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ABSTRACT

To explain the mechanism of action of a novel intralesional cryoprobe, thermal
behavior measurements, and histological studies were performed in swine muscle
specimens after intralesional cryosurgery ex vivo. Slow cooling (20 °C/min) and
thawing (25 °C/min) rates, end temperature of —30 °C, produced 8 mm wide dif-
fuse coagulative-type necrosis and a 3 mm-wide transition zone around the cryo-
probe. In contrast, contact cryosurgery showed fast cooling and thawing rates
(80 °C/min) and an end temperature of —100 °C. Efficacy and safety of the intra-
lesional cryoprobe was further assessed in ten recalcitrant auricular keloids in
nine Caucasian patients. There was a 67.4 + 23 percent reduction of scar volume
at the end of the 18-month follow-up period after a single intralesional treatment
(p < 0.005). Significant reduction of hardness, elevation, and redness as well as
itching, pain, and tenderness was documented. The histomorphometric analysis,
including spectral and fractal analysis, as well as assessment of the fast Fourier
transform algorithm, showed parallel alignment and reorganization of the colla-
gen fibers in the treated scar similar to that in the normal dermis. A long hold
time in the deep scar core caused minimal damage to the superficial tissue, in-
cluding melanocytes. There was no evidence of permanent hypopigmentation,
active bleeding, infection, or recurrence. The major advantages of the intralesion-
al cryoprobe, including the marked efficacy of a single treatment, may have a
major importance in the clinical application of cryosurgery in the treatment of
keloids and of other lesions localized deep in the skin.

Hypertrophic scars and keloids are benign, fibrous prolif-
erations that exhibit high recurrence rates of 55-100 per-
cent following surgical excision."* The incidence of
auricular keloids following ear piercing has been estimat-
ed at 2.5 percent in the patients of an American teaching
hospital.’ Lobular scarring is the fifth most common rea-
son for adult and pediatric dermatology consultations i in a
survey of black patients attending a London hospital.®
was documented that auricular keloids develop more fre-
quently on the posterlor aspect of the lobule than on its
anterior surface.” A family genetic predisposition to the
formation of keloids has been described.

The increasing trend for cosmetic piercing, and for mul-
tiple ear piercing, especially among youngsters, and bear-
ing in mind that the incidence of keloid formation is likely
to be higher during times of hyperact1v1 ty of the pituitary
gland, such as puberty and pregnancy,”'° suggest that au-
ricular keloids will become a more frequent part of derma-
tological and plastic surgery practices.

The etiology for auricular keloids is diverse and includes
piercing,”” trauma and skin lacerations, burns, surgical in-
terventions such as skin-tumor excision, correction of con-
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genital ear deformations such as lop ears, infections,
contact dermatitis such as allergy to earrings containing
nickel. The developing auricular keloids vary considerably
in size. They are usually relauvely small but large lesions
might weigh up to 38 g.'? Auricular keloids may cause a
permanent and significant distress to the patient as well as
daily disability in wearing eyeglasses or sleeping on the
side of the affected ear.

Despite recent advances in the understanding of wound
healing and scar formation treatment of hypertrophic
scars and keloids is still a challenging problem. A variety
of treatments have been described for overcoming the high
recurrence rates with Vdrymg degrees of success ranging
from 0 to 100 percent.'® These include conservative meth-
ods such as massage, use of silicone gel sheets and earring
splints*; minimally invasive methods including intralesio-
nal Cortlcosteroid, verapamil,> or interferon injections,

FFT Fast fourier transformation
H&E Hematoxylin and eosin
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cryosurgery dnd/or laser therapy. Surgical interventions
such as excision, keloid core, or subtotal excision,'*!?
which may be followed bgf reconstruction with a spht or
full- skm graft local flap,'® and immediate radiation ther-
apy,'” ' and 1postoperdtlve systemic administration of
corticosteroids = have been proposed.

It was postulated that auricular keloids are more diffi-
cult to treat than those at other sites, with a higher rate of
failure and/or recurrence.'” In dddltlon it is more difficult
to excise a helical keloid completely and to achieve prima-
ry skin closure than at many other body sites without
causing tension and disfiguration.

Cryosurgery as a monotherapy regimen for the man-
agement of hypertrophic scars and keloids was introduced
in 1982 by Shepherd and Dawber.?® Mende,?' Zouboulis
and Orfanos,”” and others showed that repeated contact/
spray cryosurgical sessions can have a beneficial effect on
the lesions with 68—81 percent remission rates and rare re-
currences (2%). However, 1-20 monthly sessions using
surface cryosurgery are required to achieve these results.

Recently, intralesional cryosurgery using liquid nitro-
gen and a 20 G 1n]ect10n needle”” = or multiple 18 G in-
jection needles’® or an intralesional cryoprobe?’ were
introduced to treat hypertrophic scars and keloids. This
cooperative study was designed by two of the centers ini-
tially involved to assess efficacy and safety of the intrales-
ional cryoprobe in the treatment of difficult indications,
such as recalcitrant auricular keloids, and to explain its
mechanism of action.

MATERIALS AND METHODS

Thermal behavior measurements were made in vitro and
on a fresh swine muscle model using thermocouples to
evaluate the thermal history and injury mechanisms of the
intralesional-cryosurgery technique as compared with the
contact-cryosurgery method. In addition, punch biopsies
from the central area of the frozen tissue were taken for
histological examinations following standard techniques.

Cryoprobe characteristics and calibration

To evaluate the possible mechanisms of injury during intra-
lesional cryosurgery, the thermal history of the isolated
intralesional cryoprobe was examined at room tempera-
ture. The data gathered were compared with 10 mm dia-
meter round contact cryoprobes (ERBE, Tiibingen, Ger-
many), which are in common_ use for the treatment of
hypertrophic scars and keloids.?® The isolated thermal his-
tories of these cryoprobes including freezing rate, end tem-
perature, hold time, and thawing rate were evaluated by
NiCr—Ni thermocouples (temperature drift of 0.01%)
which were connected to a GTH 1160 digital quick re-
sponse thermometer (Greisinger, Regenstauf, Germany).
The three thermocouple-thermometers showed an identi-
cal room temperature before initiating the experiments.
The cooling time was tested during 180 seconds and the
thawing phase was traced for another 240 seconds.

Thermal history in an ex vivo swine model

The thermal history was determined ex vivo in a fresh
swine gluteal muscle. This tissue resembles keloids, which
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are mainly composed of a collagenous structure, and it was
chosen because of the ability to precisely locate by ultra-
sonography the depth of the intralesional cryoneedle posi-
tion during all experiments as well as to enable us to
measure the temperature history on a similarly homoge-
nous tissue without alterations in tissue consistency, simi-
lar to those existing in a healthy skin. Following the
introduction of the cryoprobe into the muscle at a 6 mm
depth, which was confirmed by ultrasonography, three
thermocouples were introduced to evaluate the thermal
history during and after the intralesional freezing process.
One thermocouple approached the intralesional needle
while the other two thermocouples were situated 3 mm to-
ward the surface and on the muscle’s surface, respectively.
The measurements of the contact probe consisted of three
thermocouples but in a reverse placement. One thermo-
couple abutted the surface of the probe, which was applied
onto the muscle surface, while the second and third ther-
mocouples were pldced at a depth of 3 and 6 mm from the
surface, respectively.?’ Thereafter, the cryoprobe was con-
nected to the cryogun. Followmg the initiation of the
freezing process, the temperature changes of each thermo-
couple were recorded every 15 seconds. After 720 seconds
of cooling time, the freezing process was stopped and the
thawing time was recorded for another 360 seconds. With
the contact probe, the cooling time had a duration of 360
seconds with a thawing period of 720 seconds. All captured
data were placed into an Excel spreadsheet program.

Patients and lesions for pilot clinical studies

Nine Caucasian patients (seven females and two males)
aged from 18 to 55 years with a total of 10 auricular
keloids (6 months—6-year-old) signed an informed consent
form and were included in a pilot study. The etiology of
the lesions were piercing (9/10) and skin laceration (1/10)
with their location lobular (7/10), or helical (3/10). Previ-
ous scar treatment included surgical excisions, laser sur-
gery, surface (contact/spray) cryosurgery, intralesional
corticosteroid injections, and local application of silicone
ointments was without improvement. The medical history
revealed hypertension and diabetes in one patient aged 55
years and asthma in a 46-year-old patient.

Intralesional cryoprobe

A novel intralesional cryoprobe (European Patent Num-
ber 1299043; US Patent Number 6,503,246; 27) with an
elongated double-lumen uninsulated needle with a cryogen
vent and a sharp-cutting, sealed, distal tip to easily pene-
trate the hard, rubbery, and dense keloids was used in the
study. The cryoprobe was reused after autoclave steriliza-
tion. The proximal end of the cryoprobe was attached to
an adaptor, which was connected to a “cryogun’ cryogen
source, forcing liquid nitrogen to circulate through the
needle produces an ice ball around the cryoneedle, which
can freeze the adjacent tissue.

Clinical trial protocol

The trial, which extended over an 18-month period,
evaluated the volume reduction of the keloids. Imprints
were made with Elite H-D Putty Vinyl polysiloxane
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high-precision ( >99.5%) impression material (Zhermack,
Badia Polesine, Italy) and a water displacement method
was used 6, 12, and 18 months before and after a single
intralesional cryosurgery session. In addition objective pa-
rameters (hardness, elevation, and redness) and subjective
complaints (itching, pain, and tenderness) were examined
on a scale of 0 (none) to 3 (maximum). The assessments
were performed before treatment and at weeks 1 and 2 and
months 1, 2, 3, 6, 12, and 18 after treatment. Photographs
were taken before and 18 months after treatment.

Method of treatment

After the patient was placed in a supine position, the skin
surface of the keloid was cleaned with disinfectant solution
and draped. The area of penetration into the scar and the
underlying subcutaneous tissue was anesthetized locally
with lidocaine 1 percent. The sterile cryoprobe was forced
into the long axis of the scar until the sharp tip of the nee-
dle penetrated the opposite distal edge of the scar, thus
maximizing the volume of scar to be frozen. Attention was
taken to prevent any penetration of the cryoprobe into un-
involved surrounding skin. Sterile gauze pads were placed
under the proximal and distal parts of the cryoprobe and
care was taken to assure that the vent nostril was posi-
tioned away from the patient to prevent accidental freezing
of uninvolved skin.

The proximal part of the probe was connected via a luer
lock to the cryogun (Brymill Cryogenic Systems, Elling-
ton, CT; Premier Medical Products, Plymouth Meeting,
PA), which was filled about 10-15 minutes beforehand
with liquid nitrogen to allow a sufficient pressure to build-
up inside the cryogun. By activating the cryogun trigger,
the valve opened and the cryogen entered the cryoprobe
under a pressure of approximately 5 pounds per square
inch, thereby freezing the keloid. A forced steam of the
liquid nitrogen gas flowed out from the vent nostril during
the entire freezing process. Two iceballs appeared shortly
at the two cryoprobe penetration sites and with time they
gradually spread toward each other until complete freez-
ing of the keloid was achieved. Following a complete freez-
ing of the keloid, regardless of the duration of the
cryosurgery process, the cryogun trigger was released to
stop the freezing and the cryoprobe was left to thaw for
1-2 minutes and was then withdrawn. After a complete
thawing of the keloid, slight bleeding from the penetration
points of the probe required the application of a sterile
dressing. The patients were instructed to wash the treated
scar daily and to apply an antibiotic ointment until full re-
covery of the treated scar was accomplished.

Histomorphometric studies in human tissue

Punch biopsies for histomorphometric evaluation includ-
ing spectral and fractal analysis as well as fast Fourier
transformation (FFT) algorithm, were taken from eight
scars before treatment and after 6 months after the single
cryosurgical session (Figure 1). To maintain specimen ori-
entation a marking ink was applied with respect to the
cryoprobe axis. After treatment, the tissue was immediate-
ly fixed in 10 percent neutral-buffered formalin. Three
micrometer-thick sections were obtained and stained by
hematoxylin and eosin (H&E). The area of cryosurgical
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damage was assessed and measured with a scaled ocular
micrometer (x 100 magnification). The radii of the com-
plete and partial injury zones were measured perpendicu-
lar to the cryoprobe axis. Vascular injury was also
histologically evaluated.

Spectral computerized morphometric analysis

Deparaffinized keloid biopsy tissue sections were histo-
chemically stained with gicrosirius red and examined by
polarization microscopy.>’>%3! Staining of collagen ma-
trix revealed a mixture of red and green fibers of different
proportions according to the particular spatial orientation
levels. The red-stained fibers represent mature thick and
tightly packed collagen fibers and the green-stained fibers
represent young thin and loosely spaced collagen fibers.
The ratio of red to green staining represents the relative
amount of the two types of collagen fibers. Images were
captured by a Sony trichip video camera (Tokyo, Japan)
connected to an Olympus light microscope (Tokyo, Japan)
and digitized with the aid of a frame grabber and an IBM-
compatible personal computer equipped with a 17 in. high-
resolution screen. Spectral computerized morphometric
analysis of the collagen fibers was then performed using
the Image Pro Plus 4.5 software (MediaCybernetics,
Carlsbad, CA). Ten representative microscopic fields were
scanned at a x 10 magnification. After establishment of the
appropriate thresholds, the relative areas of green and red
collagen fibers were stained separately and calculated by
the program. Then, the average green-to-red ratio was
computed for each scar.

Fast Fourier transformation

The orientation index of the collagen fibers in the keloid
biopsy tissue sections before and after cryosurgery was
evaluated using the FFT algorithm.*>* To compute the
orientation index, the Auto-Pro environment of the Image
Pro Plus 4.5 software was used. A macro-algorithm was
developed that automatically traces thickness, and singles
out the longest diameter of the fibers. Subsequently, the
FFT algorithm was applied to obtain two-dimensional
power-scatter grams of the histological images. A median
filter was applied to homogenize close pixels. A scar with
randomly oriented collagen fibers exhibited a circular scat-
ter gram, compared with a scar with well-oriented fibers,
which showed an elongated (elliptically shaped) scatter
gram. The orientation index is equivalent to the calculated
ratio, between the maximal and the minimal diameters of
the scatter gram provided by the FFT algorithm. The larg-
er the index value, the greater the degree of collagen fiber
orientation in the scar.

Fractal analysis of collagen fibers

The image fractal geometry of the collagen fibers before
and after treatment was calculated using the box-counting
method.*>~° This method allows for the determination of
fractal dimension of both scale invariant and self-similar
structures. To estimate the box dimension, the Euclidean
space containing the images is divided into a grid of boxes
of size °s.”” Then, the size “s” was changed to progressively
smaller sizes, and the corresponding number of nonempty
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Figure 1. Schematic representation of the consecutive steps to achieve a 3D histomorphological fractal analysis power plot. The
tissue is stained with picrosirius red, followed by performing the fast Fourier transform power plot algorithm which is then plotted on
a box-counting grid. This enables one to construct the 3D fractal power plot view.

boxes was counted. The fractal dimension values range be-
tween 1 and 2. For classical geometric shapes such as a
line, a square and a cube, the fractal dimension is identical
to the classic (Euclidean) dimension, being 1 for the line, 2
for square, and 3 for a cube. However, a geometrical struc-
ture with complex contour is best represented by fractal
dimension i.e., a rational number. The more complex the
contour, the larger is the fractal dimension. In our study,
the fractal dimension reflected the level of architectural
complexity of the keloid microscopic images. The mean
values of the fractal dimensions of all of the fields analyzed
per case were used for statistical evaluation.

Statistical analysis

Statistical analysis was executed using the SPSS vs10 pro-
gram (SPSS, Inc., Chicago, IL). The data were analyzed
for sample normality using the Kolmogorov—Smirnov test.
The mean value and standard error of the mean were cal-
culated and presented for each group. The clinical scores,
the scar volumes, the red to green ratios, the orientation
index and the fractal dimension obtained before and after
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cryosurgery were compared using the Wilcoxon test for
paired observations. Two-tailed values of p < 0.05 were
considered to be statistically significant.

RESULTS

The thermal history of the isolated intralesional cryoprobe
showed a fast cooling rate (200 °C/min). The end temper-
ature was shown to be —196 °C, which was achieved after
60 seconds and remained at this low level for another 120
seconds (hold time). The thawing rate was equally fast, i.e.,
the temperature returned from approximately —200 °C to
almost 0 °C (200 °C/min) after 60 seconds (Figure 2A). The
surface cryoprobe also exhibited a fast cooling rate
(160 °C/min), i.e., the probe temperature was —136 °C af-
ter 60 seconds, which remained constant until 180 seconds.
The thawing rate, however, was very slow (40 °C/min), i.e.,
the probe temperature was —35 °C at 420 seconds.

The ex vivo studies in the swine muscle revealed a com-
pletely different thermal behavior. The intralesional cryo-
probe showed a much slower cooling rate (20 °C/min) with
an end temperature of —30°C. However, the thawing
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Figure2. Thermal profiles at different locations within the le-
sion and on the skin surface. (A) Thermal history of the isolated
intralesional cryoprobe with comparison to the contact cryo-
probe. (B) Temperatures recorded by the thermocouples during
the ex vivo intralesion cryosurgery at the surface, and in the tis-
sue at depths of 3 and 6 mm (location of the cryoprobe) and (C)
during the ex vivo contact cryosurgery (location of the cryo-
probe) and in the tissue at depths of 3 and 6 mm.

rate was faster (35°C/min). The 3 mm and surface
thermocouples showed a slower cooling rate (5 °C/min),
end temperature of —12°C with a long constant holding
time and a faster thawing rate (8 °C/min; Figure 2B). The
contact probe showed fast cooling and thawing rates
(80 °C/min) with an end temperature of —100 °C and with-
out a constant hold time. The 3 and 6 mm deep thermo-
couples showed a similar pattern, i.e., faster cooling
(20 °C/min) and thawing (25 °C/min) rates when compared
with the intralesional method, with almost no hold time
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and an end temperature of —58 and —42 °C, respectively
(Figure 2C).

Histological studies

Histologically, the frozen swine muscle showed cryolesions
with a central region of complete cell death characterized
by diffuse coagulative-type necrosis and an 8 mm radius. A
distinct 3 mm-wide transition zone of partial tissue injury
surrounded this area. Within the complete cell death area
the swine muscle cells displayed shrunken and degenerated
cytoplasm with complete loss of nuclear detail and ho-
mogenous pale eosinophilic staining (Figure 3). An in-
creased distance between myocytes was documented,
because of interstitial edema. Cytoplasmic vacuolization,
increased cell roundness with indistinct membranes and
loss or irregular thickness of bands of contraction were
major morphologic features. The transition zone exhibited
less severe injury with a mixture of histologically live and
dead cells.

Vascular thrombosis was not documented in the com-
plete cell death zone and the transition zone. Histology of
untreated control tissues showed no degenerative changes
(Figure 3).

Clinical efficacy

The time required to achieve complete freezing of the
keloids was between 5 and 30 minutes, depending on the
volume of the scar treated. A significant reduction in ob-
jective parameters and alleviation of the subjective com-
plains were achieved. The average volume of the keloids
before treatment being 2.89 + 0.69 cm?® (range 1-6 cm?®)
was significantly reduced to 1.17 &+ 0.46 cm” (range 04
cm®) 6 months after a single session of intralesional cryo-
surgery, which represents a volume reduction of 67.4 + 23
percent (p < 0.005; Figures 4 and 5). In addition, the red-
ness score was reduced from 2.90 + 0.10 before treatment
to 0.80 £ 0.32 six months after cryosurgery (p < 0.007),
the hardness score from 2.90 + 0.10 to 0.50 + 0.22
(p < 0.004) and the elevation score from 3.00 & 0.00 be-
fore treatment to 1.00 £ 0.10 six months after cryosurgery
(p < 0.006). No scar recurrence was registered during the
18-month follow-up period.

The patients mentioned a significant reduction of their
subjective complaints a few days after the treatment, which
persisted during the follow-up period. The itching score
before treatment was 2.50 + 0.34 compared with 1.19 +
0.37 six months after cryosurgery (p < 0.023). The pain
score was 2.00 £ 0.44 before treatment and 0.30 £ 0.21 six
months after cryosurgery (p < 0.016), and the tenderness
score was 2.30 £ 0.33 before treatment and 0.40 £ 0.22 six
months after cryosurgery (p < 0.007).

Clinical safety

The intralesional treatment was generally well tolerated by
the patients. Mild pain or discomfort during and after the
procedure was easily managed. Neither active bleeding
from the penetration points nor infection was document-
ed. A few hours following intralesional cryosurgery a blis-
ter was obvious, and after a few days a crust formed and it
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took 2-3 weeks for the treated scar to heal completely. No
adverse reactions, including marked hypopigmentation
were registered during the 18-month follow-up period.

Spectral-computerized morphometric analysis, FFT,
and fractal analysis of collagen fibers

The spectral-computerized morphometric analysis showed
a significant reduction of the ratio between red and green
fibers in the keloids before treatment (1.433 + 0.023) when
compared with the data 6 months after treatment (1.610 +
0.031, p < 0.001).

The FFT algorithm showed that the relative area of col-
lagen fibers in the low-frequency zone was significantly
lower in the treated group (83 + 0.7%) when compared

7 p=0.005

6 (Paired Wilcoxon)
5
4
3
2]
1
0

Volume (cc)

Before Treatment After Treatment

Figure 4. Reduction of scar volume is achieved after a single
intralesional cryosurgery session.
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Figure 3. Histological exami-
nation of the frozen swine
muscle tissue. (A-C) Swine
muscle specimen after intra-
lesional cryosurgery. (A) Cen-
tral region of complete cell
death with diffuse cellular nu-
clear changes as vacuolization
of the cytoplasm, irregular
bands of contraction, and in-
distinct membranes. (B) Tran-
sitional area showing a mixture
of injured and viable myocytes.
(C) Note the sharp demarca-
tion between the transitional
zone (upper left) and the adja-
cent normal tissue. (D) In
comparison, an untreated
specimen (H&E, original mag-
nification x150).

with the keloids before treatment (88 4+ 0.4%, p < 0.001)
(Figures 6 and 7).

The fractal analysis of collagen fibers revealed that the
treated scars had a more complex structure. The box di-
mension method showed a value of 1.740 4+ 0.007 of the
lesions after treatment when compared with a value of
1.710 £ 0.007 of the keloids before treatment (p < 0.01).
All these histomorphometric results suggest a more organ-
ized architectural pattern of the collagen fibers in the treat-
ed scar. A horizontal parallel organization of the collagen
fibers in the treated scar was detected being similar to that
in the normal dermis, in contrast to the disorientation of
the collagen network seen in the keloids before treatment.

DISCUSSION

The response to freezing is a multifactorial injury proc-
ess.”® This study confirms a direct cellular injury,” in
which cryoinsult has been proposed to cause protein dam-
age by high solute concentrations created as the cell dehy-
drates in response to freezing. Protein damage is followed
by damage of membrane and enzymatic machinery of the
cell in addition to the induction of ice crystals within the
cell, which may disrupt the intracellular organelles and
plasma membrane.

During cryosurgery, a thermal history profile is created
which consists of four stages: cooling rate, end or minimal
temperature, hold time (time held at the minimum temper-
ature), and thawing time.*® A slow cooling rate (10 °C/
min) causes cell injury due to a sufficient time for osmotic
dehydration of the cell, whereas a fast cooling rate (100 °C/
min) causes cell injury by the formation of intracellular ice
crystals as water is trapped within the cell.
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Figure5. Photographs showing the intralesional placement of a cryoprobe. (A) A preoperative view of a 6-year-old pedunculated
keloid before piercing, with a volume of 1.9 cm? on the posterior aspect of the left lobule which has been treated unsuccessfully by
intralesional corticosteroid injections. (B) Intraoperative intralesional cryosurgery of the keloid. (C) Eighteen months after a single
intralesional cryosurgery the keloid has completely disappeared with no recurrence.

The end temperature or “lethal temperature” which
completely destroys a cell or tissue is highly cell-type de-
pendent. However, in vivo experience indicates that not all
cells die after freezing to end temperatures that are lower
than the lethal one, but a marked cell injury can be ob-
served. Lowering the end temperature from —20 to —40 °C
decreases cell viability from about 35 to 5 percent.*® In the
skin, melanocytes die at —4 to —7 °C, while fibroblasts are
rather resistant to cold being destroyed at —30 to
—35°C.%* However, tissue freezing starts from a tempera-
ture lower than —21.8 °C, which is the eutectic temperature
of sodium chloride solution.

An increased hold time causes cell dehydration but also
allows the smaller intracellular ice crystals to fuse and
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Figure 6. Schematic presentation of the spectral (red to green)
and the fractal analysis in which the treated scars ( e ) are con-

centrated at the low red/green ratio and low number of peaks at
low frequency when compared with the nontreated scars (A).
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form larger ones, which disrupt the cell. The next impor-
tant phase in cryoinjury is the phase after thawing. Be-
cause of microcirculation shutdown, the cells release
vasoactive factors, causing the vasculature to dilate and
to hyperperfuse the tissue. The high-oxygen delivery is
supposed to cause formation of free radicals,**' which
further damages the endothelial cells. In addition, neu-
trophils, which are attracted to the cryoinjury site for de-
bris cleaning, adhere to the endothelium and release
digefztive enzymes, which may also damage the endotheli-
um.

In our study, the thermal history of the isolated cryo-
probe showed fast cooling and thawing rates, a very low
end temperature (—196 °C) and a constant hold time. This
very low end temperature, which was not achieved by the
contact probe, can be explained by the doubled lumen
structure of the cryoprobe which enforces the liquid nitro-
gen to pass twice through its entire length. In the contact
probe, a single passage of liquid nitrogen is encountered.
In the ex vivo studies, the thermal history of the intrales-
ional cryoprobe changed. A low cooling rate (20 °C/min)
was encountered, the end temperature was about —28 °C,
which was constant during the hold time, and a faster
thawing time (30 °C/min) was registered. However, the
3 mm deep and surface thermocouples reached approxi-
mately —10 °C accompanied with a slower thawing rate.
These differences are attributed to the inherent cryobio-
logy of the tissue around the probe. These results support
and explain the good clinical response to this treatment. A
low cooling time, end temperature that was achieved in the
target tissue, a long hold time,* and a faster thawing
phase caused cellular and vascular damage in the target
tissue only. Thus, intralesional cryosurgery destroys the
core of the keloid, while at the surface, cells including me-
lanocytes, are much less affected. As shown by the histo-
logical specimens of swine muscle, intralesional
cryodamage is self-limited. Consistent with direct cryo-
thermic injury, complete cell death was identified in the
central cryolesion immediatedly following treatment,
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Figure 7. FFT analysis of lesions before and after cryosurgery. (A) 3D fractal power plot views of FFT before and after the treatment
with the intralesional cryosurgery technique. Normalization of the treated scar tissue is evident. (B) Comparison of the FFT param-
eters of heterogeniciity and optical density between the nontreated and treated specimens.
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supporting direct cryothermic injury as a primary mecha-
nism. Furthermore, the histologic changes observed in ad-
jacent area of the central cryolesion were minimal,
revealing a limited demarcated irreversible cell injury. This
may explain the absence of hypopigmentation observed in
our clinical study. As such, intralesional cryosurgery may
occupy an important position in the treatment of black
and pigmented-skin populations, which present a high
prevalence of keloids and who may benefit from a lower
rate of postcryosurgery skin hypopigmentation.

The contact probe showed a different temperature his-
tory ex vivo. The surface temperature reached —50 °C after
30 seconds, —60 °C after 60 seconds, and —70 °C after 100
seconds. The cooling and thawing rates and the end tem-
perature, including the 3 and 6 mm deep measurements,
were faster when compared with the intralesional cryo-
probe. The contact probe is composed of brass, thus the
similar end temperatures of the isolated contact probe and
that in the ex vivo studies may be explained by the different
metal conductivity when compared with the stainless-steel
metal intralesional cryoprobe. In addition the 3 mm deep
thermocouple, measured 10 °C after 30 seconds, —10°C
after 60 seconds, and —25 °C after 100 seconds. Thus, the
lethal surface temperature, which is far colder than the in-
tralesional cryoprobe, causes an undesirably pronounced
superficial cellular and tissue necrosis including the me-
lanocytes with less harm in the deeper layers. This is the
reason why the application of the contact probe to the
keloid has been limited 30-60 seconds exposures and the
total effect of the cryoprobe to the core of the keloid is
suboptimal, necessitating repeated treatment sessions. 2

The possibility to have a long hold time in the deep scar
core, where cryonecrosis is required, employing the intra-
lesional cryoprobe and causing minimal damage to the
superficial tissue and melanocytes, has a paramount im-
portance in the clinical application of cryosurgery in treat-
ing keloids. In contrast, the lethal zone, which is created by
the contact probe, includes the epidermis, upper dermis,
and melanocytes, causing a clinically permanent hypopig-
mentation. This ability of contact cryosurgery to cause
hypopigmentation has been applied to lentigo simplex and
actinic lentlglnes achieving a good aesthetic result without
scarring. These experimental findings corroborate our
previous clinical results, i.e., the significant reduction in
scar volume of 50 percent followmg a single session,”’
which are superior to the clinical results achieved by the
contact cr;/osurgery or the hypodermlc needle tech-
nique.” Given this advantage, it is assumed that few-
er treatment cycles in order to achieve an optimum result
will be necessary.

Histomorphometric examinations have shown a signif-
icant tendency toward normalization of the keloid colla-
gen structure as well as the presence of young normal
collagen fibers, as previously detected.”® Furthermore,
cryotherapy has been found to modify collagen synthesis
and differentiation of keloidal fibroblasts in vitro toward a
normal phenotype.*® These findings explain the absence of
recurrence after cryosu rgery of keloids independent of the
technique administered and corrobolates cryosurgery
as the treatment method of choice for hypertrophic scars
and keloids.

In conclusion, this simple-to-operate intralesional cryo-
probe technique can be applied to every scar shape and
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contour with a sufficient volume at the ear helix and lob-
ule, and may be added to the armamentarium of methods
which treat auricular keloids but probably keloids in other
localizations, too. There is no need for control of freezing
time because the treatment ends when the lesion becomes
completely frozen. The major advantage of the intralesion-
al cryoprobe to destroy the deeply localized target tissue
with minimal effect on the superficial skin layers may have
a significant importance in the clinical application of cryo-
surgery not only in the treatment of keloids but also of
other deeply localized skin lesions and tumors. In addi-
tion, the marked efficacy of a single intralesional cryosur-
gery session presented is another major advantage in
comparison with the repeated sessions of standard contact
cryosurgery required. From the technical point of view,
the presented intralesional cryoprobe technique is safe to
use, consumes less cryofluid when compared with the open
cryosystems, enables the physician to freeze any keloid to
an adequate depth, and it can be associated with any pre-
existing cryosurgical unit.
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