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ABSTRACT

Introduction: In dermatology, inflammatory
skin conditions impose a substantial burden
worldwide, with existing therapies showing lim-
ited efficacy and side effects. This report aims
to compare a novel immunological activation
induced by hyperthermic 20 MHz high inten-
sity focused ultrasound (HIFU) with conven-
tional cryotherapy. The bioeffects from the two
methods are initially investigated by numerical
models, and subsequently compared to clinical
observations after treatment of a patient with
the inflammatory disease granuloma annulare
(GA).

Methods: Clinical responses to moderate
energy HIFU and cryotherapy were analysed
using numerical models. HIFU-induced pressure
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and heat transfer were calculated, and a three-
layer finite element model simulated tempera-
ture distribution and necrotic volume in the
skin. Model output was compared to 22 lesions
treated with HIFU and 10 with cryotherapy in a
patient with GA.

Results: Cryotherapy produced a necrotic
volume of 138.5 mm? at -92.7 °C. HIFU at
0.3-0.6 J/exposure and focal depths of 0.8 or
1.3 mm generated necrotic volumes up to only
15.99 mm? at temperatures of 68.3-81.2 °C.
HIFU achieved full or partial resolution in all
treated areas, confirming its hyperthermic
immunological activation effect, while cryo-
therapy also resolved lesions but led to scarring
and dyspigmentation.

Conclusion: Hyperthermic immunological
activation of 20 MHz HIFU shows promise for
treating inflammatory skin conditions as exem-
plified by GA. Numerical models demonstrate
minimal skin necrosis compared to cryotherapy.
Suggested optimal HIFU parameters are 1.3 mm
focal depth, 0.4-0.5 J/exposure, 1 mm spacing,
and 1 mm margin. Further studies on GA and
other inflammatory diseases are recommended.

Keywords: High intensity focused ultrasound;
HIFU; Granuloma annulare; Cryotherapy;
Dermatology; Finite element modelling
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Key Summary Points

Why carry out this study?

Inflammatory skin conditions present a
significant burden and affect millions world-
wide as existing pharmacological and device-
based therapies often have poor efficacy and
unwanted side effects.

This report aims to understand the bioef-
fects of moderately dosed 20 MHz high
intensity focused ultrasound (HIFU) on the
upper layer of human skin, and compare it to
cryotherapy commonly used in dermatology,
as preclinical studies suggest that HIFU can
induce immunogenic cell death and immune
sensitization, potentially leading to gener-
alized lesion regression and thereby a new
modality for treatment of inflammatory skin
conditions.

What was learned from the study?

The numerical modelling analysis shows that
the moderate levels of HIFU can accurately
target the upper dermis, creating extremely
localized necrotic volumes several times
smaller than those generated by conven-
tional liquid nitrogen cryotherapy.

Clinical results from a single patient with
the inflammatory skin disease granuloma
annulare (GA) confirm the efficacy of HIFU
treatment, showing full or partial recovery
with reduced scarring and dyspigmentation
compared to cryotherapy.

The study concludes that HIFU treatment
slightly below the threshold for ablative
response presents significant advantages over
cryotherapy for treating inflammatory skin
conditions, including reduced scarring and
dyspigmentation.

INTRODUCTION

Inflammatory skin conditions present a sig-
nificant burden and affect millions worldwide.
Traditional standard of care typically includes

pharmaceutical-based therapy, such as corticos-
teroids or imiquimod, or device-based therapies,
typically by use cryotherapy or various light
therapies. Both pathways, however, have sig-
nificant side effects and relatively low efficacy
[1]. Alternative therapeutic interventions are
therefore needed.

Within the field of dermatology, 20 MHz high
intensity focused ultrasound (HIFU) has recently
been demonstrated as a safe and efficient device-
based therapy for medical indications such as
basal cell carcinoma (BCC), Kaposi sarcoma and
cutaneous neurofibroma and more aesthetic
conditions including seborrheic keratosis and
angiomas [2-4]. These therapies primarily rely
on lesion destruction by cell necrosis and tis-
sue denaturation. The biological response to
treatment is active transport of damaged cells
and tissue, either to an external wound crust or
internally through the vascular and lymphatic
systems. By nature, these methods can thus be
characterized as directly or indirectly ablative.

Results of preclinical studies on murine mod-
els with HIFU suggest that local ablative tech-
niques can induce immunogenic cell death
(ICD), increased tumour infiltration by mac-
rophages, as well as CD4* and CD8" lympho-
cytes [5]. Therefore, HIFU can also effectively
induce immune sensitization, which can con-
tribute to more generalized lesion regression
without full ablation of the lesion field [5-7].

This latter modality inducing various paths
of immunological activation by HIFU dosed at
more moderate energy levels than in the pre-
vious ablative treatments therefore presents
an intriguing option for development of new
interventional therapies for the large range of
inflammatory skin conditions present in daily
dermatological practice.

As a first step in understanding this new
approach, this paper sets out to calculate the
clinical effects of a relatively gentle hyperther-
mia and immunological activation induced by
HIFU. These effects are compared to cryotherapy
as one of the most common device-based thera-
pies for inflammatory skin diseases.

This is initially done by creating a three-layer
numerical skin model [8, 9] in combination with
finite element modelling (FEM) [10-12] to eval-
uate clinically relevant bioeffects of treatment.
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The approach allows for a unified analysis as
the FEM allows for simulation of multi-phys-
ics interaction of tissue with several different
energy fields, including the acoustic and ther-
mal fields represented by the two treatment
modalities. The same set of material parameters
characterizing the relevant superficial tissue lay-
ers are uniformly used throughout all analyses.
The impact on the skin tissue is quantified by
a calculation of induced necrotic dose volume
depending on the treatment exposure param-
eters [13, 14]. A concept of equivalent dose is
introduced that allows for direct comparison of
the total impact on the skin tissue of the modali-
ties as well as other parameters such as the total
time of treatment.

The model findings are used to compare
and discuss a clinical case of treatment case of
granuloma annulare (GA). GA is a rare, chronic
inflammatory disease with an estimated inci-
dence of approximately 1 in 10,000, account-
ing for less than 1% of all skin disorders [15].
The etiology of annular granuloma is not well
understood [16]. It predominantly affects indi-
viduals between the ages of 20 and 40 years and
is more common in women [15, 17]. GA has
been described in patients of various races and
ethnicities, with no evidence suggesting a spe-
cific race is more predisposed than others [18].
One theory regarding the cause of granuloma
annulare is an immunological disturbance that
leads to the activation of the immune system,
resulting in increased cytokine production and
infiltration of inflammatory cells in the skin [19,
20]. Studies have shown the presence of T lym-
phocytes, dendritic cells, and other inflamma-
tory cells in the affected skin areas, indicating
a probable immunological reaction associated
with the disease.

The most common manifestation of GA is the
appearance of single or multiple-ringed, erythe-
matous plaques [17]. The lesions can range in
colour from pink, red, and brown to purplish.
The disease primarily affects the extremities
(hands, feet, wrists) but can also occur on the
neck and trunk [20]. Although GA is consid-
ered a benign condition, complications can
arise from both treatment interventions and
the natural course of the disease. Common
complications include the formation of scars in

previously affected areas. Secondary infections
are also possible as the damaged skin caused by
GA may increase the risk of bacterial or fungal
infections. Conventional treatment modalities,
such as topical and systemic steroids, have been
used with varying degrees of success [17, 21-24].
However, these drug-based therapies have sev-
eral limitations, including inadequate responses,
relapse, and side effects.

GA is characterized by a low cure rate, with
only 46.6% of cases achieving resolution when
treated with corticosteroids and 80.6% with
cryotherapy [20, 21]. The method frequently
employed in clinical practice is cryotherapy
utilizing liquid nitrogen, but this has inherent
drawbacks such as tissue over-freezing result-
ing from an inability to achieve uniform energy
distribution or scar formation [21, 25]. Further-
more, the therapeutic response is variable, often
accompanied by disease relapse.

The purpose of this report is to understand
the bioeffects of moderately dosed 20 MHz HIFU
on the upper layer of human skin and compare
it to results of cryotherapy commonly used in
treatment of GA. These moderate levels of HIFU
are below the threshold for direct ablation, but
preclinical studies suggest that HIFU can induce
immunogenic cell death and immune sensiti-
zation, potentially leading to generalized lesion
regression and thereby a new modality for treat-
ment of inflammatory skin conditions, includ-
ing GA.

METHODS: NUMERICAL
MODELLING

Finite Element Modelling

Analysis of the clinical response to HIFU at
moderate energy exposures and conventional
cryogenic spray treatment was performed using
numerical modelling. FEM was used because of
the complex nature of the interaction of the
skin tissue with either focused acoustic waves
or the heat flux due to the cryogenic spray. A
three-layer model of human skin was used com-
prising of epidermis, dermis, and subcutaneous
layer, having thickness of 0.1, 1.5 and 4.4 mm,
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respectively [9]. The skin response was simulated
using a sufficiently large axisymmetric computa-
tional domain representing a cylinder of 22 mm
diameter, so that the calculated response was not
affected by the employed boundary conditions.
COMSOL Multiphysics version 5.4 FEM software
(COMSOL AB, Stockholm Sweden) was used in
all presented calculations.

Harmonic Pressure Field (HIFU)

The response of human skin to focused acoustic
field was first calculated using harmonic pressure
solver, and the pressure p, intensity I as well as
heat source distribution Q,. due to attenuation
were calculated at nominal operating frequency
fo=20.0 MHz. The governing equation in this
case is an inhomogeneous Helmholtz equation

(A) (B)
9.0 |

where the losses in the media due to attenua-
tion are introduced by the complex wave num-
ber and complex sound velocity. For clarity the
details are omitted here; for more information
one can refer to [26]. The attenuation in skin
layers is frequency-dependent and is defined by
the power law as follows [10]:

o(f) =eo(F/10°)", (1)

where a, is the attenuation coefficient, n is the
power of the attenuation, frequency fis given
in hertz. The dimensions of the simulated sys-
tem as well as the boundary conditions are illus-
trated in Fig. 1A; material parameters are given
in Table 1. The acoustic computational domain
was meshed using an element size of maximum
1/10th of the wavelength in the proximity
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Fig.1 A Dimensions and boundary conditions used in
harmonic modelling of the ultrasonic field during high
intensity focused ultrasound (HIFU) treatment of skin.
Dimensions in mm. NFD nominal focal depth, PML
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perfectly matched layer. B Exemplary result of simula-
tion of pressure field generated by a 20 MHz HIFU at
P =333 W, withNFD=1.3 mm
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Table 1 Model parameters of water and main skin components used in harmonic modelling of the acoustic field during high

intensity focused ultrasound (HIFU) treatment

Parameter Unit Water Epidermis Dermis Subcutis
Attenuation, @ dB/m/MHz 0217 44.0 [41] 264 [41] 60.0 [42]
Attenuation exponent, 7 - 2.00 1.55 [41] 1.69 [41] 1.00
Sound velocity, ¢ m/s 1482 1645 [41] 1595 [41] 1450 [42]
Density, p kg/m? 1000 1190 [9] 1116 [9] 971 [9]
Bulk modulus, K GPa 2.20 3.22 2.84 2.04

diameter of 1.5 mm from the focal point, while
the 1/5th of the wavelength rule was used out-
side of the focal zone in the remaining compu-
tational domain. The input acoustic power was
introduced into the system through a pressure
source boundary condition with the pressure
value at the acoustic source surface p, (see Fig. 1)
defined as:

2pcP,
po =12, @)

where p and c are the density and the sound
velocity in water, P, is the acoustic power
defined by the exposure and A is the surface
area of the radiating surface (the active surface
of the piezoelectric transducer). Given the effec-
tive outer and inner diameters of the piezoelec-
tric transducer are equal to 18 mm and 6 mm,
respectively, the surface area A=254.2 mm?, in
all simulated cases.

Transient Heat Transfer

The transient thermal response to HIFU and cry-
ogenic spray exposure was calculated using the
same general bio-heat transfer equation [27]:

aT
pep(T) 5 = K(D)VT + Qumet + Qper(T) + Qext (D),
3)
where T is the temperature, p is the density, ¢, is

the specific heat at constant pressure, Q.. is the
metabolic heat generation and

Qper = Whepp(Tp — 1), (4)

is the heat transfer due to blood perfusion,
where T, is the temperature of blood, wy is
the perfusion rate and c,,, is the specific heat
capacity of blood. The spatial dependence of
T in Egs. (3) and (4) is omitted for clarity. The
thermal properties of the skin layers used in the
simulations are given in Table 2.

The external heat transfer in case of the cryo-
genic spray freezing was represented by a heat
flux boundary condition ¢ as illustrated in
Fig. 2A. The diameter of the heat flux on the
skin was equal to 8.4 mm. This was estimated by
considering typical application parameters i.e.
the distance of 30 mm between the spray nozzle
and the skin surface and assuming 16° far-field
spray angle [28]. This value is consistent with
the observations of the cold spot during clinical
treatment using liquid nitrogen cryotherapy.

In the transient simulations the heat flux g;
was multiplied by a step function:

1, t>0andt <t
St) = {0/ £t , S)

where £, is the time of exposure.

In case of HIFU exposure, Q.,;=Q,., where Q,.
is the general heat source due to absorbed acous-
tic wave due to attenuation in the skin tissue
given by:

Qac = 2ya(f)H], (6)

where |I| is the magnitude of acoustic inten-
sity as per the results of harmonic simulations
of pressure field. In reality not all the attenu-
ated ultrasound is converted into heat, which is
included in Eq. (6) by introduction of the con-
version coefficient y=0.31 [29]. Additionally, a
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Table 2 Model parameters of water and main skin components used in transient modelling of the heat transfer during crop-
genic spray and high intensity focused ultrasound (HIFU) treatments

Parameter Unit Water Epidermis Dermis Subcutis
Heat capacity at constant pressure (772 0°C), ¢, J/kg/K 4186* 3600 [9] 3300 [9] 2700 [9]
Heat capacity at constant pressure (7<0°C).c,  J/kg/K 2095 [43]  2501* 2420 2258
Thermal conductivity (72 0 °C), W/m/K  0.594° 0.235 [9] 0445[9]  0.185[9]
Thermal conductivity (7< 0 °C), £ W/m/K 2.2 [43] 1.669** 1.726* 1.656*

*Given values at 20 °C; however, the COMSOL default piecewise dependency on 7 was used in the actual simulations

**Estimated using values for 72 0 °C, water properties at 7' < 0 °C, assuming water content of 73% [44]

dc = hC(Ta - T)l
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Fig.2 Dimensions and boundary conditions used in the
transient modelling of heat transfer. A Using cryogenic
spray. B Using 20 MHz dermatological high intensity
focused ultrasound (HIFU). Dimensions in mm; 7 and z,
spatial coordinates; 7, temperature; 7,, ambient tempera-
ture; T}, blood temperature; 7} y,, temperature of liquid
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nitrogen; ¢ heat flux due to cryogenic freezing; 4, con-
vective heat flux; /g heat transfer coefficient of cryogenic
freezing; b, convective heat transfer coefficient; Q.. heat
source due to blood perfusion; Q,, ., metabolic heat source;
Q. heat source due to attenuation of the acoustic wave in
tissue
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volume of water was added to the computational
domain above the HIFU exposure location (see
Fig. 2B) to take into account the coupling water
present in the HIFU handpiece during the HIFU
exposure. Similarly to the cryotherapy, Q,. was
multiplied by a step function, Eq. (5).

Necrotic Dose Volume Estimation (HIFU)

In case of hyperthermia due to HIFU exposure,
the definition of a dose is well defined and
widely accepted [14, 30] and it is expressed in
terms of thermally equivalent time by the fol-
lowing formula:

t ’
Du(x,t) = / R(TT(x4)) g 7)
0

where R=0.5 for T>43 °C. Moreover, T.,=43 °C
is the critical temperature for hyperthermia. It
is accepted that once a tissue reaches the criti-
cal dose D, ;=14,400 s (equivalent of 240 min)
100% of cells undergo necrosis. The HIFU
necrotic volume can therefore be expressed as:

x@ﬂa>=/;Nu¢mv, ®)

where Q is the computational domain, x € Q2 and
selector function is defined according to the fol-
lowing formula:

_ 1/ DH(X; 9] EDcr,H
N“”‘{thwm<mm' ©)

Another interesting indicator of the thera-
peutic process is the average temperature in the
necrotic volume due to HIFU hyperthermia,
also a function of time, defined in the following
manner:

[N, HTx, HdV

Tou® = Vo)

(10)

Necrotic Dose Volume Estimation
(Cryotherapy)

There are no widely accepted standards regard-
ing definition of necrotic volume due to the
exposure to cryotherapy [31]; however, it is com-
monly accepted that once a living tissue reaches

the critical temperature of T, .=-50 °C it is cer-
tain that 100% of cells undergo necrosis. There-
fore, in the present study the necrotic volume
is defined by the volume of tissue surrounded
by an isothermal surface, where T(t) =T, c. One
needs to notice that such a volume is a function
of time t and will decrease once the exposure
stops. Of course, necrosis is a non-reversal pro-
cess and therefore the cryogenic necrotic dose
volume is calculated, as follows:

Vp.c(t) = M(x,t')dV
b,c(t) t@[%,’i]/g (x,t")dv, (11)

where (2 is the computational domain, x € 2 and
selector function is defined according to the fol-
lowing formula:

1, Tx,t) <Ty

0, Tt > Ty (12)

M®0={

Another interesting indicator of the thera-
peutic process is the average temperature in the
necrotic volume, also a function of time, defined
in the following manner:

[ M, HTx, HdV

Tpc® = Voo

(13)

RESULTS: NUMERICAL MODELLING

Transient Heat Transfer

A summary of the acoustic modelling of the
HIFU field and estimation of the main charac-
teristic is presented in Table 3. In all analysed
exposure cases the spatial maximum intensity
was located within the dermis layer as intended.

Here it should be mentioned that simulations
of HIFU exposure are based on a linear acoustic
model, which is only valid for limited levels of
pressure p < K, where K is the bulk modulus.
Given the values of bulk modulus K of the sim-
ulated tissue materials, summarized in Table 1,
and the values of peak pressure presented in
Table 3, one can, however, conclude that the
use of the linear acoustic model is fully justified
as the worst case is the exposure of NFD 0.8 mm
and 0.6 ] (4.00 W) resulting in peak pressure of
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Table 3 Summary of the main characteristics of the acoustic field during high intensity focused ultrasound (HIFU) treat-

ment for different exposure parameters

Exposure Acoustic power Maximum absolute pres-  Maximum magnitude of Location
sure intensity
w MPa W/cm?
NFDO0.8,0.6] 4.00 32.0 25,778 Dermis
NFDO0.8,0.4] 2.67 26.1 17,137 Dermis
NFD1.3,0.5] 3.33 22.9 13,284 Dermis
NFD1.3,0.3] 2.00 17.7 7970 Dermis

Time of single exposure was equal to 0.15 s and it was the same for all HIFU treatments

NFD nominal focal depth

32.0 MPa which is almost a factor of 88 lower
than the bulk modulus K=2.84 GPa of dermis.

Thermal modelling of the skin response
to exposure to the cryogenic spray and HIFU
exposure was modelled for body and blood tem-
perature T,=37.0 °C, and ambient temperature
T,=20 °C. Perfusion rate w;,=0.00125 kg/m?/s for
T>0°C [32], heat capacity of blood ¢, ,=3770]/
kg/m3 [10]. Metabolic heat Q,,.,=368.1 W/m?
was set only in the dermis and subcutaneous lay-
ers [12]. The convective heat transfer coefficient
h. was equal to 3.3 W/m?/K [33].

The heat flux due to the cryogenic spray was
modelled by a heat flux where the cryogenic

e 50

—HIFU NFD0.8 0.6 J ]
- -HIFU NFD0.8 0.4 J ] _go
- HIFU NFD1.3 0.5 J 1
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Fig.3 Results of the modelling of transient heat trans-
fer during cryogenic spray treatment and high intensity
focused ultrasound (HIFU) treatment of skin. A Spatial
average temperature of the dose as a function of normal-

heat transfer coefficient h;=4000 W/m?/K [34]
and the temperature of the liquid nitrogen
spray Tinz=—196 °C (see Fig. 2A). Results of the
transient development of necrotic dose volume
and average temperature within necrotic dose
volume, defined by Egs. (11) and (13), respec-
tively, are given in Fig. 3. To present the results
for all the simulated treatment modalities the
transient results are given using normalized
time =, defined as follows:

t
T=—. (14)
te
(B)
0.3 T T T T T T 150
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E 05f &
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ized time at different treatment parameters. B Necrotic
dose volume as a function of normalized time at different
treatment parameters. NFD nominal focal depth, CRYO
cryotherapy
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Heat Distribution and Necrotic Dose Volume

Temperature distribution at t=10 s (x=1) for skin
exposure to liquid nitrogen spray is presented in
Fig. 4A, while the cryogenic necrotic volume is
visualized in Fig. 4F. Figure 3 shows the transient
development of the necrotic volume as well as
the average temperature of the necrotic volume
induced by the HIFU exposure given by Egs. (7)
and (8), respectively. The HIFU exposure is deter-
mined by a number of parameters, namely nom-
inal focal depth (NFD), which determines the
location of the acoustic focus below the surface
of the skin, acoustic power P, which in combi-
nation with the exposure time f, determines the
total energy of a single exposure E.=P,-t,.

The following HIFU exposure parameters
were used in the calculations: NFDO.8 E.=0.6 ],
NFDO0.8 E.=0.4 J, NFD1.3 E.=0.5 J, NFD1.3
E.=0.3 J. Here, NFDO.8 is understood as HIFU
exposure at nominal focal depth of 0.8 mm,
similarly NFD1.3 is a HIFU exposure at nominal
focal depth of 1.3 mm. Additionally, the tem-
perature distributions at t=0.15 s (t=1) due to
the modelled single HIFU exposures are given in
Fig. 4B-E. The necrotic volume at t=0.5 s (total
time of simulation) as the results of HIFU expo-
sure is visualized in Fig. 4G-]J.

CASE ILLUSTRATION: GRANULOMA
ANNULARE

A 47-year-old woman presented to the clinic
with multiple lesions of GA on hands and fore-
arms. The subject had undergone several cryo-
therapy treatments, and most recently received
corticosteroid therapy 6 months prior to the
HIFU treatment; however, the treatment out-
comes were unsatisfactory, and the disease
recurred. The subject therefore requested alterna-
tive treatments. Test treatments using cryother-
apy was offered as the device-based standard of
care in direct comparison with HIFU treatment
as a potentially more effective and less painful
therapeutic option. On the basis of agreement
with the patient, 22 smaller lesions/sections on
the posterior side of the hands and right forearm

were selected as test areas for HIFU and 10 areas
for comparative standard cryotherapy.

The Declaration of Helsinki’s guiding princi-
ples were followed in the creation of this arti-
cle. An ethical approval from Bioethical Review
Board at Wroclaw Medical University, Poland
(no. KB109/2023) has been obtained in compli-
ance with local law and institutional norms to
undertake this study. The authors attest that the
patient’s written consent has been received for
the submission and publishing of this report,
including the data and photographs.

Dermoscopy

The clinical evaluation of GA lesions was con-
ducted through dermoscopy using a FotoFinder
Medicam 1000 device (FotoFinder Systems
GmbH, Bad Birnbach, Germany). The observed
lesions of GA displayed typical characteristics
before treatment: annular or arciform configu-
ration with central clearing, a slightly raised bor-
der (Figs. 5A, B and 6A, B). Additionally, some
lesions showed whitish or yellowish areas, fine
peripheral scales, and telangiectasias.

HIFU Treatment

HIFU treatments were performed using a System
ONE-M (TOOsonix A/S, Hoersholm, Denmark)
operating at 20 MHz, designed specifically for
dermatological applications. Four handpieces
with nominal focal depth (NFD) of 0.8-2.3 mm
below the skin surface are available for connec-
tion to the device. The handpieces include an
integrated high-resolution digital camera operat-
ing as a dermoscope to observe the treated area
in real time on the user screen. The high spatial
resolution of the ultrasound field combined with
the real-time dermoscopy ensures precise dosing
of the therapeutic energy into the selected loca-
tion on the GA lesions.

In situations where the targeted lesion is
anticipated to be challenging to visualize
because of insufficient contrast with the adja-
cent skin, the lesion can be marked using a
water-resistant pen.

HIFU treatments of the 22 smaller GA fields
were carried out by administering acoustic
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1199

«Fig. 4 Results of transient heat transfer modelling of skin
treatment using cryotherapy and high intensity focused
ultrasound (HIFU). A Temperature field in around cryo-
genic spray exposure 10 s freeze 60 s thaw at 7=10.0 s. B
Temperature field around NFDO0.8/0.6 ] HIFU exposure
at £=0.15 s. C Temperature field around NFD0.8/0.4 J
HIFU exposure at £=0.15 s. D Temperature field around
NED1.3/0.5 J HIFU exposure at £=0.15 s. E Temperature
field around NFD1.3/0.3 J HIFU exposure at #=0.15 s. F
Dose volume in response to cryogenic spray exposure 10 s
freeze 60 s thaw at #=10.0 s. G Dose volume in response to
NFDO0.8/0.6 ] HIFU exposure at £=0.5 s. H Dose volume
in response to NFD0.8/0.4 J HIFU exposure at =0.5 s. I
Dose volume in response to NFD1.3/0.5 ] HIFU exposure
at £=0.5 s. J Dose volume in response to NFD1.3/0.3 J
HIFU exposure at #= 0.5 s. NFD nominal focal depth

energy in bursts of 0.3-0.6 J/exposure at expo-
sure durations of 0.15 s with approximately
0.75-1.5 mm spacing between each exposure site
to cover the selected lesion field and a peripheral
margin of approximately 1 mm. Visual appear-
ance of the different spacings between each
exposure site is illustrated in Fig. 7.

Two different HIFU handpieces of nominal
focal depth 0.8 mm and 1.3 mm were used,
thus limiting the treatment to the epidermis
and upper third of the dermis. Standard ultra-
sound gel was used to provide acoustic coupling
between the handpiece and skin surface (Parker
Aquasonic 100, Parker Laboratories Inc, NJ,
USA). The progress and status of the treatment
were monitored in real time using the integrated
non-polarized dermoscopic imaging system. On
the basis of prior experience, no pre-treatment
topical or local intravascular anaesthesia was
used. HIFU treatments were conducted in two
separate sessions with regular follow-up visits
over the following 3 months.

HIFU-treated GA lesions showed an immedi-
ate circular whitening effect of approximately
2 mm around each targeted location (Fig. 5C,
D). This effect was attributed to the denatura-
tion of proteins in the affected cells and a par-
tial release of the epidermal layer due to the
rapid local temperature increase. After treating
larger areas, a mild erythema appeared in the
treatment field area as the result of an urticar-
ial histamine release. This reaction gradually
decreased over the following 1-2 h and did not

cause notable pain or discomfort for the sub-
ject. Approximately 6 days after HIFU treatment
a crustation appeared, revealing centrally ulcer-
ated areas with evident signs of smaller inter-
nal bruising (Fig. SE, F). The vessels exhibited a
dot-like linear arrangement radiating from the
central part. The sites exposed directly to the
HIFU shots presented amorphous white areas/
spots. Shallow crusts with traces of blood were
observed in the central region. During the heal-
ing process, the vascularity and fibrotic changes
gradually became less pronounced (Fig. 5G,
H), eventually leading to nearly healthy skin
(Fig. 5L, J).

Cryotherapy

Liquid nitrogen cryotherapy was carried out on
eight smaller GA fields located on the mid-sec-
tion of the left posterior hand. A CRY-AC appa-
ratus (Brymill Cryogenic Systems Inc, CT, USA)
mounted with a 2-mm nozzle was used for appli-
cation of liquid nitrogen spray onto the affected
skin areas. The treatment temperature was main-
tained at approximately —196 °C. Within the
scope of the study, a single freeze-thaw cycle
was administered, allowing the tissue to natu-
rally undergo full thawing. The duration of
cryotherapy was tailored to individual patient
characteristics. Typically, the procedure lasted
10 s with 60 s thaw and involved a singular
spray application with nozzle-to-skin distance
of 30 mm.

The freeze-thaw cycle of cryotherapy was
poorly evaluated by the patient, reporting
intense pain. Following the procedure, urti-
carial post-frost blisters were observed (Fig. 6C,
D). After a week, scabs and blisters filled with
serous fluid appeared (Fig. 6E, F), with some of
them ruptured. During the subsequent visit, the
lesions were healed, but a side effect in the form
of a significant scar emerged (Fig. 6G, H). In the
surrounding area of the cryotherapy-treated site,
a reticulate hyperpigmentation occurred, associ-
ated with the reparative response.

The HIFU and cryotherapy sessions as well as
their parameters are summarized in Table 4.
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«Fig. 5 High intensity focused ultrasound (HIFU) treated
lesions on left hand, NFD0.8 0.6 J 1.0 mm spacing. A Mac-
roscopic view. B Dermoscopy before treatment. C Macro-
scopic view just after treatment. D Dermoscopy just after
treatment. E Macroscopic view 6 days after treatment. F
Dermoscopy 6 days after treatment. G Macroscopic view
27 days after treatment. H Dermoscopy 27 days after
treatment. I Macroscopic view 93 days after treatment. J

Dermoscopy 93 days after treatment. NFD nominal focal
depth

DISCUSSION

The employed modelling methodology intro-
duced in this report is a simplified represen-
tation of the biophysical process taking place
during HIFU treatment and cryotherapy respec-
tively, especially after the physiological response
of the skin commences. Model output can, how-
ever, clearly illustrate the fundamental and sig-
nificant resulting differences between the two
methods, and the model can therefore be a very
helpful tool for analysing observations from
clinical treatments, such as the presented case
of treatment of GA.

Figure 3 and Table 5 show results of the
modelled average temperature and volume
of the necrotic zone as a function of normal-
ized time, up to three times the exposure time
of the respective therapies applied in the GA
case (3x150 ms for HIFU and 3 x 10 s for cry-
otherapy). As expected, the average tempera-
ture for cryotherapy rapidly decreases to reach
a peak minimum of -92.7 °C, and abruptly
increases towards normal skin temperature as
spray exposure is stopped. It has to be empha-
sised that the cooling rate is predetermined by
the heat transfer coefficient h;, which has been
reported to vary up to three orders of magnitude
between 102 and 10° W/m?/K [35]. The value of
he=4000 W/m?/K is therefore on the low side of
this range and suggests that the reported esti-
mates of the necrotic volume due exposure to
nitrogen spray are conservative. Moreover, the
obtained cooling rates are consistent with the
experimental data obtained on gel phantoms
[32, 36]. For HIFU, the average temperature of
the necrotic volume quickly increases to stable
levels of 68.3 to 81.2 °C depending on selected

power setting of the exposure, and subsequently
gradually decreases towards normal skin temper-
ature after the exposure is stopped.

Bioeffects measured in necrotic volume due
to single exposure to HIFU and liquid nitro-
gen spray are significantly different for both
modalities. This effect is reflected clearly in the
size of the necrotic volume shown in Fig. 3B.
Here it can be observed that the necrotic zone
following cryotherapy is several factors greater
than those observed for a HIFU dose, exempli-
fied by 138.5 mm? for cryotherapy and a maxi-
mum 0.258 mm? for a single HIFU dose. This
difference is of course offset by multiplications
of HIFU exposures needed to cover an equiva-
lent treatment area, but it underlines the highly
improved accuracy and resolution in both lateral
and horizontal directions offered by the HIFU
modality.

The temperature distribution in the tissue
and the necrotic volumes are presented in more
detail in Fig. 4. Again, the zone of hypothermic
impact can initially be seen to be very large in
the case of single cryotherapy spray exposure
(Fig. 4A) compared to the single exposures
from the various HIFU settings (Fig. 4B-E). This
is directly reflected in the visualization of the
necrotic volume (Fig. 4F-J), thereby also illus-
trating the single exposure modality for cryo-
therapy versus the need for multiple exposures
to conduct a full treatment with HIFU. Moreo-
ver, it can be concluded that even at the densest
spacing of HIFU exposures (0.75 mm) the total
impact of a multidose exposure can be analysed
as a superposition of single exposures, due to
very confined temperature distribution of a sin-
gle HIFU exposure.

Table 6 summarizes and analyses clinical
records from the GA treatments combined
with the modelled necrotic volumes shown
in Figs. 3, 4 and Table 5. It can first of all be
noticed that the total necrotic volume created
by the relevant repetitions of HIFU exposures is
only 0.53-11.5% of a necrotic volume created
by a single cryotherapy spray exposure. The
necessity for repetitive HIFU exposures to cover
the relevant target, however, potentially also
increases treatment time. The maximum effec-
tive treatment time was thus approximately
three times (297%) longer than the single
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Fig. 6 Cryotherapy treated lesion on left hand. A Macro- after treatment. F Dermoscopy 5 days after treatment. G
scopic view before treatment. B Dermoscopy before treat- Macroscopic view 34 days after treatment. H Dermoscopy
ment. C Macroscopic view just after treatment. D Der- 34 days after treatment

moscopy just after treatment. E Macroscopic view 5 days
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(A)

©

(B)

(D)

(E)

Fig.7 Dermoscopic image of granuloma annulare (GA)
treated with high intensity focused ultrasound (HIFU) at
nominal focal depth (NFD) NFD0.8 0.4 J with 0.75 mm
average spacing of exposures A just after treatment and B
6 days after treatment. Dermoscopic image of GA treated

cryotherapy cycle time—a time consumption
that is, however, well within acceptable limits
and not expected to effectively impact the total
time needed for a clinical session including
record review, diagnosis, registration, clinical
setup, post-treatment registration, etc.
Examples of clinical results and observa-
tions, shown in Figs. 5 and 6 with a summary

(F)

with HIFU at NFD0.8 0.6 J with 1.0 mm average spacing
of exposures C just after treatment and D 6 days after treat-
ment. Dermoscopic image of GA treated with HIFU at
NFDO0.8 0.4 J with 1.5 mm average spacing of exposures E
just after treatment and F 6 days after treatment

in Table 4, indicate relatively scattered clinical
results as would be expected for a first treatment
in a single patient only. However, as previously
reported [1] and predicted by the numerical
models, cryotherapy creates large necrotic vol-
umes in the skin. Observed diameters of necrotic
volumes showing diameters around 8.4 mm on
the skin surface match modelled results very
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Table 4 Summary of the treatment sessions, parameters of treatment and results

Session Location Exposure Exposure aver- Follow- Number Results Biological response
age spacing up of lesions
(mm) (days)
1 Left hand HIFU NFDO0.8 1.0 93 1 Full recovery ~ Minimal crust
0.4] formation and the
slightest pigmen-
tation alteration
1 Left hand HIFU NFDO0.8 1.5 93 1 Full recovery ~ Moderate crust
0.4] formation
and moderate
pigmentation
alteration
1 Left hand HIFU NFDO0.8 0.75 93 1 Full recovery  Significant crust
0.4] formation
and extensive
pigmentation
alteration
1 Left hand HIFU NFDO0.8 1.0 93 2 Full recovery  Significant crust
0.6] formation and
the most exten-
sive pigmenta-
tion alteration
1 Left hand HIFU NFDO0.8 1.0 93 1 Partial recovery Significant crust
0.6] formation and
the most exten-
sive pigmenta-
tion alteration
1 Right hand HIFUNFDI1.3 0.75 93 1 Partial recovery Minimal crust
0.3] formation
1 Righthand ~ HIFUNFDI.3 1.0 93 1 Partial recovery Moderate crust
0.3] formation
1 Right hand HIFU NFD1.3 1.5 93 3 Full recovery  Significant crust
0.5] formation in the
form of semicir-
cles
2 Right forearm HIFUNFD1.3 1.0 73 10 Full recovery ~ Moderate pigmen-
0.5] tation alteration
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Table 4 continued

Session Location Exposure Exposure aver- Follow- Number Results Biological response
age spacing up of lesions
(mm) (days)
2 Right forearm HIFU NFD1.3 1.0 73 1 Partial recovery Significant crust
0.5] formation
and extensive
pigmentation
alteration
3 Left hand CRYO 10/60 N/A 34 8 Full recovery ~ Frostbite blisters

that ruptured,
resulting in a large
crust build-up.
Substantial scar
formation with
hypopigmentation
at the periphery

HIFU high intensity focused ultrasound, NFD nominal focal depth, CRYO cryotherapy, N/A not applicable

Table 5 Summary of the numerical dose estimations in response to all combinations of exposure parameters used in the
clinic for cryogenic spray and high intensity focused ultrasound (HIFU) treatments

Exposure parameters Exposure time, s

3

Single dose necrotic volume, mm”  Dose average tem-

(ul) perature at 7=1,°C
CRYO 10/60 10.0 138.5 -92.7
HIFU NFD0.8, 0.6] 0.15 0.258 81.2
HIFU NFDO0.3,0.4] 0.15 0.118 76.2
HIFUNFDI1.3,0.5] 0.15 0.055 73.5
HIFU NFD1.3,0.3] 0.15 0.012 68.3

CRYO cryotherapy, NFD nominal focal depth

well (Fig. 4A). Similarly, the simulated necrotic
zone created by HIFU having an outer ring and
centre spot on the skin surface when using an
NEFD 0.8 mm handpiece is fully reflected in clini-
cal observations (Fig. 4D).

Importantly, all HIFU treatments using a
handpiece with NFD 0.8 or 1.3 mm is generally
found to lead to full or partial resolution in all
treated fields. The initial indication is thus that
the suggested immunological activation induced
by hyperthermic HIFU indeed leads to general-
ized lesion regression without full ablation of

the lesion field as suggested in the preclinical
studies [5-7]. The method therefore seems to be
a viable pathway for future treatment of inflam-
matory conditions in humans.

The HIFU method is furthermore found to
present a significantly improved clinical bal-
ance over cryotherapy, with less scarring and
dyspigmentation. Treatments using energy levels
of 0.3 J/exposure seem to be close to the lower
threshold for observable clinical effect, while
0.6 J/exposure creates larger coherent crusta-
tions and subsequent dyspigmentation unless
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Table 6 Summary of the analysis of the equivalent total high intensity focused ultrasound (HIFU) dose volumes to a single

cryogenic spray treatment exposing 8.4 mm dimeter area of skin to liquid nitrogen for 10 s

Exposure Exposure Equivalent Total equiva-  Ratio of total Total Ratio of total
average spac- number of HIFU lent dose volume of HIFU treatment HIFU treatment
ing exposures to volume dose to CRYO time time to single

single CRYO dose CRYO exposure
mm - mm? (ul) % s %

CRYO 10/60 N/A N/A 138.5 100 70 100

HIFU NFDO.8, 1.00 62 7.33 5.29 124 177
0.4]

HIFU NFDO.8, 1.50 31 3.66 2.65 62 89
0.4]

HIFUNFDO0.8, 0.75 104 12.29 8.87 208 297
0.4]

HIFU NFDO0.8, 1.00 62 15.99 11.5 124 177
0.6]

HIFUNFDI1.3, 0.75 104 1.23 0.89 208 297
03]

HIFU NFD1.3, 1.00 62 0.74 0.53 124 177
03]

HIFU NFD1.3, 1.50 31 1.69 1.22 62 89
0.5]

HIFU NFD1.3, 1.00 62 3.39 2.45 124 177
0.5]

CRYO cryotherapy, NFD nominal focal depth, N/A not applicable

used with larger spacing between each exposure.
Energy levels of 0.4-0.5 J/exposure and a spacing
of 1.0 mm, however, seem to have a good clini-
cal balance with full recovery of the skin and rel-
atively low levels of dyspigmentation seen in 15
out of 17 treated lesions using this energy range.
Somewhat outside documented clinical data, the
recommendation is furthermore that applying a
1-mm margin yielded better results for reduction
of GA, as the absence of this margin resulted in
some lesions persisting as raised areas.

Overall, these observations match earlier
reported preclinical results [3, 37, 38], as well as
observations in clinical work, where only energy
levels above 0.7 J/exposure were found to initi-
ate the desired direct ablative effects [2, 3, 39].

As a result of the limited follow-up (less than
12 months) it is difficult to speculate about the
possibility of relapse of GA in the long-term per-
spective after both HIFU and cryotherapy treat-
ment. As of the date of the latest version of this
report (approximately 9 months after treatment)
no recurrences were observed in the pathologi-
cally altered areas treated with HIFU. However,
this was not the case in the GA lesions subjected
to cryotherapy. Although it is an interesting
finding, a more systematic study needs to the
carried out to further confirm this phenomenon.

Areas of frequent occurrence of GA, such as
the skin on hands, feet, knees, or back, can con-
fidently undergo HIFU therapy. Facial locations
have not been studied. However, given the very
positive cosmetic outcome of HIFU treatment of
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the areas presented in this report one might sus-
pect that HIFU can also be successfully applied
to such areas. Furthermore, as a result of the
physical dimensions of the handpiece, HIFU
cannot be applied to lesions located on the oral
mucosa. Similarly, no studies have been con-
ducted in the anogenital region.

The main limitation of the study is the limited
data obtained by only having a single patient in
this first evaluation and comparison between
the two therapeutic methods. Further studies
with larger populations are needed for full sta-
tistical analysis, in particular when analysing the
HIFU treatment modality where no prior data or
experience exist for GA or other inflammatory
skin diseases. As mentioned above, the data is
further limited by conducting treatments on the
hands and forearms only, whereas skin response
and healing dynamics are generally known to
be dependent on anatomical location. Similarly,
the exposure parameters selected for both cryo-
therapy and HIFU treatments were of limited
range. In particular, a limitation in the presented
data was not examining a larger range of HIFU
energy settings, which might have provided a
more nuanced view of application and poten-
tial contraindications for treatments on differ-
ent patients and anatomical locations. The use
of a linear model in modelling of the thermal
response of skin to HIFU field, where non-linear
effects such as temperature dependence of skin
parameters or phase change have not been con-
sidered, is another limitation of the presented
study.

CONCLUSIONS

This report is aimed at understanding the bioef-
fects created by moderately dosed 20 MHz HIFU,
i.e. energy levels of 0.3-0.6 J/exposure to the
upper layer of the human skin. This is compared
with effects generated by cryotherapy, a device-
based therapy commonly used in dermatology,
including in the treatment of inflammatory skin
conditions.

These moderate levels in HIFU are below the
threshold for creating larger coherent necrotic
effects used for direct treatment of e.g. BCC or

actinic keratosis, but preclinical studies using
HIFU suggest that local ablative techniques can
induce immunogenic cell death (ICD), increased
tumour infiltration by macrophages, as well as
CD4" and CD8* lymphocytes [5]. Therefore,
HIFU can also effectively induce immune sensi-
tization, which contributes to more generalized
lesion regression [5, 6, 37].

Numerical modelling was used to analyse the
clinical response from HIFU and conventional
cryogenic spray treatment. This was obtained
by a FEM including the interaction of the skin
tissue with either focused acoustic waves or the
heat flux due to the cryogenic spray. A three-
layer model of human skin was used com-
prising epidermis, dermis, and subcutaneous
layer, having thickness of 0.1, 1.5 and 4.4 mm,
respectively.

The model output showed that 20 MHz HIFU
can be accurately adjusted to affect very small
and accurately positioned lesions in the upper
dermis, thus creating local necrotic volumes that
are several times smaller than those created by
cryotherapy.

The model output results were compared
to clinical results observed from treatment of
a patient with the inflammatory disease GA
actively seeking improved therapeutic options
after unsatisfactory results with corticoster-
oids. While the data from this single patient is
extremely limited, important confirmation of
the proposed new methodology was obtained.
All 22 lesions treated by HIFU indicated full or
partial recovery of the skin, and significantly
less scarring and dyspigmentation than in the
lesions treated by cryotherapy.

In conclusion, the treatment of inflamma-
tory conditions in humans using HIFU expo-
sures slightly below the threshold leading to a
combined ablative treatment response presents
significant advantages over the otherwise com-
monly used cryotherapy, including reduced
scarring and dyspigmentation. Optimal HIFU
energy levels of 0.4-0.5 J/exposure with a
spacing of 1.0 mm demonstrate a favourable
clinical balance, resulting in full skin recov-
ery and minimal dyspigmentation. Further
work on additional patients with GA as well as
other inflammatory skin conditions is strongly
encouraged to investigate these positive results
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further. There is a substantial body of research
demonstrating that HIFU enhances the mem-
brane permeability and therefore it can be of
a significant assistance also during drug deliv-
ery [40]. Combination treatment using HIFU
with pharmaceutical treatment is therefore
an obvious and interesting option for further
investigation.
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