W) Check for updates

Lasers in Surgery and Medicine

Characteristics of Non-Ablative Resurfacing of Soft Tissues
by Repetitive Er:YAG Laser Pulse Irradiation

Matjaz Lukac,

,1* Anze Zorman,? Nejc Lukac,? Tadej Perhavec, and Blaz Tasic®

nstitut Jozef Stefan, Jamova 39 SI-1000, Ljubljana, Slovenia
ZMedilase Dermatology & Laser Center, Thilisijska 59 SI-1000, Ljubljana, Slovenia
SFaculty of Mechanical Engineering, University of Ljubljana, Askerceva 6 SI-1000, Ljubljana, Slovenia

?Fotona, d.o.o., Stegne 7 SI-1000, Ljubljana, Slovenia

Background and Objectives: Recently, several mini-
mally invasive gynecological, ENT and esthetic proce-
dures have been introduced that are based on delivering
“smooth” sequences of Er:YAG laser pulses to cutaneous
or mucosal tissue at moderate cumulative fluences that
are not only below the ablation threshold but typically
also do not require local anesthesia. To explain the ob-
served clinical results using “smooth-resurfacing,” it has
been suggested that in addition to the direct heat injury to
deeper-lying connective tissues, there is an additional
mechanism based on indirect triggering of tissue re-
generation through short-exposure, intense heat shocking
of epithelia. The goal of this study is to improve under-
standing of the complex dynamics of the exposure of tis-
sues to a series of short Er:YAG laser pulses, during which
the thermal exposure times transition from extremely
short to long durations.

Study Design/Materials and Methods: A physical
model of laser-tissue interaction was used to calculate the
temperature evolution at the irradiated surface and
deeper within the tissue, in combination with a chemical
model of tissue response based on the recently introduced
variable heat shock (VHS) model, which assumes that the
tissue damage represents a combined effect of two lim-
iting Arrhenius’ processes, defining cell viability at ex-
tremely long and short exposure times. Superficial tissue
temperature evolution was measured during smooth-
resurfacing of cutaneous and mucosal tissue, and com-
pared with the model. Two modalities of non-ablative
resurfacing were explored: a standard “sub-resurfacing”
modality with cumulative fluences near the ablation
threshold, and the “smooth-resurfacing” modality with
fluences below the patient’s pain threshold. An exemplary
skin tightening clinical situation was explored by meas-
uring pain tolerance threshold fluences for treatments on
abdominal skin with and without topical anesthesia. The
obtained temperature data and pain thresholds were then
used to study the influence of Er:YAG laser sequence
parameters on the superficial (triggering) and deep (co-
agulative) tissue response.

Results: The simulations show that for the sub-
resurfacing modality, the parameter range where no ex-
cessive damage to the tissue will occur is very narrow.

On the other hand, using pain tolerance as an indicator,
the smooth-resurfacing treatments can be performed
more safely and without sacrificing the treatment efficacy.
Two preferred smooth-resurfacing treatment modalities
were identified. One involves using optimally long pulse
sequence durations (x~1-3 seconds) with an optimal
number of pulses (N~ 10-30), resulting in a maximal
short-exposure superficial tissue response and moderate
coagulation depths. And for deeper coagulation, without
significant superficial heat shocking, very long pulse
sequences (>5 seconds) with a large number of delivered
pulses are to be used in combination with topical
anesthesia.

Conclusions: A comparison of the simulations with the
established smooth-resurfacing clinical protocols in
gynecology, ENT, and esthetics suggests that, through
clinical experience, the clinical protocols have been
optimized for the maximal superficial heat shock trig-
gering effect. Further research is needed to gain a
better understanding of the proposed role of heat shock
triggering in the clinically observed regeneration of
cutaneous, vaginal, and oral tissues following Er:YAG
laser smooth-resurfacing. Lasers Surg. Med. © 2021
The Authors. Lasers in Surgery and Medicine published
by Wiley Periodicals LLC.
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INTRODUCTION

Ablative skin resurfacing using CO; and Er:YAG lasers
has proven to be an effective and reproducible method for
treating wrinkles [1-4]. Of particular interest has been
resurfacing with the Er:YAG laser wavelength
(A=2940nm), as it is positioned at the highest far-
infrared water-absorption peak of 1 =2940 nm. The laser-
induced temperature increase AT is thus limited to the
superficially irradiated tissue layer with its thickness
determined by the laser’s extremely short optical pene-
tration depth (6) of 1-3 pm [5-7].

Although ablative laser resurfacing procedures have
been found to be extremely effective, a major dis-
advantage is the erosion of large surfaces, which neces-
sitates a recuperation period of 1-2 weeks. There are also
potential risks of infections, scarring, or hyper- and
hypo-pigmentation [8-10]. For this reason, it has been
proposed to utilize the unique superficial absorption
characteristics of Er:YAG also for less invasive, non-
ablative treatments [11-16].

As opposed to ablative procedures, the main mechanism
of action of non-ablative procedures is based on selective
thermal damage followed by new collagen formation
[17,18]. The depth of the tissue’'s thermal response, that
is, of the tissue coagulation, is determined by the amount
of heat that can be delivered to the tissue in a non-
ablative manner. As in the absence of thermal diffusion
the ablation threshold fluence Fyy, (in J/cm?), is inversely
proportional to 6 [5,6], the heat energy that can be deliv-
ered into the tissue by a single Er:YAG laser pulse is
relatively small. This applies especially as the existing
Er:YAG laser technology limits single pulse durations to
below several milliseconds, limiting the time available for
conductive superficial cooling of the tissue during the
laser pulse. It is for this reason that non-ablative Er:YAG
treatments have been performed by repetitive stacking of
sub-threshold Er:YAG laser pulses, resulting in a higher
cumulatively delivered sequence fluence, F [3,5,11-16].

Initial studies of non-ablative thermal treatments with
repetitive stacking of Er:YAG laser pulses were made at
cumulative fluences (Fy) close to the ablation threshold
[11-16]. This resulted in significant damage to the epi-
dermis, leading to subsequent peeling of the damaged
epidermis, making the treatments “delayed ablative” [3].
Therefore, with this type of non-ablative resurfacing, the
epithelium is in reality damaged, but not completely re-
moved during the procedure, and acts as a wound
dressing [15,16]. For this reason, this type of sub-ablative
(or minimally ablative) resurfacing modality can be called
also a “sub-resurfacing” modality, analogously to what has
been proposed in [18].

More recently, however, excellent clinical results have
been reported for procedures using “SMOOTH” mode
Er:YAG laser pulse sequences, characterized by moderate
cumulative fluences that are not only below the ablation
threshold but also below the patient’s pain threshold
[19-32]. The SMOOTH mode Er:YAG laser energy has
been found to induce changes in the deeper skin or

mucosa, initiating a process of cell activation, production
of extracellular matrix, and tissue remodeling, without
causing unwanted direct epithelial ablation [33]. The
SMOOTH mode Er:YAG lasers have been, for example,
very successfully used for non-ablative laser treatment of
vaginal [21-26] and oral tissues [27-32], and as well for
skin tightening [19,20].

The expression “resurfacing” generally implies removal of
the tissue [17,18]. During ablative resurfacing the tissue is
vaporized immediately, while with non-ablative resurfacing
the removal occurs later when the epithelial and connective
tissue is devitalized and replaced. For example, histological
studies of fractional non-ablative resurfacing devices dem-
onstrated the laser-affected tissue to be extruded through
the heat-induced channels over the course of several days
following the treatment [33,34]. With the less aggressive
SMOOTH mode treatments, the delayed tissue replace-
ment process is less evident. However, as has been recently
shown for the Er:YAG laser vaginal relaxation treatment, a
significant exfoliative effect of superficial and intermediate
cells of the vaginal mucosa epithelium occurs following the
SMOOTH pulse stacking treatment, with the “peeling”
effect taking place over the course of one week [35]. This
indicates that subsequent gradual tissue removal is asso-
ciated also with the less aggressive SMOOTH mode treat-
ment. For this reason, “smooth-resurfacing” will be used to
describe this type of treatments.

To explain the observed clinical results using smooth-
resurfacing, it has been suggested that other indirect
mechanisms in addition to the direct heat injury to the
deeper-lying connective tissues may play a role in re-
generation and remodeling, including vascular damage,
recruitment of inflammatory cells, and release of
mediators [36]. An additional indirect triggering of
tissue regeneration through short-exposure intense
heat shocking of epithelia has been proposed [37], based
on stimulating signal transduction processes for tran-
scription factor activation, gene expression, and fibro-
blast growth, leading to new collagen and extracellular
matrix formation [38-41].

The exact contribution of the direct and indirect tissue
regeneration mechanisms proposed to be involved in
smooth-resurfacing still need to be investigated. In order
to shed more light on the non-ablative Er:YAG re-
surfacing mechanisms, we used a numerical model to
analyze the characteristics of Er:YAG sub- and smooth-
resurfacing, and examined how the requirement that the
treatment is effective yet within the pain tolerance may
influence the choice of optimal laser treatment parame-
ters. Superficial tissue temperature evolution was
measured during smooth-resurfacing of skin and oral
mucosa, and compared with the model. An exemplary
skin tightening clinical situation was explored by meas-
uring pain threshold fluences for treatments on
abdominal skin with and without topical anesthesia.
The obtained temperature data and pain thresholds were
then used to study the characteristics of the short-
and long-exposure’s tissue response believed to be
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respectively involved in the indirect and direct soft-
tissue regeneration mechanisms [19,20,37].

MATERIALS AND METHODS

Physical Model of Resurfacing

A numerical model was applied to the physical process
of sub- and smooth-resurfacing of soft tissues, such as
skin and mucosa, as originally developed to study thermo-
mechanical ablation with mid-IR lasers. The details of the
model are described in [7], and will not be repeated here.

In the model, a single wavelength (1) pulsed laser radia-
tion is delivered to the surface of the treated tissue with a
pulse fluence F, (in J/em?). The tissue is modeled as a water-
containing homogeneous media characterized by a single
absorption coefficient of 2=1/5 for the delivered laser
wavelength A. For simplicity, a square-shaped laser pulse
with duration ¢, was assumed. Since the focus of our study
was on the Er:-YAG laser wavelength with a short pene-
tration depth, the effects of the scattering of the laser light
within the tissue were not included. Similarly, it was taken
that the laser spot size is much larger than the penetration
depth (5). Therefore, with an exception described in the
discussion section, the diffusion of dissipated heat was
treated in one dimension using a finite-difference scheme. In
all our calculations, we used the physical parameters of the
irradiated media as published in Reference [7].

As we were interested in determining at what in-
dividual pulse fluence (F},) and total sequence fluence (Fy)
the laser-tissue interaction starts being ablative, the
model also included the microscopic physical model of
the ablative micro-explosion process, which combines the
thermodynamic behavior of tissue water with the elastic
response of the solid tissue components [7].

The model was applied to calculate temporal and spa-
tial temperature profiles for single pulses and as well for
pulse sequences, each consisting of N consecutive Er:YAG
laser pulses with individual (F},) and cumulative (F)
fluences, separated by a pulse separation time ¢s,. The
effective duration of the modeled pulse sequences was
defined by the sequence duration ¢;=N X tep.

Figure 1 presents a typical temporal profile of the tissue
surface temperature during a pulse sequence and the re-
sulting spatial profile within the tissue depth (2) by the
end of the sequence.

A multiple pulse train sequence results in N high-
temperature peaks (T,.x;) that rapidly relax deeper into
the tissue by fast thermal diffusion driven by the large
temperature gradient over the short optical absorption
length. During the pulse sequence, the superficially laser-
generated heat is thus being “pumped” by diffusion away
from the epithelia, up to several hundred microns deep
into the connective tissue (see Fig. 1b). The final, longer
persisting surface temperature is in Figure 1 represented
by the sequence temperature 7.

Chemical Model of Non-Ablative Resurfacing

Typically, the tissue damage response is calculated
using the Arrhenius damage integral Q that is for the
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Fig. 1. Exemplary temporal (a) and spatial (b) temperature
profile during and following a laser pulse train (with N=6 and
tsep =50 milliseconds). The spatial profile at time ¢=ts is
presented.

thermal exposure to a constant elevated temperature T
during the thermal exposure time (¢.x,) equal to [42—45]:

Q =A exp(—E/RT) X texp (1)

Here, A is the frequency factor, that is, the damage rate
(in s™), E is the activation energy (in J/kmol), and R is the
gas constant (R=8.31 10%J/kmol K). The critical G.e.,
damage threshold) temperature (7..), is then typically
defined as [42]

Tvit = E/(R In (Atexp ) (2)

In the standard model originally proposed by Henriques
and Moritz [44,45], based on measurements for feg,>1
second, it is assumed that a single chemical process rep-
resenting the kinetics of protein denaturation is involved,
and therefore that the Arrhenius coefficients E and A are
fixed and independent of the exposure time. However,
with more recent studies performed at extremely short
exposure times (foxp < 10 milliseconds), the obtained acti-
vation energies were significantly smaller and the
damage threshold temperatures were significantly higher
than what would be expected from the standard single
process Arrhenius model [37,46-48]. This finding is of
particular significance for Er:YAG laser sub-surfacing and
smooth-surfacing resurfacing procedures, during which
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the superficial tissue’s thermal exposure transitions from
intense, extremely short periods of exposure to peak
temperatures Tpax.i, to long-duration periods of exposure
to moderate temperatures for ¢ > ¢, (see Fig. 1).

Recently [37], it was demonstrated using a variable
heat shock (VHS) model that the observed dependence of
the critical temperature on the thermal exposure time can
be described as a combined effect of two limiting Ar-
rhenius’ processes, defining cell viability at extremely
long and short exposure times (see Fig. 2).

The VHS model that was used also in this study as-
sumes that the effective damage integral () can be calcu-
lated for any exposure from the combined effect of the
damage integrals Qiong(fexp) and Qgnort (fexp) belonging
respectively to the long and short Arrhenius processes
(see Fig. 2), as follows [37]:

(1/Q)P = (1/Qiong)? + (1/Qshort)? 3)

where p is the transition coefficient that determines the
transition between the two limiting biochemical proc-
esses. The details of the VHS model are described in [37],
and will not be repeated here. In this study, the same
Arrhenius parameters and the transition coefficient were
used as obtained in Reference [37] by fitting Equation (3)
to published experimental data: Ajong=4.7x10%*s™ and
Eiong=5.67 % 108 Jkmol ™! for the long exposure process,
and Agore=1.45%10*s™" and Egport = 1.03 x 107 Jkmol ™"
for the short exposure process, and P=0.16 for the tran-
sition coefficient. Figure 2 represents the dependence of
Tt on the exposure time as calculated based on these
parameters.

During an Er:YAG laser pulse sequence, the laser-
generated heat dynamics exhibits two phenomena: (i) in-
tense short-duration thermal pulses resulting from in-
dividual laser pulses i, with peak temperatures (T,...;) at
the surface that may exceed 200°C (see Fig. la) [49], bi-
ochemically directly affecting only the approximately
10 pm deep superficial tissue layer [37]; and (ii) a slow

300
250
— 200
O
<
« 150 VHS model
I~t
100
50 N\ N long ex.p_ogl_n:e Arhenius
0 short exposure Arhenius
Q Q Q Q I v/ N/ v/
~000] ‘00, %07 %2 0 *Qp “Og,
texp (S)
Fig. 2. The variable heat shock (VHS) model's critical

temperature as a function of the exposure time. According to
the VHS model, the critical temperature represents a combined
effect of two limiting Arrhenius’ processes, defining cell viability
at extremely long and short exposure times [12].

gradual build-up of the spatial temperature distribution
over the total duration of the sequence, extending several
hundred microns deep into the tissue, with the surface
temperatures (T) typically below 50-70°C (see Fig. 1b).
According to the VHS model, the first and second phe-
nomena are governed predominantly by the short-
exposure and long-exposure Arrhenius’ biochemical
processes (see Fig. 2), respectively.

For calculating the cumulative short-pulse Arrhenius
process damage to the superficial tissue located at z=0,
following a series of i=1...N, intense short-duration
thermal exposures to Tpa.;, the following probability-
summation model of Menendez et al. [50] was used. In
this model, it is assumed that the response to each pulse
of a multiple-pulse exposure is independent of the re-
sponse to other pulses; that is, previous pulses do not
“sensitize” the tissue to subsequent pulses. The proba-
bility P; for tissue damage response caused by each pulse,
i1=1...N is then obtained from [42]:

B =1-exp(—Q) (4)

where Q; is calculated using Equation (3), assuming
exposure to a constant temperature T,..; for an effective
duration .. The effective duration was approximated by
terr~ 0.25 milliseconds, based on results of simulations in
[37], assuming ¢, = 0.3 milliseconds, and represented the
duration of an imaginary rectangular temperature pulse
of a constant average temperature T, .x.;, which produces
approximately the same amount of damage as the actual
“triangularly” shaped temperature pulse. The cumulative
“sequence” probability P (N) of inducing thermal damage
to the tissue surface during N pulses was then calculated
using [50,51]:

EN)=1-(1-P)(1 - P)..1 — Py (6))

that results using P =1 — exp (—Qg) (see Equation 4), in
the cumulative damage integral Qo(N) to the tissue at
z=0, as

QoN) = Ln(1/(1 — B(N)) (6)

It has been shown that the superficial tissue damage
caused by a single Er:YAG laser pulse is governed mainly
by the short-pulse Arrhenius process, and extends about
z~ 20 pm deep into the tissue [37]. The average thermal
damage (Qy(N)) within this thin superficial layer, ex-
tending from z=0 to z=20pm was approximated by
Q(N) = 0.5 Qo(N).

It is to be noted that although the peak temperatures
(T'max) were calculated taking into account the gradual
temperature increase during the pulse sequence, the su-
perficial damage Qg (N) does not include the longer exposure
tissue response resulting from the gradual temperature
build-up and slow decay back to the initial temperature. The
damage integral Q (2) extending deeper into the tissue,
characterized predominantly by the long-pulse exposure
process, was calculated separately using the algorithm de-
veloped for calculating tissue damage for temporally non-
square-shaped thermal exposure pulses [37].
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Heat-Pain Threshold Measurement

For all in-vivo measurements, informed consent was
obtained from all patients and the procedures were per-
formed according to the Declaration of Helsinki. The ir-
radiation procedure used in this study has been cleared
for use in the EU according to MDD 93/42 EC-MEDDEV
2.7/1, and is as such regularly applied to treat patients.
The imaging study was approved by the Slovenian na-
tional ethics committee (application no. 111/02/12).

In order to determine the heat-pain threshold (HPT) for
different smooth-resurfacing conditions, 15 patients
(mean age 41.5+10.8), eight females and seven males
participated in the study on a voluntary basis. Testing
took place in a quiet room. Temperature in the room was
maintained at 23 + 1°C. The patients were laid down on a
comfortable dermatological bed. In order to get ac-
customed to different levels of discomfort, each patient
underwent an initial “training” procedure at a practice
site on the abdomen before the actual measurement on a
different abdominal area was performed. The patients
were instructed to identify the “pain threshold fluence”
above which the patient would not want to be treated. The
pain threshold fluence values obtained during the practice
were not used in the study.

Thermal stimuli were delivered using an Er:YAG laser
(Dynamis SP, manufactured by Fotona d.o.o., Ljubljana,
Slovenia) operating in a V-SMOOTH pulse mode. Se-
quences with pulse separation times Zs, =25, 100, and
125 milliseconds were applied, with pulse numbers up to
N =36. The laser pulse duration was equal to #,=0.3
milliseconds. The laser energy was delivered to the ab-
dominal skin area using a T-Runner scanning handpiece
(manufactured by Fotona d.o.0.) with a single full-beam
spot size of 2r=9mm, scanned over a scanning area
consisting of 3 x 3 spots. Heat-pain thresholds were ob-
tained for treatments without and with topical anesthesia
(application of EMLA 25 minutes before the test).

A method of limits was used [52-55], where the laser
fluence was gradually increased for each successive scan
in steps of 0.2J/cm? from a low level until the patient
characterized the treatment discomfort as unacceptable.
The pain threshold represented the fluence just below this
value. Each scan was performed on a previously not-yet-
irradiated abdominal skin area, additionally alternating
between the left and right half of the abdomen.

Tissue Surface Temperature Measurement

Measurements of the tissue surface temperature evo-
lution as a result of Er:YAG laser irradiation were made
on the abdominal skin and intraorally on the inside of the
cheeks of the authors using the Dynamis SP laser system
(manufactured by Fotona d.o.0.) operating in SP pulse
duration mode (£, =0.3 milliseconds). A thermal camera
(ThermaCAM P45, manufactured by FLIR Systems, Inc.,
Wilsonville, USA) with a frame rate of 50 Hz was used.
Two laser handpieces were used: (i) a full-beam handpiece
(Fotona R11) and (ii) a patterned-beam handpiece (Fotona
PS03), with both handpieces set to a 7mm spot size.

The Fotona PS03 handpiece is equipped with a pixel
screen, resulting in the overall laser spot having a pat-
terned (dotted) internal beam structure, with the centers
of the individual circular beam dots of diameter of
2r=0.85mm being separated by approximately 2mm
[21]. The motivation behind the design of the patterned
PS03 handpiece is to make the treatment less invasive by
reducing the treatment area to isolated beam islands [21].

RESULTS

Pain Threshold Fluence

Figure 3a shows the dependence of the pain threshold
fluence F, on pulse sequence duration Zs, as obtained for
treatments without topical anesthesia on 15 patients
for four pulse sequence settings: (i) N=6, t,=150
milliseconds; (i) N =30, #,=3750 milliseconds; (iii)
N =36, t;= 3600 milliseconds; and (iv) N =36, t,=4500
milliseconds. The above range of studied pulse sequence
parameters was chosen based on the practical consid-
eration of the capabilities of currently available Er:YAG
laser sources, and acceptable treatment durations.

The influence of the use of topical anesthesia is shown
in Figure 3b that depicts the difference in reported pain
threshold fluences for two sequence durations (150 and
4500 milliseconds), depending on whether topical anes-
thesia (EMLA cream) was used or not.

As can be concluded from Figure 3, while pain thresh-
olds vary from patient to patient, the pain threshold flu-
ence is generally higher for longer sequence duration #;,
This can be seen in Figure 4 that shows the dependence of
the pain threshold fluence shown in Figure 3 (averaged
over 15 patients) on f,. The additional data points for
ts=300, 1500, and 3900 milliseconds were obtained in a
separate experiment on a group of five patients.

Pulse Sequence Temperature

Simulations for full beam (i.e., R11 handpiece) treat-
ments using parameters for cutaneous tissue [7], show
that for fluences below the ablation threshold, the se-
quence temperature increase AT =T,-Ty, is linearly
dependent on F:

AT~ n X F, (7

where n,=ATJ/F is the sequence temperature slope for
a particular set of sequence parameters. While the de-
pendence of the sequence temperature slope on the single-
pulse duration (¢,) or on the number of pulses N is rela-
tively small, the dependence of the slope 7 (in units of °C
ecm?/J) on the sequence duration ¢, (in milliseconds), as
obtained by fitting the numerical results to a power
function, was found to be well described by (RZ = 0.98):

1, = Ag t2° 8

Here, the coefficients for the full-beam treatments of
cutaneous tissue are A; =84 and K, =-0.43. Using these
parameters, the numerically predicted dependence of
s on tg is in Figure 5 represented by a full line. As can be
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Fig. 3. Measured pain tolerance threshold fluences F,, as obtained
on 15 patients for (a) sequence durations ¢, = 150, 3600, 3750, and
4500 milliseconds without topical anesthesia; (b) sequence
durations ¢,=150 milliseconds (circles) and 4500 milliseconds
(diamonds) with (closed symbols) and without (open symbols)
topical anesthesia.

seen from Figure 5, the simulated dependence is in good
agreement with the slopes as measured for the full-beam
treatment of the abdominal skin (depicted by full circles).

For comparison, Figure 5 shows the measured slopes for
the full-beam treatment of oral and vaginal mucosa, and
as well the slopes as measured for cutaneous and mucosal
tissues using a patterned handpiece (Fotona PS03). The
experimental conditions for the vaginal data [21], were
the same as used in this study. The additional skin data
point is based on a published ex-vivo skin study [14],
using the following experimental conditions: full-beam
spot size of 5mm, N=11, £{,=270 milliseconds, and
F.=4.2J/cm?.

The dotted lines represent fits (RZ>0.98) of the ex-
perimental data to Equation (8), with the coefficients
K,=-0.43, and A;=69 for the full-beam treatment of
mucosa, A = 28 for the patterned beam treatment of skin,
and A, =18 for the patterned beam treatment of mucosa.

The reduction of the temperature slope with the
duration of irradiation (7«t,°*%) can be explained by
the increased tissue volume that is heated up within the

@ EMLA
Ono EMLA

F, (J/cm?)

0 1000 2000 3000

t.(ms)

4000 5000

Fig. 4. Dependence of the measured pain threshold fluence F,,
on sequence duration Z, for treatments with (closed symbols) and
without (open symbols) topical anesthesia. The lines represent
calculated pain thresholds according to Equation (7), with
AT,=12.7°C for the treatment without (full line), and
AT, gvia=16.1°C for the treatment with topical anesthesia
(dashed line).

approximate characteristic thermal diffusion depth
xq o< £°® [6,7], to which the tissue temperature is affected
after a time interval ¢.

The difference between coefficients for skin and mucosa
is tentatively attributed to the fact that the moist mucous
tissue requires slightly more energy than the dry skin to
be heated up. The lower coefficients for the patterned
handpiece as compared with coefficients for the full-beam
handpiece are attributed to the radial heat diffusion away
from the microspots, in addition to the heat diffusion
deeper into the tissue.
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Fig. 5. Simulated temperature slope (full line) for full-beam skin
treatments, together with the measured data (full circles). The
cross represents the slope obtained from the published
experimental data in [14]. For comparison, temperature slopes
for full-beam treatments as measured for oral mucosa (closed
diamonds), and as published for vaginal mucosa (gray diamonds)
[21], are also shown. Additionally, temperature slopes for
treatments with a patterned beam (handpiece PS03) are shown
as measured on skin (open circles) and intraorally (open
diamonds), together with the published data for patterned
irradiation of vaginal introitus (asterisk) [21]. The dotted lines
represent fits of the experimental data to Equation (8).
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Pain Threshold Temperature

The obtained dependence of AT on the laser fluence Fy
for different sequence durations ¢, (Equations 7 and 8),
enables the calculation of the sequence temperature ele-
vations AT corresponding to the measured pain threshold
fluences. The resulting calculated pain threshold tem-
perature elevations (AT}) as shown in Figure 6 are ap-
proximately constant across a wide range of sequence
durations, demonstrating also that the pain threshold
temperature is not significantly affected by the number of
pulses N or maximal temperatures T,...;. On average, the
pain threshold temperature increase is equal to AT, =
12.7+2.0°C for treatments without topical anesthesia,
and to AT}, gmra = 16.1 + 1.6°C for treatments with topical
anesthesia.

Deep Tissue Response

Figure 7a shows the calculated long-exposure coagu-
lation depths (z.) as a function of the sequence duration ¢,,
for three sub-ablative sequence fluences, F;= 2.4, 4.8, and
7.2J/cm?, and three pulse separation times .= 25,
75, and 125 milliseconds. The tissue coagulation depth (z.)
is defined as the tissue depth below which the cell injury
Q (2) is smaller than Q=0.5 [7], in agreement with the
finding that the value of damage integral of )~ 0.5 de-
fines the threshold below which the skin damage can be
tolerated without the occurrence of irreversible epidermal
injury [44,45].

As can be concluded from Figure 7, the coagulation
depth depends predominantly on cumulative fluence Fy
and ¢, while the internal pulse sequence structure char-
acterized by N and #, is relatively unimportant. This is
demonstrated by showing both, the symbol and trend line,
where the same trend line applies for different pulse
separations ts, (represented by different symbols), and
consequently also for different N.
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Fig. 6. Dependence of the pain threshold temperature elevation
AT, (open symbols) and AT, gmia (closed symbols) on the
sequence duration. The full line represents the average pain
threshold temperature increase for abdominal skin treatments
without anesthesia, AT, = 12.7°C, and the dashed line represents
the average pain threshold temperature increase for abdominal
skin treatments with anesthesia, AT, gvi.a = 16.1°C.
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Fig. 7. (a) Calculated coagulation depths (z.) for three

non-ablative sequence fluences F, =2.4, 4.8, and 7.2J/cm?, as a
function of the sequence duration g, for ts, =25 milliseconds
(diamonds), 75 milliseconds (squares), and 125 milliseconds
(circles). The lines are a visual guide for the eye; (b) Full lines
represent calculated coagulation depths for different sequence
durations at corresponding pain threshold fluences for without
(Fp) and with topical anesthesia (Fy.gmra), for tsp of 25
milliseconds (diamonds), 75 milliseconds (squares), and 125
milliseconds (circles). Dashed lines represent calculated
coagulation depths for ablation threshold fluences for ., =100
and 50 milliseconds. Published measured coagulation depths are
represented by the gray squares [19] and the gray triangle [23].

It is important to note that heat diffusion does not last
only for the duration of the sequence (¢;) but continues
also after the sequence has ended. Therefore the total
“duration” of heat diffusion is the same for all sequence
durations. In Figure 7a, the observation that longer se-
quence durations give lower coagulation depths is a con-
sequence of lower surface temperatures (T) for longer ¢,
(see Equation 8), resulting also in smaller damage in-
tegrals (see Equation 1).

In Figure 7b, the coagulation depths increase with se-
quence duration because the sequence fluence is for each
ts adjusted to be equal to either the pain threshold fluence
F, or FygmLa (representing smooth-resurfacing con-
ditions) or to the ablation threshold fluence Fy, (repre-
senting sub-surfacing conditions), corresponding to that
sequence duration. Since both, the pain and ablation
threshold fluences are higher for longer t,, more laser



8 LUKAC ET AL.

a 2
o
6 P
| .,
oo
15 Q Eﬁ If
]
[
! I
SR
0.5 @
O
0 T 0 1= =1
0 1000 2000 3000 4000 5000 6000
t, (ms)
b 2

Fig. 8. Calculated short-exposure superficial damage for sub-
resurfacing (gray symbols connected by dashed lines) and
smooth-resurfacing (black and open symbols connected by full
lines), as a function of the sequence duration ¢, (a) or the number
of pulses N (b). Black and open symbols represent smooth-
resurfacing with and without topical anesthesia, respectively.
The calculated damage integrals are for pulse separation times
tsep Of 25milliseconds (diamonds), 85 milliseconds (squares), and
125 milliseconds (circles).

energy can be delivered with longer ¢, resulting in deeper
coagulation depths (z,.).

The pain threshold fluences were calculated using
Equation (7) for treatments without (¥,,) or with topical
anesthesia, taking AT,=12.7°C or AT, gmia=16.1°C,
correspondingly. As can be concluded from Figure 8b (full
lines), smooth-resurfacing can result in significant coag-
ulation depths, providing that appropriately long se-
quence durations £, are used, allowing sufficiently high
yet still tolerable sequence fluences F.

The coagulation depths at the “smooth” fluences, i.e., at
the fluences just below the pain threshold, do not depend
on N or tsp, On the other hand, during sub-resurfacing at
least a partial or delayed epidermal ablation occurs, and
the coagulation depth depends not only on ., but also on
the single pulse duration £, [7]. Two examples of sub-
resurfacing are in Figure 7b shown with dashed lines, and
represent coagulation depths at corresponding ablation
threshold fluences Fiy,, for fy,=100 milliseconds and

t, =0.25 milliseconds, and for fe, =50 milliseconds and
tp, = 0.55 milliseconds.

For comparison, Figure 7b also shows published coagu-
lation depths as observed following “standard” sub-
resurfacing treatments. The gray squares represent coagu-
lation depths as measured on histologic samples of rat skin
treated by an Er:YAG laser, with ¢, = 100 milliseconds, and
ts="500 or 1000 milliseconds [19]. Similarly, the gray triangle
represents the published depth of dermal regeneration as
histologically observed on human eyelid skin following
treatment with an Er:YAG laser, with £, = 50 milliseconds,
and ¢, = 300 milliseconds [23].

Superficial Tissue Response

Figure 8 shows the calculated superficial damage ({))
for different sub- and smooth-resurfacing parameters, as
calculated using Equation (6). Similarly to the calculation
of the coagulation depths, the cumulative fluence was for
any pulse sequence parameter combination set to be equal
to either the ablation threshold fluence (representing sub-
surfacing conditions), or to the pain tolerance threshold
fluence, representing smooth-resurfacing conditions.

As can be seen from Figures 8a and b, as opposed to the
deep tissue response, the superficial damage depends not
only on the sequence duration but also on the number of
pulses N. This is as expected since the superficial tissue
response is a consequence of the high-temperature peaks
(T'max-i), and therefore it is not the same whether the cu-
mulative fluence is distributed among a small number of
high-intensity peaks, or among a large number of smaller
intensity peaks.

As can be seen from Figure 8, using the smooth-
resurfacing technique represents a significant advantage
over sub-surfacing since the damage can be limited to a
maximal level defined by the number of pulses N and
pulse separation time Zsp,. On the other hand, the cumu-
lative short-exposure damage during sub-resurfacing
grows approximately linearly with N and Zey,.

DISCUSSION

In this study, characteristics of non-ablative resurfacing
of soft tissues by repetitive Er:YAG laser pulse irradiation
were analyzed for the first time from the viewpoint of the
maximal fluences deliverable in a clinical setting, as de-
termined by the patients’ pain threshold. Additionally,
using the VHS [12], and probability-summation model [50],
the dependence of the proposed superficial heat shock
triggering effects on parameters of the non-ablative
Er:YAG laser resurfacing were studied as well. Attention
was focused on the difference between the standard, “sub-
resurfacing” pulse stacking technique, with Er:YAG laser
fluences close to the ablation threshold (Fy,), and the
“smooth-resurfacing” technique, characterized by moderate
fluences (Fs<Fp, FppmLa) with resulting tissue temper-
atures below the heat pain tolerance threshold (HPT).

The published cutaneous HPT temperatures (Tgpr) for
several-seconds-long exposures are for different body
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areas in the range of 41-52°C [52-54], in rough agreement
with the pain threshold temperature for smooth-
resurfacing of abdominal skin of T, ~48°C, as found in
this study. In agreement with the VHS model and the
assumption that the pain threshold is related to the risk
of irreversible damage, the HPT has been observed to
increase toward shorter exposures, and was reported to be
equal to Typr ~ 58°C for tex, ~ 0.3 seconds and to Typr~
75°C for texp~0.05 seconds [55]. Similar heat pain
thresholds have also been obtained for oral mucosa, with
Typr ~ 48°C for long exposures [56], and Typr ~ 65-70°C
for approximately 0.1 seconds long exposures [57].

On a long temporal scale, the overall thermal effect of a
At =ts long sequence of short Er:YAG laser pulses is to
heat up the tissue approximately to the same temper-
atures as if the laser energy was delivered to the tissue in
a single ¢, =t long pulse with the same pulse fluence as
delivered during the sequence (F,=F). Additionally,
as the Er:YAG laser wavelength is limited to its very
shallow optical penetration depth, it has been hypothe-
sized that instead of having to rely on the pulse sequence
heat-pumping technique, devices with a deeper pene-
tration depth and longer pulse durations may represent a
more suitable means for deep thermal remodeling [58].
However, the published clinical results using the smooth-
resurfacing technique [19-32], suggest that the super-
ficial heat shocking resulting from individual short laser
pulses within a SMOOTH sequence may represent an
additional, indirect mechanism of action for regenerating
epithelial and  deeper-lying connective tissues
[36-41,58-67], which is complementary to the conven-
tional direct slow stimulation of fibroblasts [68].

The superficial heat shocking 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 [69,70].
The smooth-resurfacing laser-induced thermal triggering
mechanism can be viewed as non-ablative thermal “nee-
dling” (i.e., triggering) of the total treated skin surface,
with the action of the spatially sharp needles being re-
placed by the action of temporarily “sharp” but spatially
extended heat shock pulses. In this study, the level of
superficial heat shock triggering was evaluated by as-
suming that the level of thermal “needling” is related to
the superficial damage resulting from the multiple short-
duration exposures.

Based on Figures 7b and 8, it can be concluded that for
smooth-resurfacing there are two optimal treatment re-
gimes. When a maximal heat shock triggering effect, with
optimal short exposure damage (), and moderate coagu-
lation depths of about 100 pm are desired, the optimal
sequence durations and the number of pulses are in the
range up of about #,=1-3 seconds (see Fig. 8a) and
N =12-30 pulses (see Fig. 8b). And when deeper coagu-
lation depths are to be achieved, then long sequence du-
rations of about £, =5-10 seconds (see Fig. 7b), consisting
of a large number of pulses of about N =80-50, are to be
used. Under these deep coagulation conditions, the heat

shock triggering effect is extremely small, typically below
0 =0.001.

It may be interesting to analyze, using the findings of
this study, the three clinical areas where smooth-
resurfacing treatments are most commonly being per-
formed, apart from skin tightening: gynecology, ENT, and
intra-oral esthetics. These treatments consist of non-
ablative resurfacing of the mucosal tissue to thermally
initiate a process of cell activation, production of ex-
tracellular matrix, and tissue remodeling that continues up
to 6 months following treatment [22,36]. The treated mu-
cosa undergoes rejuvenation consisting of an increase in
epithelial thickness, fibroblast proliferation, an increase in
the amount of collagen, and vascularization [36], resulting
in improved tissue tightness and elasticity. The rejuve-
nation effects of the minimally invasive smooth-
resurfacing procedure, which represents an alternative to
more aggressive and risky surgical procedures, are tem-
porary, lasting for up to several years, after which an ad-
ditional touch-up procedure may be needed. In gynecology,
tissue rejuvenation results in an alleviation of symptoms of
genitourinary syndrome of menopause (GSM), stress uri-
nary incontinence, and vaginal relaxation syndrome
[21-26,36]. In ENT, non-ablative resurfacing of soft palate,
uvula, and tonsillary regions has been reported to sig-
nificantly reduce symptoms of chronic snoring-related
sleep disorders [29-32]. And in esthetics, the intraoral
smooth-resurfacing has been demonstrated to represent a
safe, painless, and effective treatment option for accen-
tuated nasolabial folds (NLFs) wrinkles [27,28].

The following clinical protocols are most commonly used
for smooth-resurfacing of oral and vaginal mucosa
[21-32]: (a) full-beam handpiece protocol with ¢4~ 2100

milliseconds, N =24 pulses and F,=12dJ/cm? (b) pat-
terned handpiece protocol with #;~ 2100 milliseconds,
N =24 pulses, and F,=24J/cm? or (c) patterned hand-
piece protocol with #,~ 950 milliseconds, N =12 pulses,
and F = 20 J/cm?. Using the sequence temperature slopes
reported in this study (see Fig. 4) to calculate treatment
temperatures T associated with these three protocols, we
obtain Ty~ 65°C, 51°C, and 54°C for protocols a, b and c,
respectively. The temperatures achieved with protocols (b)
and (c) are close to the pain thresholds as measured in
other mucous tissues [56]. For this reason, practitioners
often decide to administer topical anesthesia. The protocol
(a) where higher sequence temperatures are achieved is
performed only deeper in the vagina where vaginal in-
nervation is lower [71]. An exception is the vaginal
atrophy protocol where lower laser parameters are used,
and the mucosa is warmed up to only some 45°C [23].
Similarly, for irradiations in more sensitive areas such as
of the vaginal vestibule the fluence of the protocol (b) is
reduced to Fy=12J/em? (T~ 43°C) [21].

It is interesting to note that the established clinical
smooth-resurfacing treatment protocols for mucosa con-
sist of N=12-24 Er:YAG pulses delivered during ;=
950-2100 milliseconds at an average separation time
of tsp =85 milliseconds, in rough agreement with the
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predicted optimal ¢, and N for superficial triggering
(see Fig. 8).

Furthermore, our analysis also provides a potential
explanation for why smooth-resurfacing clinical protocols
almost in all cases include treatments using a patterned
handpiece. Namely, with patterned handpieces, the irra-
diated tissue does not cool down only by the heat diffusion
deeper into the tissue but also by the heat diffusion in the
radial direction away from the irradiated microspots. This
cooling mechanism is more effective during the long se-
quence duration (¢;) than during the short duration tem-
perature peaks. For this reason, the final sequence tem-
perature (Ty) is more significantly reduced than the
temperature peaks T,..;. As can be seen from Figure 5,
the temperature slope coefficient Ag is for a patterned
handpiece by a factor of 3-4 smaller as compared with the
slope for the full-beam handpiece (see Equation 7). This
means that three to four times higher cumulative fluences
(Fg) can be delivered without exceeding the pain tolerance
threshold temperature. On the other hand, as the radial
heat diffusion has a smaller effect on the high-
temperature peaks (T ax:), the higher cumulative fluence
will for the same level of deep tissue coagulation result in
an increased level of superficial triggering. Therefore,
patterned handpieces are generally better suited for the
maximal heat shock triggering effect compared with full-
beam handpieces.

To demonstrate the influence of radial heat diffusion for
small diameter beam sizes we carried out a limited nu-
merical analysis using a 3D cylindrical coordinate system
model. The resulting temporal profiles of the skin surface
temperature during a sequence with N = 24 micro pulses,
delivered by a full beam ((R11 with 7 mm spot size) or by a
patterned beam handpiece (PS03 with 0.85 mm micro spot
size) are shown in Figure 9.

As can be seen from Figure 9, for the same final se-
quence temperature (Ts = 50°C) (and resulting deep tissue
response), the high-temperature peaks (Tyhax.;) are ap-
proximately 30% higher for the patterned handpiece. A
damage integral calculation using Equations (5) and (6)
shows that this difference results in two times stronger
(in terms of (),) patterned thermal “needling” of the tissue.

Finally, we list some of the assumptions used in the
numerical modeling. First, our calculation of the tissue
response is based on the rather limited available pub-
lished experimental data for Arrhenius parameters that
depend on the duration of exposure and type of the tissue.
Additionally, coagulation depths were compared for var-
ious treatment modalities taking Q(z) = 0.5 as the coagu-
lation criteria. However, when comparing coagulation
depths it should be considered that different types of
tissue damage might be encountered in the superficial
layer even at the same coagulation depth. The comparison
of the simulation with the reported coagulation depths is
further complicated by the very gradual transition be-
tween the coagulated and normal collagen deeper in the
dermis, and the arbitrary nature in determination of co-
agulation depths from histologic sections [19,72].
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Fig. 9. Calculated temporal profile of the skin surface
temperature during a sequence of four SMOOTH mode macro
pulses each consisting of six micro pulses (resulting in
N=4x6=24 micro pulses) for (a) Fs=4.9J/cm? with a full-
beam handpiece (R11 with 7 mm spot size); and (b) F, = 14.7 J/em?
with a patterned beam handpiece (PS03 with 0.85 mm micro
spot size).

Furthermore, the level of superficial heat shock trig-
gering was evaluated by assuming that the response to
each laser pulse of a multiple-pulse exposure is in-
dependent of the response to other pulses. Generally,
there is a cumulative effect in multiple-pulse exposures,
as reflected, for example, by a reduction in the threshold
energy per laser pulse relative to the single-pulse
threshold in ocular damage studies [73]. However, the
cumulative mechanism of multiple exposures is still not
fully understood, and depends also on the type of tissue
and irradiation [51,73].

A limitation of the study is also that the model did not
include the effects of blood perfusion and tissue cooling as
a result of natural convection. These effects could be of
importance particularly for longer sequence irradiations
lasting above about 10 seconds. However, since with these
two cooling mechanisms being present the typical meas-
ured long-duration skin cooling times are on the order of
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several minutes [72], and our temperature measurements
for ¢ up to 20 seconds are in rough agreement with the
model predictions, we believe that these effects do not
significantly affect the basic conclusions of the study.

Our simulations were made for skin parameters, and
using the HPT data as obtained for the abdominal skin.
However, in the case of moist oral and vaginal mucous
tissue, evaporation of unbound water from the tissue
during a single pulse and between pulses may decrease
the temperature and as well the ablation threshold, ten-
tatively explaining the observed difference in 5y = AT/F
shown in Figure 5. In the model, it is assumed that the
treated tissue is optically and physically homogeneous,
which more closely applies to moist mucous tissues than
to skin, where the water content has been found to vary
considerably within the first approximately 50 pm of the
epidermis [74].

A limitation of the study is also that the model did not
include the effects of blood perfusion and tissue cooling as
a result of natural convection. These effects could be of
importance particularly for longer sequence irradiations
lasting above about 10 seconds. However, since with these
two cooling mechanisms being present the typical meas-
ured long-duration skin cooling times are on the order of
several minutes [72], and our temperature measurements
for t; up to 20 s are in rough agreement with the model
predictions, we believe that these effects do not sig-
nificantly affect the basic conclusions of the study.

CONCLUSIONS

In conclusion, Er:YAG laser pulse stacking represents
an example of complex thermal exposure dynamics during
which the exposure times transition from extremely short
to long durations. The tissue effects resulting from these
dynamics were evaluated numerically using the VHS
model, for two examples of non-ablative or minimally
ablative Er:YAG laser pulse stacking treatments: (i) the
“sub-resurfacing” performed at or near ablation laser
fluences; and (ii) the “smooth-resurfacing” characterized
by below-pain-threshold fluences.

Based on measurements on abdominal skin, the pain
threshold temperature depends mainly on the long-
exposure superficial skin temperature (T) by the end of
the pulse sequence, and not on the peak skin temper-
atures (Thay) following individual laser pulses within the
sequence.

The simulations show that for sub-resurfacing, the pa-
rameter range where no excessive damage to the tissue
can occur is very narrow. On the other hand, using pain
tolerance as an indicator, the smooth-resurfacing treat-
ments can be performed more safely and without sacri-
ficing the treatment efficacy.

Two preferred smooth-resurfacing treatment modalities
were identified. One involves using optimally long pulse
sequence durations with an optimal number of pulses,
resulting in maximal short-exposure superficial tissue
response, and moderate coagulation depths. And for
deeper coagulation, without significant superficial heat

shocking, very long pulse sequences with a large number
of delivered pulses are to be used.

A comparison of the simulations with the established
smooth-resurfacing clinical protocols in gynecology, ENT,
and esthetics suggests that through clinical experi-
ence the clinical protocols have been optimized for the
maximal superficial heat shock triggering effect.

Finally, further clinical research is needed to confirm
the proposed role of superficial heat shocking in the
reported smooth-resurfacing clinical results.
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