, the percent differences for length
and width reported above have, at most, 1.5%
standard errors. The propagated standard error
for the percent difference in volume reported
above is ~ 10.9%. In all cases, the temperatures
and percent differences reported within the
“Results” section are, respectively, distinct from
each other and from zero by more than these
speculative standard errors.
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Starting Temperature of Medium 0
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Fig. 4 Effects of bascline temperature on ice ball dimen-
sions and temperature with 2 min of nitrous oxide from an
e-cylinder through a 14-gauge, creased-annulus, trocar-
tipped probe in pork loin (PainBlocker, Epimed Interna-
tional, Dallas, TX). The visible ice ball width and length
were determined at 120s using ultrasound and are
represented by the black circles in the right-hand panels.

Medium (Type of Meat)

20 -
10 4 — Beef
— Pork
01 — Chicken

Degrees (Celsius)
3

-10
-20
-30
—40

Concurrent temperature readings recorded at 10-s intervals
using multiple thermocouples at 5-mm increments in all
three dimensions are represented by the green and blue
heatmap (Cooper-Atkins 50209-K micro-needle thermo-
couple type K probe, Cooper-Atkins Corp., Middlefield,
CT)

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (seconds) Gas Ends 4

Fig. 5 Effects of different media on ice ball dimensions
and temperature with 2 min of nitrous oxide from an
e-cylinder through a 14-gauge, creased-annulus, trocar-
tipped probe in meat starting at a 20 °C baseline
(PainBlocker, Epimed International, Dallas, TX). The
visible ice ball width and length were determined at 120 s
using ultrasound and are represented by the black circles in

20
10
0
S
—_ o
108
kol
-20
-30
-40

the right-hand panels. Concurrent temperature readings
recorded at 10-s intervals using multiple thermocouples at
S mm increments in all three dimensions are represented
by the green and blue heatmap (Cooper-Atkins 50209-K
micro-needle thermocouple type K probe, Cooper-Atkins
Corp., Middlefield, CT)
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Gauge and End Shape
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Fig. 6 Effects of probe gauge and distal tip design on ice
ball dimensions and temperature with 2 min of nitrous
oxide from an e-cylinder through a creased-annulus probe
in a pork loin starting at a 20 °C baseline (PainBlocker,
Epimed International, Dallas, TX). The visible ice ball
width and length were determined at 120s using
ultrasound and are represented by the black circles in the

Gas and Cylinder Design
20 -

Gas Ends -f

10 — Carbon Dioxide 20-pound
— Nitrous Oxide 20-pound

0 — Nitrous Oxide e-Cylinder

-10 -

-20

Degrees (Celsius)

-30 -

-40

20
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0
g
Q
-102
@
-20
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—40

right-hand  panels. Concurrent temperature readings
recorded at 10-s intervals using multiple thermocouples
at 5-mm increments in all three dimensions are repre-
sented by the green and blue heatmap (Cooper-Atkins
50209-K micro-needle thermocouple type K probe,
Cooper-Atkins Corp., Middlefield, CT)

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (seconds)

Fig. 7 Effects of gas and cylinder design on ice ball
dimensions and temperature with 2 min of gas flow
through a creased-annulus probe in a pork loin starting at a
20 °C baseline (PainBlocker, Epimed International, Dallas,
TX). The visible ice ball width and length were

determined at 120 s using ultrasound and are represented

Dynamic temperature heat maps and core
temperature vs. time graphs are provided in the
Supplementary Information.
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by the black circles in the right-hand panels. Concurrent
temperature readings recorded at 10-s intervals using
multiple thermocouples at 5-mm increments in all three
dimensions are represented by the green and blue heatmap
(Cooper-Atkins 50209-K micro-needle thermocouple type
K probe, Cooper-Atkins Corp., Middlefield, CT)

DISCUSSION

This laboratory investigation identified the rel-
ative effects of various factors that contribute to
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the size of the effective cryoneurolysis zone.
Increasing the probe size (lower gauge) pro-
duced a larger ice ball and colder temperatures,
while the shape of the probe end (e.g., curved
vs. straight) had negligible effects. These find-
ings are of paramount importance when
choosing a probe for percutaneous cryoneurol-
ysis which relies on lowering the temperature to
at least —20 °C to induce Wallerian degenera-
tion [2-6]. Since an ice ball forms at tempera-
tures colder than O °C and is easily viewed by
ultrasound, this is used by clinicians as a proxy
for the effective zone of cryoneurolysis. How-
ever, lowering neural tissue only into the range
of 0 to —20°C gives the illusion of effective
cryoneurolysis, when, in actuality, a neuro-
praxia may result. Furthermore, an incomplete
cryolesion may induce hyperalgesia lasting
several weeks [14] (not to be confused with
neuropathic pain lasting multiple months
observed in laboratory animals with complete
lesions and concurrent nerve manipulation
[16-18]).

While it may therefore seem concerning that
all 18-gauge probes tested resulted in tempera-
tures in this 0 to —20 °C range, the correlation
between temperatures in isolated pieces of meat
and perfused human tissue remains unknown,
necessitating further study. Relatedly, while
14-gauge probes did produce temperatures
below —20 °C, this was only the case when the
pork loin medium started at 20 °C. When the
pork loin was increased to body temperature
(37 °C), an inherently more challenging med-
ium to reach therapeutic temperatures in, not
only were the ice ball dimensions reduced, but
the coldest temperature observed was only
—15°C after a clinically typical 2-min freeze,
suggesting a sub-therapeutic treatment when
used in patients. However, in a randomized,
double-masked, sham-controlled trial involving
60 patients undergoing mastectomy [2], smaller
16-gauge probes decreased postoperative pain
for up to 1year, demonstrating clinical effec-
tiveness of ultrasound-guided percutaneous
cryoneurolysis with the equipment used in our
laboratory study. We used 20 °C as the standard
baseline meat temperature for all other com-
parisons because using 37 °C cooked the meat,

which  could have
experiments.

While including a thermocouple at the probe
tip to detect real-time temperature appears
advisable—and is available on some models—
even that cannot guarantee a therapeutic tem-
perature below —20 °C throughout the visual-
ized ice ball, since temperature increases with
distance from the end of the probe. The three-
dimensional heat maps illustrated this issue: at
the periphery of the ultrasound-visualized ice
ball, the temperature was greater than —20 °C;
the percentage of the ice ball that was subther-
apeutic could not be deduced simply from ice
ball dimensions. Indeed, a larger ice ball does
not necessarily indicate a lower core tempera-
ture: carbon dioxide produced an ice ball that
had 42% greater volume yet was 9 °C warmer
than when nitrous oxide was used (—24 vs.
—33 °C). Conversely, similarly sized ice balls do
not necessarily indicate similar core tempera-
tures. At no point in one of the 2-min freezes
(the clinical standard) was the temperature
below —20 °C even 5 mm from the ice ball core
in either dimension. Therefore, to maximize the
desired Wallerian degeneration, clinicians
should place the target nerve as close to the
probe tip as possible and not simply within the
ice ball’s periphery.

Another clinically relevant finding was the
dissociation between temperature and ice ball
dissolution when the gas infusion stopped.
Even after an 8.5-min freeze—a far longer
duration than typically used clinically—it
required only 15s for the temperature to
increase above —20°C in this non-perfused
model, while the ice ball width had not
diminished in that period of time, and
decreased only 7% (1.2 mm) in the full 2 min
following gas flow cessation. The ice ball will
resolve far faster in situ with warm blood flow,
so, barring future data to the contrary, clini-
cians should assume that the therapeutic cry-
oneurolysis period ends as soon as gas flow has
concluded, regardless of the ice ball appearance.

Although the new curved “coudé” probe did
not produce a wider ice ball overall, the func-
tional width of the ice ball is probably greater
when the target nerve is located in the “elbow”
or curve of the tip. Unlike a straight probe

compromised  the
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which forms the central axis of an ice ball—with
50% of ice ball width available on either side—
the curve of the coudé probe is located on the
periphery of the ice ball, leaving more width on
the concave surface of the probe for the target
nerve. Our 3D-printed probe-aligning device
could not accommodate the curve of the coudé
probe, so generating an accurate heat map was
not possible. Additional research is required to
fully understand the temperature distribution
of this new probe design.

The new “creased” annulus design
(Fig. 2C-F) increased the ice ball dimensions
and lowered the temperature for the 14-gauge
probes. We identified no drawbacks to the new
design. It therefore appears to be a beneficial
development as compared to the other cry-
oneurolysis equipment assessed in this study.

Nitrous oxide and carbon dioxide are both
commonly used for cryoneurolysis because they
become solids at —88 and —78 °C, respectively,
which ensures that colder temperatures cannot
be reached, which is desirable since permanent
tissue destruction occurs at temperatures below
—100 °C [1]. It is noteworthy that in our study,
nitrous oxide produced a minimum ice ball
temperature almost exactly 10°C lower than
carbon dioxide (—33 vs. —24 °C), which appears
to be a benefit of the former over the latter. It is
also notable that while nitrous oxide from e-
and 20-pound cylinders reached approximately
the same minimum temperature after 2 min
(=32 to —33 °C), the e-cylinder reached —20 °C
after approximately 15 s, while it required a full
minute to reach this threshold using a
20-pound cylinder. In clinical use, this would
result in the temperature required for Wallerian
degeneration being applied to the target nerve
for nearly twice as long with an e-cylinder.
Additionally, the ice ball dimensions were larger
when using an e-cylinder, increasing width and
length by 45% and 51%, respectively.

This study’s greatest limitation was the use of
pieces of tissue heated to a specific sub-home-
ostatic temperature as a surrogate for the
human body. Since our medium did not have a
circulation, we did not provide a thaw followed
by a repeat of the freeze period, which is

common in clinical use. More importantly, we
can make no assertion that this model approx-
imates clinical conditions under which cry-
oprobes would be used, where tissue is perfused
and at physiologic temperature. If anything,
this model is less able to dissipate cooling, more
favoring larger and colder ice ball formation. So,
any probes unable to achieve core temperatures
under —20°C are more unlikely to achieve
Wallerian degeneration in situ. Temperature
and dimension metrics reported herein cannot
be treated as the absolute values that the stud-
ied cryoprobes can be expected to achieve dur-
ing clinical use. The reported values should be
considered in terms of what they suggest about
the associated probes’ abilities to achieve ther-
apeutic levels of freezing relative to each other.

CONCLUSIONS

This laboratory investigation identified gauge as
the probe factor with the largest effect on ice
ball size and cryoneurolysis effectiveness zone,
demonstrated that ice ball size and effectiveness
zone are not always correlated, and suggests
that the temperature—even that within a visu-
alized ice ball—may be subtherapeutic. Further,
the study revealed that the temperature rises
dramatically upon gas flow cessation—far faster
than the dissolution of the visible ice ball—and
provides evidence to support the clinical use of
a new annulus design, trocar probe tip, and
nitrous oxide from an e-cylinder. Further
research to evaluate these findings in situ
appears highly warranted.
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