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ABSTRACT

It is shown that the extraordinary, extremely short
optical penetration depth of the Er:YAG laser in tissue
water makes this laser not only optimal for ablative
procedures, but also for non-ablative resurfacing. A
process of fast heat shocking of the epithelium, in
addition to slow thermal injury of the connective
tissue, is involved in non-ablative FotonaSmooth®
mode ErYAG resurfacing procedures. This dual
tissue-regeneration mechanism (DTR) is accessible
only to thermal remodeling devices with an extremely
short energy penetration depth within the tissue, using
unique FotonaSmooth® mode pulsing characteristics.
In this regard, the Er:YAG laser wavelength holds a
unique position due to its extraordinary wavelength
coinciding with the highest absorption peak of water
at 2940 nm. It is proposed that this unique
characteristic of the Er:'YAG laser contributes
significantly to the reported safety and efficacy of the
FotonaSmooth® Er:YAG skin tightening,
thermotherapy for treating genitourinary syndrome of
menopause, and thermotherapy of snoring and sleep
apnea.
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I. INTRODUCTION

Laser treatment methods for combating symptoms
of tissue aging involve two basic laser modalities for
tissue rejuvenation: ablative and non-ablative laser
resurfacing of soft tissues (See Fig. 1) [1].
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Fig. 1: Ablative and non-ablative resurfacing of soft tissue.
Thermally affected tissue is colored in red.

It is important to note that it is not the laser type or
the laser wavelength (A) that determines whether a
resurfacing procedure is non-ablative or ablative, but the
laser pulse duration and fluence I (in J/cm?), ie., the
energy of a laser pulse delivered to the tissue surface
within the laser beam spot area [2-4]. Therefore, the mid-
IR lasers such as Ex:YAG (4 = 2,940 nm) and CO;
(10,640 nm) lasers, which are often considered as
“ablative lasers” due to their history of being used very
successfully to perform ablative resurfacing [2,5], can be
and have also been successfully used to perform non-
ablative procedures [6-10]. This applies especially to the
Er:-YAG laser technology, which is capable of delivering
a wide range of fluences and pulse durations |2].

In laser resurfacing procedures performed with
mid-IR lasers, it is the tissue’s water content, not its
pigment that plays the role of an absorbing
chromophore. In these “bulk tissue” treatments, the
temperature elevation AT is not limited to a particular
pigment, such as melanin or hemoglobin, but to the
superficially irradiated tissue layer with its thickness
determined by the laser’s optical penetration depth
(0) and the subsequent thermal diffusion [2-4].

Ablation when the maximal tissue
temperature (1,.) during a laser pulse reaches the
ablation temperature T, The ablation results from

occurs
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micro-explosions of overheated tissue water within the
elastic tissue [3]. Since the water contained within the
confined solid tissue cannot expand freely, the ablation
temperature is not at the boiling temperature of water
under atmospheric pressure of about 100 °C but at a
much higher temperature of T, = 250 °C [3, 11].

As shown in Fig. 2, it is the clinician’s choice of laser
fluence that determines whether a resurfacing
procedure will be non-ablative or ablative. For fluences
below the ablation threshold, the maximal tissue
temperature T, grows approximately linearly with
fluence. The maximal temperature increases with laser
fluence until the ablation threshold fluence F,;is reached,
at which point the maximal temperature achieves the
ablation (“boiling”) temperature T4 For fluences above
Fu, the maximal temperature remains fixed at Tl
similarly to the case of boiling water that keeps its
temperature at 100 °C regardless of the heating power.

Since the Er:YAG laser wavelength is limited to it’s
very shallow optical penetration depth [2], it has been
hypothesized that instead of having to rely on the
FotonaSmooth® mode heat pumping technique [6-10],
devices with a deeper penetration depth may represent
an equivalent alternative for thermal remodeling [56].
However, the extraordinary clinical results obtained with
the FotonaSmooth® mode Er:YAG laser, with a small
number of reported complications, indicate that there
may be an additional mechanism of action involved that
makes the Er:YAG laser wavelength particularly suitable
for non-ablative resurfacing procedures.
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Fig. 2: Dependence of the tissue surface temperature
(above) and the ablation depth (below) on the resurfacing
laser’s pulse fluence F. Non-ablative procedures are
performed with fluences I < F,,. Ablative procedures start
at fluences above the ablation threshold fluence F,, (ie.,
when F/Fu, =1) charactetized by T,,.. = T,,.

This article examines the extraordinary aspects of
non-ablative resurfacing with the FotonaSmooth®
Er:YAG laser, representing a mid-IR laser with the
highest absorption in tissue water. The principles
detailed here provide a framework for understanding
the treatment protocols and mechanisms of action
involved in FotonaSmooth® mode Er:YAG laser non-
ablative soft-tissue regeneration procedures [6, 13].

II. MATERIALS AND METHODS
a) EnrYAG laser

The Er:YAG laser wavelength coincides with the
absorption peak of water at 2,940 nm. This makes the
Er:YAG laser unique since it has the highest
absorption in soft tissues in comparison to any other
medical laser within a broad range of wavelengths

from A = 200 nm — 1 mm (see Fig. 3) [2].
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Fig. 3: Absorption coefficient in tissue water as a function
of laser wavelength. The highest absorption in water is at
the wavelength of 2,940 nm, which coincides exactly with
the wavelength of Er:YAG laser radiation.

The Er'YAG laser wavelength is therefore
selectively highly absorbed by tissue water, with an
energy penetration depth of only about § = 1 um. In
comparison, the penetration depth of the next most
highly absorbed laser, the COz laser, is about 20 pm.
As will be shown further below, the unique, extremely
short penetration depth of the Er:YAG laser makes
this laser exceptional when it comes to the safety and
efficacy of non-ablative tissue  regeneration
procedures.

b) Er:YAG laser non-ablative resurfacing

The experimentally obtained Er:YAG laser ablation
threshold fluence on soft tissues depends slightly on
the pulse duration (it is higher for longer pulse
durations), and ranges from 1.5 to 2.2 J/ cm?
(2,12, 14, 15]. Therefore, the resurfacing of soft
tissues with Er:YAG laser fluences below or equal to
1.5 J/ecm? can be considered to belong to the non-
ablative treatment category.
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The Er:YAG laser wavelength has been used for
non-ablative and ablative resurfacing procedures for
over 20 years. For example, the Er:YAG laser is
currently cleared by the US FDA for the resurfacing of
all soft tissues [16], including skin and mucous
membrane, with fluences in the range of FF'= 0.6 — 4
J/cm?, and repetition rates in the range of /= 6-20 Hz.
Similarly, Er:YAG laser has been cleared by the US
FDA for indications in gynecology and genitourology,
with fluences in the range of FF'= 0.8 — 3.2 J/cm?, and
repetition rates in the range of /= 8-20 Hz. For both
groups of indications, the cleared fluence range covers
both non-ablative and ablative procedures (see Fig. 4).
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Fig. 4: Er:YAG laser fluences for soft-tissue resurfacing and
gynecological and genitourinary indications. The fluence
range covers both the non-ablative and ablative resurfacing
modality, with the ablation threshold fluence of F,, = 1.5
J/cm? separating the two modalities.

As opposed to ablative resurfacing where the
epithelium gets ablated, non-ablative resurfacing uses a
thermal approach to induce only a remodeling of
epithelial and connective tissues without obvious
epithelial injury (see Fig. 5) [1,2,6]. The mechanism of
action is based on thermally injuring [17-19] the tissue
in order to cause a reactive inflammatory response,
resulting in an increase of the biosynthetic capacity of
fibroblasts and other cells, inducing the reconstruction
of an optimal physiological environment, the
enhancement of cell activity, hydration, and the
synthesis of collagen and elastin [20].
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Fig. 5: The goal of non-ablative resurfacing procedures is
tissue regeneration. Histological pictures depict the vaginal
mucosa before and after a non-ablative Er:YAG laser
procedure [21], showing the regeneration of the epithelium
and lamina propria. Mucous tissue is depicted; however the
figure applies also to skin [89].

c) Thermal exposure time

A thermal injury may occur when tissue cells are
exposed to a thermal pulse, ie., to an elevated
temperature 1" = Ty + AT for a certain duration of
exposure. When using an energy-based medical
(EMD) device such as a laser or a radiofrequency or
an ultrasound device to create a thermal pulse within a
tissue, the shape of the generated temperature pulse
typically does not follow the duration (#,) and the
temporal shape of the delivered energy pulse. The
thermal pulse consists of a temperature ramp-up
heating phase during which the temperature reaches its
maximal value (T,..), and a temperature ramp-down
cooling phase during which the temperature returns
back to its initial temperature Tp [3]. The heating phase
lasts for approximately the duration of the energy
pulse (#;), while the cooling phase is determined
predominantly by the rate of the heat flow away from
the heated tissue volume (see Fig. 6). This is because
once the tissue is heated up, its temperature persists
also after the energy pulse has ended. The temperature
remains high until the tissue is cooled down by the
process of heat conduction into the surrounding
colder volume. It is therefore the thermal conduction
process rather than the energy pulse duration itself
which typically sets the lower limit to the achievable
duration of a thermal pulse [3,11].
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Fig. 6: The duration of a thermal pulse #),, is determined by
(a) the duration of the laser pulse and (b) the duration of the
cooling phase during which the heated up tissue cools down
by means of relatively slow heat conduction.

d) Arrhenius model of thermal injury

The physical process of thermodynamically heating
the tissue during a thermal pulse is accompanied by
the chemical process of protein denaturation as a
result of the cellular exposure to the increased
temperature [17].
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A commonly used metric for tissue damage (€2) is
the ratio of the concentration of native (undamaged)
tissue before thermal exposure (Co) to the
concentration of native tissue at the end of the
exposure time (Cp. The tissue damage is then
calculated wusing the Arrhenius damage integral

calculated over the time of the thermal exposure
[17,22,23]:

D=m=4 f 4 0
=ln—= exp :
Cr RT)
Here, A is the frequency factor, i.e. the damage
rate (in s') and E is the activation enetgy [in J/kmol]
of the biochemical process responsible for the tissue

denaturation. The parameter R is the gas constant (K
= 8.31 x 103 J /kmol K).

As can be seen from Eq. 1, the tissue injury grows
exponentially with the elevated temperature, and
linearly with the time of exposure. The tissue damage
kinetics is commonly characterized by a critical (i.e.,
damage threshold) temperature (1%), representing the
temperature at which the concentration of the
undamaged tissue is reduced by a factor of e (ie,
when £ = 1). Assuming a single biochemical damage
process and a square-shaped temperature pulse with a
constant temperature during the thermal exposure
time (%), the critical temperature is defined by [7, 9]:

E
R X In(A X texp) @

Terie =

As an example, Fig. 7 shows the dependence of
the critical temperature on the exposure time 7., for a
single biochemical process with 4 = 4.7 x 108 s! and
E =5.67 x 108 Jkmol™.
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Fig. 7: Dependence of the critical temperature on exposure
time for a single biochemical process with 4 = 4.7 x 10% s
and E = 5.67 x 108 Jkmol.

For the same exemplary single biochemical
process, Fig. 8 shows the dependence of the
percentage of the remaining undamaged cells on
temperature for a thermal pulse with Z =1 s.
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Fig. 8: Percentage of undamaged cells following a thermal
pulse with 7, = 1 s, as a function of temperature T for a
single biochemical process with A4 = 4.7 x 10% s' and E =
5.67 x 108 Jkmol.
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Studies of tissue damage dynamics demonstrate
that when considering extremely short and long
exposure times, cell viability cannot be described by a
single biochemical process [17, 24-33]. For example,
measurements of damage threshold temperatures at
extremely short exposure times (commonly present
during Er:YAG laser treatments) exhibit a shift to
temperatures which are much higher than what would
be expected from a single biochemical process
characterizing the damage dynamics at long exposure
times [30-32].

A description of the measured dependence
involves a more complex, VHS (Variable Heat Shock)
response model [11], which takes into account the
observed deviation from the single-process Arrhenius
relation by assuming that the cell viability can be
described as a combined effect of two biochemical
processes that dominate cell survival characteristics at
very short and very long exposure times (See Fig. 9).

In the VHS model, the effective VHS (Variable
Heat Shock) damage integral €2 1;¢is calculated from
the combined effect of the damage integrals £2(%.p)
and  ((t.s) belonging correspondingly to the
processes 1 and 2, as follows [11] :

@) = @) @) "
Quus) 2,

Here, p is the transition coefficient that determines
the transition between the two limiting processes. For
the VHS critical temperature curve shown in Fig. 9,
the transition coefficient is equal to p = 0.16, with the
long exposure time process 1 characterized by A; =
47 x 108 s and E; = 5.67 x 107 Jkmol!, and the
short exposure time process 2 characterized by A2 =
1.45x 104 s and E> = 1.03 x 107 Jkmol! [11].
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Fig. 9: Dependence of the measured critical (damage
threshold) temperatures T,, on the duration of thermal
exposure %, together with the critical temperature curve
according to the VHS model, representing the combined
effect of two limiting biochemical processes that define cell
viability at extremely long and extremely short exposure
times. Full circles represent published measured values for
short exposure times [30-31] and open circles represent
measured critical temperatures for long exposure times [17, 19].
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III. RESULTS
a) Dual tissue-regenerative erbium

The human body consists of several types of tissue,
among them the epithelial and connective tissues (see
Fig. 5). Epithelial tissue covers most of the internal
and external surfaces of the body and its organs. The
type of epithelial tissue that lines various cavities in the
body, such as the mouth or vagina, and covers the
surface of internal organs is known as the mucous
membrane or mucosa. Another type of epithelial tissue
is the epidermis, which covers the skin surface. The
principal cell type that is found in the epithelia are
keratinocytes, which generate biomolecules necessary
for the stability and resistance of the epithelial layer to
mechanical stress. The connective tissue, such as the
skin’s dermis or vaginal lamina propria, lies below the
epithelial tissue and helps to hold the body together.
The cells of connective tissue include fibroblasts,
adipocytes, macrophages, mast cells and leucocytes.
Fibroblasts are the most common cells of connective
tissue. A fibroblast is a type of cell that synthesizes the
extracellular matrix and collagen, the structural
framework (stroma) for human tissues, and plays a
critical role in wound healing.

The clinically observed regenerative effect of non-
ablative  resurfacing  procedures  with  the
FotonaSmooth® mode Er:YAG laser can be explained
by the effect of two combined mechanisms of action
involving both biochemical processes, the long
exposure process 1 and the short exposure process 2.
The two mechanisms involved in this Dual tissue-

Remodeling Mechanism (DTR) are (see Fig. 10):

i) Relatively slow thermal injury to connective tissues
involving the long exposure biochemical process 1;
i) Fast heat shocking of the epithelium involving the
short exposure biochemical process 2, and
subsequent triggering of regeneration of deeper

lying tissues.
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Fig. 10: Dual tissue-remodeling mechanism (DTR) involved
in non-ablative resurfacing with FotonaSmooth® mode
Er:YAG laser. The initial, very short temperature pulse as
generated at the epithelial surface by the highly absorbed
Er:YAG laser is transformed via heat diffusion into a long
lasting thermal pulse within the deeper lying connective
tissue. As a result there are two complementary regenerative
processes initiated during tissue resurfacing: i) an indirect
triggering effect by short duration heat shocking of the
epithelium (left); and ii) direct slow thermal injury of the
connective tissues (right).

b) Direct, slow process-based regeneration

Since it is the connective tissue that is responsible
for holding the skin, vagina and other organs together,
non-ablative laser rejuvenation procedures typically
focus on the regeneration of connective tissues (see
Fig. 5) [1, 34]. The mechanism responsible for the
promotion of collagen production is the direct thermal
injury of the connective tissue leading to an
inflammatory response [20]. The inflammation of the
connective tissue attracts cells such as neutrophils and
macrophages to the site of injury, which in turn release
growth factors and cytokines responsible for repair.

It should be noted that even for very short laser
pulse durations the thermal exposure times involved in
heating of connective tissues are long, on the order of
seconds or longer. This is because the laser-heated
connective tissue remains heated for a long time,
owing to the weak heat flow from the relatively large
heated volume to the surrounding unheated tissue [3].



Dual Tissue Regeneration: Non-Ablative Resutfacing of Soft Tissues with FotonaSmooth® Mode Er:YAG Laser

The long exposure times limit the maximal direct
regeneration temperatures to below 1. = 55 — 70 °C,
as defined primarily by the long exposure biochemical
process 1 (See Fig. 9).

The technique employed in heating deeper lying
tissues with the superficially absorbed Er:YAG laser
consists of delivering laser energy using a special
FotonaSmooth® mode (see Fig. 11), consisting of a
sequence of consecutively delivered sub-ablative laser
pulses following each other with a repetition rate of f
= 10 — 20 Hz [6-10, 13, 34], which is within the US
FDA cleared range of frequencies for Er:YAG soft-
tissue resurfacing.

e H

Fig. 11: The Er'YAG laser’s FotonaSmooth® mode
consists of a series of sub-ablative micro pulses, effectively
“pumping” the heat away from the surface deeper into the
tissue.

The FotonaSmooth® mode sequence effectively
“pumps” the laser generated heat by means of heat
diffusion away from the epithelia, several hundred
microns deep into the connective tissue (see Fig. 12) |2,
34, 35]. Non-ablative FotonaSmooth® mode resurfacing
with Er:YAG laser thus results in a controlled thermal
injury of the dermis or lamina propria without any
ablation of the epithelium and without any damage to
the underlying fibromuscular tissue.
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Fig. 12: With the FotonaSmooth® Er:YAG mode, the

tissue is heated up to the depth of 001 = 100-600 pm.
It is not the optical penetration depth &, but the heat

penetration depth O00ry which determines the depth of
the thermally modeled tissue. Mucous tissue is depicted;
however the figure applies also to skin [89].

Numerical calculations of the FotonaSmooth®
mode Er:YAG laser exposure show an increase in

temperature to depths of up to 400 um, resulting in
collagen denaturation within the depth of about 200
pum [2, 3, 34, 37]. In studies on rat skin, dermal
collagen coagulation to a depth of approximately 250
um was reported [35, 36]. And in a study on eyelid
skin of volunteers with blepharochalasis, remodeling
and myo-fibroblast proliferation at tissue depths of up
to 240 pum were observed at day 21 after the
FotonaSmooth® mode Er:YAG laser treatment [7].

c) Indirect, fast process-based regeneration

It is to be noted that for most resurfacing devices it
represents a considerable challenge to heat up the
deeper lying connective tissue to sufficiently high
temperatures. This is because in order to reach the
fibroblasts, the delivered energy must first traverse the
epithelial layer located above the basement membrane.
This means that the delivered energy may be
predominantly absorbed by the superficial layers.
Accordingly, the maximal allowed temperatures that
apply to the epithelial layer limit the temperatures that
can be generated within the connective tissue. In many
cases, the physician is thus faced with a trade-off
between using enough energy for effective therapy
while staying within the thresholds for damage to the
superficial tissue.

However, as can be concluded from Fig. 9, the
barrier represented by the maximal allowed epithelium
temperature can be overcome, provided that the
epithelium is exposed to high temperatures for only a
very short time. For very short exposure times (Z.p <
0.01s) the epithelia can be heated to temperatures
much higher than 65 °C, and under appropriate
conditions even up to T, without any significant
biochemical injury.

It is in this regime that the advantage of the
Er:YAG laset’s short penetration depth becomes most
evident. Namely, in order for the cooling phase of a
heat shock thermal pulse (see Fig. 6) to be short, there
must be large temperature gradients present within the
epithelia in order to result in fast conduction cooling.
At the tissue surface, the amplitude of the temperature
gradient is inversely proportional to the penetration
depth. Therefore, the shorter the penetration depth,
the faster the heat conduction and the shorter the
ramp-down cooling phase. Consequently, lasers with a
high absorption in water (see Fig. 3) and therefore
with a low penetration depth (), ate advantageous
since they are capable of generating short-duration
exposure times. In order to demonstrate these
characteristics, Fig. 13 shows the calculated
dependence of the duration of the temperature pulse
at the tissue surface on the energy penetration depth,
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for the energy pulse duration of #, = 100 ps. The
temperature evolution at the tissue surface was
simulated using the numerical method as in [3, 11], for
three energy penetration depths within the tissue,
approximately representing Er:YAG (6 = 1 um), CO»
(6 = 20 pm) and near IR lasers in the range of 1.2-1.6
um (6 = 400 pm) [38-40]. An example of a laser with
8 = 400 pm is a 1,470 nm diode laser [32], however,
this penetration depth can also be considered to
approximately represent tissue resurfacing with
radiofrequency (RF) [41] or ultrasound [42] energy-
based devices that are typically characterized by even
deeper energy penetration depths.

250 Diede, Rf ; 5 > 400 um
200
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0 T T
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Fig. 13: The duration of thermal pulses for different
penetration depths, 8. The pulse fluence was set to slightly
below the threshold value as calculated for each of the three
penetration depths. Note that for the shown penetration
depth of 400 pum, the cooling phase extends significantly
further than the presented time range.

The dependence of T.; on the penetration depth
and energy pulse duration can be seen in Fig. 14,
which shows damage threshold temperatures as
calculated using the VHS response model (Eq. 3) [11].
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Fig. 14: Dependence of the critical temperature T, of the
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As demonstrated by Fig. 14, the damage threshold
temperatures are much higher than the normally
assumed safe temperatures of up to about 65 °C [34],
providing that the tissue is exposed to sufficiently
short energy pulses, characterized by an extremely

short penetration depth (6).

The influence of the penetration depth on tissue
damage can be seen on an example of skin resurfacing.
Figure 15 shows the clinical effect on the skin
following a single pulse with a 2,940 nm Er:YAG laser
(0 = 1 pum) or with 1,340 nm Nd:YAP laser (8 = 400-
800 um) [11]. The maximal skin surface temperature at
the end of the laser pulse of T, = 250 °C was the
same for both laser wavelengths.

Nd:YAP 1,340 nm | Er:YAG 2,940 nm

Before

Fig. 15: Observed clinical ffect following a single pulse
with 2,940 nm Er:YAG or 1,340 nm Nd:YAP laser, both

with a laser pulse duration of 7, = 300 us [11] .

As can be seen from this clinical example, the
longer exposure time generated by the longer
penetration depth Nd:YAP laser resulted in a
significantly higher damage to the tissue, in spite of the
same maximal skin surface temperature.

It is these short thermal pulses that can be safely
delivered to the epithelium using the extremely short
penetration Er:YAG laser, that represent the additional
mechanism of action explaining the reported
extraordinary clinical effects of the Er:YAG laser with
non-ablative resurfacing. This additional, indirect tissue
regeneration mechanism is complementary to the direct
stimulation of fibroblasts. The mechanism is based on
triggering the stimulating signal transduction processes
for transcription factor activation, gene expression and
fibroblast growth, thus leading to new collagen and
extracellular matrix formation. Namely, it is not only
fibroblasts, but also the supetficially located
keratinocytes that are involved in the wound healing
process. It is known that keratinocytes recruit, stimulate,
and coordinate the actions of multiple cell types
involved in healing [45-45]. In particular, keratinocytes
and fibroblasts communicate with each other via double
paracrine signaling loops, known as cross talk or
dynamic reciprocity, that coordinate their actions to
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restore normal tissue homeostasis after wounding [45].
In response to paracrine signaling from keratinocytes
and inflammatory cells, fibroblasts synthesize collagen
and promote cross-linking to form an extracellular
matrix. In addition, the recent discovery of an
“Interstitium” [88] indicates that submucosa is not a
wall of dense connective tissue, but consists of a
previously unappreciated fluid-filled interstitial space,
which may provide a very effective conduit for pro-
fibrogenic signaling molecules.

Furthermore, it has been proposed that a controlled
generation of reactive oxygen species (ROS) at very
high local temperatures within the shallow penetration
depth of the Er:YAG laser may provide an additional
explanation for the observed healing effects exerted by
the Er:YAG laser during rejuvenation treatments [51,
52]. Namely, low amounts of ROS have been found to
stimulate wound healing via increased proliferation of
keratinocytes and fibroblasts, which in turn generate
collagen [53-55]. Furthermore, the generation of ROS
during resurfacing procedures has been found to be
enhanced by the unique 2,940 nm ErYAG laser
wavelength, which matches the exact vibrational
oxygen-hydrogen (OH) stretch frequency of water,
resulting in a resonant splitting of water molecules at
high local temperatures [52)].

The fast-pulsed heating can stimulate DNA
expression and RNA for heat shock proteins (HSP),
while not killing the cells by direct injury [46-47]. The
HSP proteins are presumed to initiate temporary
changes in cellular metabolism, resulting in the release
and production of growth factors and thus in the
increase of the rate of cell proliferation [48-50]. It
should be noted that the shorter the penetration depth,
the higher heat shock protein-synthesizing thermal
pulses that can be generated without causing cell death.
Out of all laser types, the Er:YAG laser allows delivery
of the most intense heat shock-generating thermal
pulses. For illustration, Fig. 16 shows, for different laser
types, the exemplary maximal safe heat shock
temperature elevations AT = T, - Ty, characterized by
the maximal temperature T,.. being bellow the critical
temperature for cell injury.

Er:YAG
AT=215°C

w w CO, w
g El =950 ]
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Fig. 16: Illustrative example of the dependence of the
maximal heat-shock safe temperature elevations on the laser
type. The depicted safe heat-shock temperature elevations

are for £, = 100 -300 us.

in

In addition, for laser wavelengths with extremely
short penetration depths, such as the 2,940 nm
wavelength of the Er:YAG laser, a safety window of
laser pulse durations characterized by Ty < Tiu, exists
within which the critical temperature cannot be
exceeded regardless of the laser pulse fluence delivered
to the tissue. This characteristic potentially makes this
type of device extremely safe for tissue resurfacing,
since once the epithelia temperature reaches Ty, the
onset of minimally invasive, micron layer-by-layer
ablation (see Fig. 2) automatically prevents the
epithelium surface temperature from getting heated
above T < T As can be seen from Fig. 14, the
longest penetration depth of an energy-based device
for which the safety window exists for a reasonably
long energy pulse is < 7 um, a condition that is
fulfilled only by the Er:YAG laser wavelength.

d) Analysis of FotonaSmooth® mode repetitive
irradiation
Figure 17 shows a typical temporal evolution of a
tissue surface temperature T  during and following a
FotonaSmooth® mode, repetitive irradiation with N
= 6 Er:YAG laser pulses at a repetition rate of 20 Hz.
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Fig. 17: Temporal evolution of surface temperature during
and following FotonaSmooth® mode Er:YAG laser
delivery.

We characterize the FotonaSmooth® mode
temporal evolution by two types of peak temperatures:
i) “fast” temperature peaks Tjz;, belonging to individual
Er:YAG laser pulses 7 (with 7 = 1 to N) within the
sequence of N pulses; and i) “slow” temperature
peaks Tj; defining the maximal temperature of the
thermal “pulse” belonging to the long-duration rise
and decay of the base-line temperature.

The evolution of the temperature deeper within the
tissue during and following a FotonaSmooth® mode,
repetitive irradiation with i = 1 — 20 pulses is depicted
in Fig. 18. As can be seen from this figure, the long
exposure temperature elevations (lasting several
seconds) extend down to the depth (z) of several
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hundred microns into the tissue.

0.5 1 15 2 25
t (s)
Fig. 18: Temporal evolution of deeper tissue temperatures
during and following FotonaSmooth® mode Er:YAG laser

delivery.

Roughly speaking, the tissue injury defined by Tj;
can be due to the long exposure time tegp1, considered
to be determined primarily by the long exposure
process 1, while the tissue injury defined by T2, and
characterized by the short exposure time tegp2 is
determined primarily by the characteristics of the
short exposure process 2. In order to avoid excessive
tissue damage, the laser parameters should be chosen
such that the short duration temperature peaks Tjz
are below the short exposure critical temperature
Tivi2, and the long duration temperature peak T is
below the long exposure critical temperature Ti
(See Fig. 19).
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Fig. 19: Dual tissue remodeling is possible with the
FotonaSmooth® mode Er:YAG laser because it allows the
laser parameters to be adjusted such that both the short

exposure temperature peaks T, and the long exposure

temperature peak T, are below their respective critical
temperatures for excessive tissue injury, T,,, and T,,,.

As described earlier, the Er:YAG laser wavelength
is absorbed within extremely short penetration depths,
resulting in extremely short temperatures peaks Tz,
characterized by a very high critical temperature Tie.
Under appropriate conditions the short exposure

critical temperature T2 is above the ablation
temperature Tl providing the ultimate short-
exposure safety since in case of the laser overdose, the
on-set of laser ablation will prevent the short exposure
process temperature peaks T, to exceed the critical
temperature Tie.

A similar conclusion can be made also for the long
exposure temperature peak Tjs (See Fig. 20).
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Fig. 20: For high Er:YAG laser fluences, the onset of
ablation prevents further temperature rise, limiting the
short-exposure temperature T, to T,,. This also limits the
increase of the long-exposure temperature peak T, as can
be seen from the very small difference between long
exposure temperatures tp1 at a below-threshold single
micro-pulse fluence of F, = 0.6 F,, (black line) and at an
above-threshold fluence of Fg = 2 I, (red line).

As soon as the short exposure temperature peaks
reach T, the ablation process prevents further
temperature growth, limiting the maximal short
exposure temperature 1.2 to Tuy This also limits the
growth of the long exposure temperature T, to a
maximal temperature 1., which depends only on the
number of micro-pulses (N) and not on the single-
pulse fluence Fy or the cumulative fluence Fsumoorn
(See Fig. 21).

As can be concluded from Fig. 21, the base-line
peak temperature, and resulting tissue injury, can be
“digitally” controlled by adjusting the number of
pulses (IN) in the FotonaSmooth® sequence.

The dependence of the maximal long exposure
temperature on the laser penetration depth can be
seen in Fig. 22. As can be seen from this figure, the
maximal long exposure temperature is higher for
larger optical penetration depths. It is only for the
Er:-YAG laser’s extremely short optical penetration
depth of =1 um that the maximal temperature T
is below the long-exposure critical temperature Tor.
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Fig. 21: Dependence of the long-exposure temperature peak

on the cumulative fluence Fyypo; and number of

micropulses (IN) for 8 = 3 pm and 70 pm. The micro-pulse
frequency is /= 10 Hz. The shorter the optical penetration
depth, the lower the maximal temperature at the tissue
surface.
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Fig. 22: Dependence of maximal long-exposure temperature
T,..; on energy penetration depth 0 for /= 10 Hz. For the
Er:YAG laset’s optical penetration depth & =1 pm, the
maximal temperature is below the long-exposure critical
temperature T,

The above safety feature is especially relevant for
the case of treating body cavities such as the vagina,

with an internal wall surface not regularly shaped.
Therefore the delivered fluence and consequently the
generated heat uncontrollably vary from one location
to another. There is also the accepted = 20% variation
in laser energy according to medical laser standards.
Also, the energy source may not always be kept at the
optimal distance or optimal angle with regard to the
tissue surface, again resulting in non-uniform heat
generation (see Fig. 23). And finally, human error can
also occur. In all these cases, the Er:YAG laser
ablation mechanism combined with the variable heat
shock (VHS) dynamics protect the patient from any
irreversible injury and keep the treatment within the
safe resurfacing limits.

1
«J

Fig. 23: The self-regulating feature of Er:YAG resurfacing is
especially important when treating irregularly shaped surfaces,
for example of a vaginal wall, where the angle of the laser
beam with respect to the surface, and therefore the laser
fluence, uncontrollably vary from one location to another.

IV. DISCUSSION

The superficial heat shocking involved in the dual
tissue-remodeling mechanism (DTR) resembles the
effects of the micro-needling technique, which aims not
to injure keratinocytes but to stimulate them with
superficial punctures and without any injury to
fibroblasts [56, 57]. Similatly to laser resurfacing, the
mechanism of action of micro-needling appears to
involve not only a direct inflaimmatory response to the
localized “ablation”, but also indirectly induced cell
proliferation by electrical signals [57]. Since with micro-
needling only a relatively small percentage of the skin is
being affected, the treatment outcome is expected to be
accordingly limited. On the other hand, the
FotonaSmooth®  Er'YAG  laser-induced  thermal
triggering mechanism can be viewed as non-ablative
thermal “needling” (i.e., triggering) of the total treated
skin surface, with the action of the spatially sharp needles
being replaced by the action of temporarily “sharp” but
spatially extended heat shock pulses. The extremely
short thermal pulses which can be safely delivered to the
epithelium using Er:YAG laser radiation represent an
additional, indirect mechanism of action for regenerating
epithelial and deeper lying connective tissues, which is
complementary to the conventional direct slow
stimulation of fibroblasts (See Fig. 24).
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Er:YAG non-ablative resurfacing

Epithelial
triggering

Bulk tissue
thermal injury
Fig. 24: Dual tissue-remodeling mechanism (DTR) involved
in non-ablative resurfacing with FotonaSmooth® mode
Er:-YAG laser.

As shown above, the requirements for superficial
heat shocking limit the range of “DTR” energy-based
devices to short-pulsed lasers with appropriately short
penetration depths within the tissue. Other types of
energy-based devices, such as radiofrequency [41, 58]
or ultrasound devices [42], have too long energy
delivery times and extremely deep penetration depths,
and are therefore not suitable for epithelial heat shock
triggering. The requirement for the penetration depth
to be below about 6 um further narrows the choice of
energy devices primarily to lasers with a wavelength
positioned close to the water absorption peak at 2,940
nm. The Er:YAG laser thus appears to hold a very
unique position within the group of resurfacing
devices. We believe that this explains the reported
safety and efficacy of FotonaSmooth® Er:YAG lasers
when used for ablative or non-ablative resurfacing.

When considering the next most highly absorbed
laser, i.e., the CO; laser, it can be concluded that the
critical temperature for this type of laser is about 130
0C (See Figs. 13 and 15), which is much lower than the
ablation temperature of T,y = 250 °C. Therefore, for
the CO; laser wavelength the safety window is much
narrower in comparison with the Er:YAG, making
complication-free CO; ablative or non-ablative
resurfacing procedures much more demanding to
perform. This may explain why longer recovery times
and a higher occurrence of complications have been
reported for COy laser resurfacing in comparison to
Er:YAG resurfacing [59]. It may also explain why
most of the CO» and other types of laser resurfacing
procedures are performed in the ablative fractionated
manner [60], where only a small percentage of the
treated area is being irradiated, similarly to the
needling technique. Further studies are needed to
evaluate whether the fractionated ablative resurfacing
of only a very small percentage of the treated area can
be as effective and safe as the non-ablative full-spot,

dual-mechanism regeneration procedure available with
the Er:'YAG laser wavelength. This question is
particularly  relevant since vaginal  resurfacing
procedures are being considered to be used as a
regular (once every several years) maintenance
protocol to prevent or slow down the symptoms of
aging. Since it is known that repeated ablative
wounding may cause scarring, non-ablative full-beam
resutfacing appears to provide additional safety in this
regard.

The regenerative effect of the FotonaSmooth®
mode Er:YAG laser when used for minimally invasive,
non-ablative resurfacing of the vaginal wall has been
demonstrated in numerous clinical studies [8, 34, 61-
62]. In a study by Lapii et al. [61], vaginal biopsy
specimens after Er:YAG laser exposure showed signs
of neocollagenesis and elastogenesis, foci of
neoangiogenesis, reduction of epithelial degeneration
and atrophy, and an increase of the fibroblast
population. Morphometry showed that the volume
density of blood capillaries and the thickness of the
epithelial layer increased by 61.1% and 64.5%,
respectively. In another study by Gaspar et al. [62],
histological examination showed changes in the
tropism of the vaginal mucosa and also angiogenesis,
congestion, and restructuring of the lamina propria.
Similarly, in a study by Bezmenko et al. [63], marked
histological changes were observed, demonstrating an
increase in the quantity and activity of fibroblasts as
well as increased density of connective tissue and the
emergence of neoangiogenesis.

Furthermore, the rejuvenation of mucous tissue
following FotonaSmooth® mode ErYAG non-
ablative vaginal resurfacing has been shown to
improve clinical symptoms of the following
indications that are already cleared for marketing and
sale in the EU, but have not yet been specifically
cleared for promotion in the USA: vaginal atrophy
[65-70], stress urinary incontinence (SUI) [17, 71-81],
vaginal relaxation syndrome (VRS) [81-84] and pelvic
organ prolapse (POP) [81-83].

As measured by ICIQ-SF, Pardo et al. [79],
reported an improvement of SUI symptoms after non-
ablative FotonaSmooth® ErYAG resurfacing of
vaginal mucosa in 79% of women. This data is in
accordance with the study by Ogrinc et al. [78], which
showed an improvement in 77% of women.
Furthermore, Pardo et al. also show a complete
reduction of SUI symptoms in 38.1% of women.
Using pad testing, Tien et al. showed a complete
reduction of SUI symptoms in 39% of women with
very mild and 50% with moderate urine leakage.
Furthermore, a significant improvement was noted in
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39% with mild, 27.8% with moderate, and 60% (n=0)
women with severe urine leakage. Non-ablative
FotonaSmooth® Er:YAG resurfacing of the vaginal
mucosa also resulted in improved sexual gratification
for 81.8% of women according to Pardo et al. [79],
which is supported by the study from Tien et al
Additionally, Tien et al. [80] show that 40% of the
partners also reported improved sexual function 6
months after their female partners underwent the laser
treatment. Assessed by a questionnaire addressing
quality of life and the 1-h pad test, the severity of urine
leakage decreased significantly also for women
suffering from SUI type III (intrinsic sphincter
deficiency) as shown by Gaspar et al. [72].

In two independent studies, Gambacciani et al. [68,
69] showed a statistically significant decrease of visual
analogue scale (VAS) for dryness and dyspareunia with
a statistically significant increase of Vaginal Health
Index Score (VHIS) in women suffering from
genitourinary syndrome of menopause (either because
of the onset of menopause or from standard estrogen
blocker therapy for breast cancer survivors). Similar
results were obtained also by Bojanini et al [65].

In their study Gaviria et al. [83], showed that non-
ablative FotonaSmooth® Er:YAG resurfacing results
in a significant improvement of the vaginal tightness in
95% of women. Women also reported better sexual
gratification after the treatment and 85% of their
partners reported a significant improvement. Patients
suffering from stress urinary incontinence (SUI) and
pelvic organ prolapse (POP) also reported complete or
partial improvement of their conditions. Similar results
were obtained in a 3-year follow up study by Gaviria et
al. [84]. Results on the improvement in POP were also
demonstrated by another independent study by Ogrinc
et al. [85].

Finally, the FotonaSmooth® and PIANO® modes
represent TightScultping’s complete body contouring
solution, which can be, depending on the type of
patient and the goal of the treatment, used either
individually [91-93] or in concert [89, 90] as a
combined dual-wavelength procedure.

V. CONCLUSIONS

Aspects of soft-tissue resurfacing with the Er:YAG
laser, representing the mid-IR laser with the highest
absorption in tissue water, were examined from the
viewpoint of the mechanism of actions involved in
FotonaSmooth® mode Er:YAG laser non-ablative
resurfacing of skin during body sculpting procedures
[89-93], of the vaginal wall to stimulate a healing
response  [61-87], of the oral tissue during

thermotherapy of snoring and sleep apnea [9, 94-103],
and of the correction of nasolabial folds wrinkle using
intraoral (4D) non-ablative resurfacing [104].

It was shown that the unique, extremely short
optical penetration depth of the Er:'YAG wavelength
makes this laser not only optimal for ablative
procedures but also for non-ablative resurfacing.

Three unique features of the FotonaSmooth®
mode Er:YAG laser, when used for non-ablative
resurfacing, were demonstrated:

i) Dual tissue-regeneration mechanism (DTR)

i) The unique safety of short-exposure
superficial heat shocks

iif) The unique safety of long-thermal-exposure
deep-tissue remodeling

The additional, indirect mechanism of action for
regenerating epithelial and deeper lying connective
tissues, which is facilitated by the safe delivery of
extremely short Er'YAG thermal pulses to the
epithelium is complementary to the conventional direct
slow stimulation of fibroblasts This inditect mechanism
of action is based on triggering stimulating signal
transduction processes for transcription factor activation,
gene expression and fibroblast growth, thus leading to
new collagen and extracellular matrix formation.

The requirements for the dual tissue-remodeling
mechanism limit the range of suitable energy-based
devices to short-pulsed lasers with appropriately short
penetration depths within the tissue. Other types of
energy-based devices, such as radiofrequency or
ultrasound devices, have large energy penetration
depths into the tissue and are therefore not suitable for
the fast epithelial heat-shock triggering involved in
DTR. The requirement for the penetration depth to be
below about 6 pum further narrows the choice of energy
devices primarily to lasers with a wavelength positioned
close to the water absorption peak at 2,940 nm. The
FotonaSmooth® Er:YAG laser thus appears to hold a
very unique position within the group of resurfacing
devices. Analysis shows that thermotherapy using the
FotonaSmooth® mode Er:YAG laser involves not only
the additional fast heat-shocking mechanism of tissue
regeneration, but also includes a unique self-regulating
safety feature. These extraordinary DTR characteristics
of the FotonaSmooth® Er:YAG laser may explain the
reported safety and efficacy of FotonaSmooth®
Er:YAG lasers when used for non-ablative skin
tightening[89-93], thermotherapy of the vaginal wall to
alleviate genitourinary syndromes of menopause [61-
87], and for thermotherapy of snoring and sleep apnea
[9, 94 -103].
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