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Abstract

Selective photothermolysis of the sebaceous glands has the potential to be an effective alternative for treating acne vulgaris.
However, the translation of this technique to clinical settings has been hindered by a lack of appropriate energy sources to
target sebaceous glands, concerns surrounding safety, and treatment-related discomfort and downtime. In this work, we
introduce the first FDA-approved system that combines a 1726-nm laser and efficient contact cooling to treat mild, moderate,
and severe acne effectively while ensuring safety and minimal patient discomfort without adjunct pain mitigation techniques.
Light transport and bioheat transfer simulations were performed to demonstrate the system’s efficacy and selectivity. The
resulting thermal damage to the skin and sebaceous glands was modeled using the Arrhenius kinetic model. Numerical
simulations demonstrated that combining laser energy and optimal contact cooling could induce a significant temperature
increase spatially limited to the sebaceous gland; this results in highly selective targeting and maximum damage to the seba-
ceous gland while preserving other skin structures. In vivo human facial skin histology results corroborated the simulation
results. The studies reported here demonstrate that the presented 1726-nm laser system induces selective photothermolysis

of the sebaceous gland, providing a safe and effective method for the treatment of acne vulgaris.
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Introduction

Acne is the most common skin condition in the USA, affect-
ing up to 50 million Americans yearly. In addition to dis-
comfort and psychological distress, acne is associated with
long-term effects, such as permanent skin scarring and poor
self-esteem, ultimately resulting in significant psychosocial
impact and lower quality of life [1-4].

Traditional acne treatments follow a well-established
approach based on topical and systemic drugs [5]. While
drug-based treatments for acne can be effective, they cause
significant side effects ranging from skin irritation from topi-
cal therapies to teratogenicity and depression associated with
systemic drugs like isotretinoin.

Recently, research efforts have been focused on develop-
ing effective alternative treatments that eliminate the need
for drugs and rely, instead, on energy-based techniques. For
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example, it has been shown that radiofrequency (RF) devices
and infrared light lasers can treat acne by targeting and
destroying sebaceous glands, curbing excess sebum produc-
tion, and, consequently, reducing C. acnes proliferation [6].
Infrared devices, such as 1320 and 1450 nm lasers, proved
to be effective in treating acne but often caused intense pain
and skin damage in treated subjects, a common limitation to
some of these treatments [7].

The root cause of such undesirable effects can be identi-
fied in the lack of selectivity of those laser devices. Water is
the most abundant component of soft biological tissue, and
its absorption coefficient becomes significant in the infrared
range. As a result, most of the energy delivered into the treat-
ment region is absorbed by the water present in the tissue,
causing a non-selective temperature rise that affects all the
skin structures indiscriminately. During this process, seba-
ceous glands eventually become damaged by the increased
temperature, but it comes at the price of intense discomfort
and collateral skin damage for the patient.

A better strategy would be to selectively deliver light
energy to specific target chromophores within the seba-
ceous gland having a higher absorption coefficient than
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water, resulting in selective damage with minimal altera-
tion of the surrounding tissue. For example, the sebum in
the glandular region is a viable endogenous target since it
exhibits a narrow local absorption peak higher than water
at 1726 nm, with a preferential absorption of 1.8:1 [8, 9], as
shown in Fig. 1.

The concept of selective damage of the sebaceous glands
is based on the theory of selective photothermolysis intro-
duced in 1983 by Anderson and Parrish [10]. More recently,
Sakamoto et al. successfully demonstrated that optical
pulses with a wavelength of 1700-1720 nm could be used
to destroy sebaceous glands in ex vivo human facial skin
samples with minimal injury to other skin structures [11].

However, practical and technological challenges have
hindered the application of selective photothermolysis for
acne treatment in clinical settings. For this to happen, three
primary requirements must be met: effectiveness, safety, and
pain control.

A treatment is considered effective in achieving long-
lasting acne clearing when a large temperature increase is
induced inside the targeted glands for a long enough time,
resulting in necrosis of the sebocytes. For this to happen,
according to the theory of selective photothermolysis, the
optical pulse width must be shorter than the target’s ther-
mal relaxation time (TRT), defined as the time required to
lose 50% of the accumulated heat after energy is delivered.
The mean TRT for human facial sebaceous glands is esti-
mated to be around 60 ms [11]. Therefore, the laser system
must be carefully designed to generate a significant and fast
temperature rise inside the target, satisfying precise spec-
tral and spatial requirements. First, the optical bandwidth
of the laser should be narrow and centered at 1726 nm to
match the selectivity peak of the sebum. Second, the beam
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diameter should be fine-tuned to provide large fluence values
— inversely proportional to the squared beam radius — and
penetration depth, proportional to the beam diameter [12].

At the same time, ensuring the patient’s safety throughout
the treatment is paramount. In this context, safety translates
into the absence of severe or long-lasting adverse events
potentially requiring medical intervention, such as skin
burns and blistering, which result in permanent scarring.
We have observed that such detrimental side effects can be
prevented by keeping the temperature of the dermal—epider-
mal junction (DEJ) below 50 °C. However, considering that
the preferential absorption of sebum is approximately two
times higher than water, a substantial portion of the light
energy is still absorbed by the epidermis and dermis, poten-
tially resulting in temperature peaks higher than 50 °C. As a
result, additional cooling strategies are required to preserve
the integrity of the skin and achieve the thermal damage
selectivity necessary for a safe treatment.

The third requirement, especially significant in clini-
cal settings, is minimizing the discomfort experienced by
patients during treatment. In fact, a patient may be reluc-
tant to undergo or complete a painful session, despite the
promises of safety and effectiveness. This consideration is
particularly valid for treatments based on thermal ablation or
photothermolysis since heat stimulates the pain receptors in
the skin. It has been demonstrated that the typical heat pain
threshold for skin is between 42 and 45 °C, but it is also
affected by the duration of heat exposure [13, 14].

To sum up, the successful application of selective photother-
molysis in clinical settings must ensure effectiveness and safety
while managing the pain experienced by the patients. These
requirements can be satisfied by finely balancing the heating
and cooling of the treated skin. In this paper, we introduce a
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novel system based on a 1726-nm laser, specifically designed to
precisely target sebaceous glands. In addition, a highly efficient
contact cooling system integrated into the system’s handpiece
protects the skin from hyperthermia-induced side effects, ensur-
ing safety and pain control throughout the treatment.

Methods
Laser system

The core of the laser system is a fiber-coupled 100-Watt
diode laser emitting light at 1=1726 nm. Laser pulses (up to
50 ms) are delivered through a custom-designed handpiece,
featuring an efficient contact cooling system deploying a
sapphire window that is actively cooled between 0 and 5 °C.
Compared to other traditional temperature-control alterna-
tives for clinical applications, contact cooling provides
faster and more localized heat extraction than convective
methods [15] and does not cause cryonecrosis, a side effect
sometimes observed with cryogen spray cooling [16]. Fur-
thermore, the skin compression resulting from pressing the
sapphire window onto the skin brings deeper targets closer
to the output of the handpiece, reducing the physical thick-
ness of the interposed tissue and increasing the fraction of
energy reaching buried glands [16].

The main limitation of contact cooling is the perfect-con-
tact requirement of the clear aperture of the sapphire, mean-
ing that optimal heat extraction can be achieved only when
the entire sapphire window area is in direct contact with the
skin surface. For this reason, contact and pressure sensing
technology is embedded on the tip of the system’s handpiece
to prevent laser-firing unless the sapphire window makes
adequate contact and is uniformly pressed onto the skin.

Each treatment session includes multiple applications
over the area affected by acne, and each application consists
of three phases: pre-cooling, energy delivery accompanied
with parallel cooling, and post-cooling. The pre-cooling
phase starts when the cooling window is applied to the
skin and ends when the laser pulse is fired. This first step is
designed to lower the initial temperature of the epidermis,
dermis, and DEJ, limiting the temperature rise and prevent-
ing collateral thermal damage.

Laser energy is delivered to the pre-cooled area through
the sapphire window, which continues to cool the skin sur-
face during energy delivery. The post-cooling phase starts
right after the laser pulse is fired and the energy is deliv-
ered to the treatment region. This phase lasts long enough
to offset the potentially harmful thermal blooming when the
heat accumulated inside the gland is quickly released to the
surrounding tissue. Moreover, post-cooling contributes to
quickly restoring physiological skin temperature, minimiz-
ing the duration of pain stimuli.

Numerical modeling

Light transport and heat transfer numerical models were
implemented to characterize the operating parameters of the
presented system and the resulting thermal damage. Several
assumptions were made to reduce the computational cost
of such models, detailed in the subsequent sections below.
Therefore, the presented results are not intended to be exact
but to provide a good understanding of the thermal distribu-
tion and damage to the tissue for different combinations of
parameters.

Light transport

The fluence resulting from the interaction of the laser
beam with skin tissue and the sebaceous gland was mod-
eled using an open-source Monte Carlo light transport
simulator (Monte Carlo eXtreme v2020, http://mcx.
space). The 3D simulation domain was implemented as a
10 mm X 10 mm X 5 mm homogeneous skin volume with a
voxel size of 10 um X 10 um X 10 um. A sebaceous gland,
modeled as a simple sphere with a diameter of 0.24 mm,
was positioned 0.8 mm deep into the tissue, aligned with the
center of a 3-mm wide circular laser beam with a uniform
profile (top-hat) incident on the skin surface.

The refractive index and the anisotropy factor of the tis-
sue at the wavelength of 1726 nm were set to n=1.363 and
g=0.9, respectively. Absorption coefficients u, and scatter-
ing coefficients yg for skin and human fat used to approxi-
mate the optical properties of the sebum are listed in Table 1
[8, 17, 18].

Bioheat transfer

The fluence data obtained from the Monte Carlo simulations
were used as an input for a finite element (FE) model (COM-
SOL Multiphysics 6.0, COMSOL Inc., USA) to estimate the
temperature rise within the target tissue.

A schematic view of the simulation domain is reported in
Fig. 2, showing the actively cooled sapphire window placed
on the top surface of the skin. A 2-layer model that includes
epidermal and dermal layers was used to represent the skin,

Table 1 Optical parameters used for the Monte Carlo light transport
simulations

Component Absorption  Scattering  Ani- Refractive
coefficient ~ coefficient  sotropy index
ua (mm™") us (mm™")  factor n
8
Skin 0.59 8.5 0.9 1.363
Sebaceous 1.062 8.0 0.9 1.363

gland (fat)
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Fig.2 Schematic representation
of the bioheat transfer simula-
tion domain

Skin—

allowing for tracking the temperature evolution at the der-
mal—epidermal junction (inset of Fig. 2) is critical to assess
the safety of the treatment.

In this model, a single laser pulse was emitted from the
center of the sapphire window, traveling through the skin
layers and the sebaceous gland, modeled as a sphere of
human fat at a depth of 0.8 mm. The thermal parameters
used for the simulations are reported in Table 2 [12, 19, 20].

The spatiotemporal temperature distribution within the
simulation domain was calculated by numerical solution of
the Pennes’ bioheat transfer equation.

Table2 Thermal parameters used for the bioheat transfer numerical
simulations

Component Thermal conduc- Density Specific heat
tivity p (kg/m) ¢, J/(kg:K))
k (W/(m-K))

Sapphire 23.1 3980 761

Epidermis 0.5 1200 3600

Dermis 0.53 1200 3800

Fat (sebum) 0.21 911 2348

Thermal damage estimation

The traditional Arrhenius kinetic model was used to estimate
the thermal tissue damage caused by hyperthermia as a func-
tion of heating time and temperature [21]. The dimension-
less damage parameter Q is defined as the logarithm of the
ratio of the native tissue concentration before (C(0)) and
after (C(7)) the tissue heating, is calculated as:

a0 = (2 = [ adla 1)

where 7 is the total heating time, A is the pre-exponential fre-
quency factor, E,, is the activation energy, R is the universal
gas constant, and 7'(¢) is the absolute temperature at time 7.

Table 3 Arrhenius model parameters used for estimating the thermal
damage

Tissue temperature Frequency factor Activation energy

A Ea (J/mol)
T<53°C 8.82x 10* 6.03%10°
T>53°C 1.297x 103! 2.04x10°
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The Arrhenius parameters used in our model are reported
in Table 3 [21, 22].

Results

Light transport

Fluence ratio

0 1 2 3 4 5
Depth (mm)

Fig.3 Simulated fluence ratio versus tissue depth measured at the
center of a 3-mm wide laser beam

Monte Carlo simulation results for laser light transport at
1726 nm through the skin were analyzed to estimate the
fluence ratio, defined as:
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where F, represents the initial fluence measured at the output
of the handpiece. Figure 3 reports the fluence ratio meas-
ured at the center of the laser beam as a function of depth,
showing that 60-80% of the initial fluence is delivered to
the targeted gland.

Bioheat transfer
Effect of pre-cooling phase

The FE model was used to estimate the effect of the pre-
cooling phase, defined as the time between applying the
cooling window on the skin and the moment the laser pulse
is fired.

The sapphire window temperature in the FE model was
set to 2 °C. Domain and boundary thermal probes were
added at the dermal-epidermal junction (Tg;), sebaceous
gland (T;), and the upper region of the dermis (7p), as
schematically shown in Fig. 4a. Such probes were used to
measure and track the temporal evolution of average tem-
peratures at these critical locations, as reported in Fig. 4b.
The simulation results indicate that the average temperature
at the DEJ decays quickly within 0.5 s, which is expected
considering the proximity to the cooling system. In contrast,
the average temperatures of the dermis and gland present an
expected cooling delay since they are farther away from the
sapphire window.

The pre-cooling phase must ensure the maximum
cooling of the DEJ and dermis to prevent side effects
caused by hyperthermia and reduce the perceived pain
during the treatment. At the same time, the cooldown
of the gland should be minimal to avoid affecting the
amount of thermal damage caused by the laser beam.

o

0.5 1 1.5 2
Precooling period (s)

Fig.4 a Schematic illustration of the domain and boundary probes used to track the temperature at the dermal-epidermal junction (Tgy), inside
the gland (), and in the dermal region surrounding it (7p,). b Average probe’s temperatures plotted versus the pre-cooling period duration
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Simulation results show that a pre-cooling period of 1 s
at a temperature of 2 °C (dashed line in Fig. 4b) meets
both the requirements, as the T reaches an average
temperature of 14.6 °C, and T is reduced by 9.3 °C.
Moreover, T shows just a minor variation (~3 °C) com-
pared to its initial value.

Laser-tissue interaction

Bioheat transfer simulations were performed to evaluate the
thermal damage caused by the combination of heating and
cooling provided by the system on skin and sebaceous gland.

The fluence ratio profile shown in Fig. 3 was imported
into the bioheat transfer model, and the initial fluence was
set to Fy=20.5 J/cm?, delivered through a single laser pulse.
Next, the cooling temperature was set to 2 °C, and the con-
tact cooling system was modeled as continuously active
starting at 1 s before the laser pulse (pre-cooling) to 2 s after
(post-cooling).

b ..

o
o

Max temperature (°C)
w S w [ ~ @
& 5 & & & o

N
o

[
s

Time (s)

Fig.5 a 2D cross-section of the temperature distribution within the
skin and sebaceous gland immediately after the laser pulse is deliv-
ered. b Maximum temperatures tracked over time by the probes
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A 2D cross-section of the temperature distribution within
the skin and sebaceous gland immediately after the pulse
(Fig. 5a) shows that the rise in temperature within the
gland is significantly larger than in any other region irra-
diated by the same laser pulse. The plots in Fig. 5b illus-
trate the temporal evolution of the maximum temperatures
measured by the probes during the entire application. It is
possible to observe that the maximum temperature at the
dermal-epidermal junction never exceeds the safety thresh-
old (Tpg; <50 °C). In contrast, the maximum temperature
inside the gland rises quickly up to 98.2 °C. Moreover, the
maximum temperature of the dermis falls below the pain
threshold by the end of the post-cooling period, suggesting
an effective reduction of the discomfort experienced by the
patients.

Figure 5c shows that the peak difference between
the gland’s and dermis’s maximum temperature is
ATpg=32.8 °C, further corroborating the selectivity of the
thermal damage, primarily confined to the target structure.

(o)) ~
o o o
0,) @injelsadwa]

(

0 0.5 1 15 2 2.5 3
Time (s)

shown in Fig. 4a. ¢ Difference between the maximum temperatures of
gland and dermis, showing a thermal selectivity peak right after the
laser pulse (ATpg)
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Fig.6 a Cross-section of the skin model, showing that thermal dam-
age selectively affects cells within the glandular region. b Highest
percentage of damaged cells at each depth

Thermal damage

The percentage of cells damaged by laser-induced hyper-
thermia was estimated by using the following equation
derived from Eq. 1:

Damaged cells (%) = (1 - e(_Q)) x 100 3)

The 2D map reported in Fig. 6a shows the spatial distri-
bution of damaged cells after a single application, exhibiting
an expected correlation with the temperature distribution
shown in Fig. 5a. The plot in Fig. 6b reports the maximum
percentage of damaged cells at each depth, showing a peak
value of 84.3% inside the sebaceous gland, which results

Fig.7 a Histology of treated
human facial skin after treat-
ment. b Closer view of the
damaged sebaceous glands

a

in irreversible necrosis of the sebocytes. Additionally, the
negligible fraction of damaged cells (< 3%) outside the glan-
dular region suggests insignificant collateral damage to the
dermis and epidermis.

In vivo tissue response to laser treatment

Findings of the finite element modeling were evaluated
in postoperative histological examination of an in vivo
human facial skin model. Human facial skin around the ear
was exposed to therapeutic energy settings determined by
the model. The treated skin was excised 5 days post laser
exposure, and the corresponding microscopic sections are
shown in Fig. 7a-b, with a magnification of 40 x and 200 X,
respectively. Epidermal tissue showed no signs of continu-
ing inflammation 5 days post-treatment during the biopsy.
Total necrosis of the sebaceous gland was observed with
complete sparing of the epidermis and follicular epithelium.
The damage to the sebaceous gland was observed across the
length of the gland.

Figure 8 shows the photos taken from an IRB-approved
study of a skin type III patient affected by moderate acne,
before and after a cycle of three treatments with the pre-
sented system. Comparing the pictures, it is possible to
appreciate the efficacy and the long-lasting effects induced
by the selective photothermolysis of the sebaceous glands.

Conclusion

In this work, we presented a novel energy-based system for
treating acne vulgaris through selective photothermolysis of
the sebaceous gland, aimed at curbing excess sebum produc-
tion and C. acne proliferation.

Numerical simulations for light transport and bioheat
transfer, based on Monte Carlo methods and Pennes’ equa-
tion, respectively, were performed to identify suitable treat-
ment parameters and demonstrate that selective photother-
molysis of the sebaceous gland could be safely achieved.
Simulation results showed that a 1-s pre-cooling period is

y /;‘ ¥
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Baseline

Fig.8 Long-lasting acne clearing of a patient treated with the presented system

sufficient to protect the skin without significantly affecting
the temperature of the sebaceous gland, and a single laser
pulse with an initial fluence of F,=20.5 J/cm? can induce
a significant temperature increase within the gland, selec-
tively damaging sebocytes. Furthermore, thanks to the con-
tact cooling system, the temperature of the dermal-epidermal
junction does not exceed the critical value of 50 °C when
light energy is delivered to the tissue, indicating serious side
effects like blistering and skin burning are successfully pre-
vented. Finally, the 2-s post-cooling phase effectively con-
trasts the thermal blooming after the energy is delivered to
the gland and quickly lowers the dermis’s temperature below
the pain threshold (42-45°), reducing the discomfort experi-
enced by the patients.

In conclusion, the presented system can effectively induce
selective photothermolysis of the sebaceous gland while pre-
venting collateral damage to the dermis and epidermis and
managing patients’ discomfort. Results from clinical trials
will be published in future manuscripts.
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