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I. INTRODUCTION

Ablative skin resurfacing by Er:YAG lasers has
proven to be an effective and reproducible method for
treating wrinkles [1-4]. In erbium laser procedures, it
is the tissue’s water content, not its pigment that plays
the role of an absorbing chromophore. The laser
induced temperature elevation AT is thus 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 () and the subsequent thermal diffusion [5, 6].
Very roughly, the elevated temperature lasts for the
combined duration of the laser pulse and subsequent
conductive cooling, which is for typical Er:YAG single
laser pulse durations on the order of one millisecond.

The Er:YAG laser treatments consist of heating the
superficial tissue up to the maximally achievable
temperature defined by the ablation temperature Ty
where tissue ablation starts, as a result of micro-
explosions of overheated tissue water within the elastic
skin tissue [6]. 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,y = 250 °C [6, 7].

Resurfacing with the Er:YAG laser has been of
particular interest since it allows for the so-called “cold”
ablation with minimal thermal damage below the
ablation front [4, 8]. This may be somewhat surprising
considering the high superficial temperatures
encountered during ablation. Namely, the heating of
tissue is accompanied by the chemical process of
protein denaturation as a result of the cellular exposure
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to the increased temperature [9]. The tissue damage is
typically calculated using the Arrhenius damage integral
€ calculated over the time of the thermal exposure [9-
12], according to which the tissue injury grows
exponentially with the elevated temperature T, and
linearly with the time of exposure Az The tissue damage
is often 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.
According to the Arrhenius model of skin damage
developed by Henriques and Moritz [11, 12], based on
measurements at longer exposures, the critical
temperature for the exposure durations encountered
during Er:YAG laser treatments would be around 70
0C, significantly below the ablation temperature.

Recently [7], it was pointed out that the above
discrepancy can be explained by noting that during
measurements performed at extremely short exposure
times (At < 10 ms), the critical temperatures have been
found to be significantly higher than what would be
expected from the standard single process Arrhenius
model [13 -16]. Using a VHS (Variable Heat Shock)
model where the tissue thermal response was modeled
with two interacting biochemical processes, defining
the cell viability at very long and very short exposure
times [16, 17], it was shown that for typical Er:YAG
laser treatment parameters the critical temperature is
above T, |7]. This was attributed to the uniquely short
thermal exposure times, facilitated by the uniquely short
optical penetration depth of the Er:YAG laser
wavelength (4 = 2.940 nm) of 6 = 1-3 pum in soft
tissues. The resulting extremely large thermal gradient
between the superficially optically heated tissue and the
underlying tissue leads to a very short temperature
decay time that combined with a typical Er:YAG laser
pulse duration results in a total duration of the thermal
exposure on the order of 1 millisecond.

It has also been suggested that the extremely short
high-temperature, yet safe Er:YAG thermal pulses
imposed on the epitelium involve an additional intense
heat shocking regenerative mechanism that is
complementary to the conventional deep thermal
stimulation of fibroblasts [7]. This additional, superficial
mechanism of action for regenerating epithelial and
deeper lying connective tissues was proposed to be based
on triggering stimulating signal transduction processes for
transcription factor activation, gene expression and
fibroblast growth, thus leading to new collagen and
extracellular mattix formation [17-23].

While ablative laser resurfacing procedures have
been found to be extremely effective, a major
disadvantage is the erosion of large surfaces, which
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necessitates a recuperation period of 1 to 2 weeks.
There are also potential risks of infections, scarring or
hyper- and hypo-pigmentation [24-26]. For this reason,
it has been proposed to utilize the unique superficial
absorption characteristics of Er:YAG also for less
invasive non-ablative treatments [3, 5, 27, 28]. As
opposed to ablative procedures, the main mechanism
of action of standard non-ablative procedures is based
on selective deep thermal damage followed by new
collagen formation. With the Er:YAG laser, however,
the mechanism of action potentially involves also the
proposed superficial heat shock triggering [7, 27, 28].

In non-ablative treatments, the depth of
tissue’s thermal response is determined by the amount
of heat which can be delivered to the tissue in a non-
ablative manner. The maximal coagulation depth is thus
limited by the maximal surface temperature Ty = Ty
, and related maximal laser pulse fluence F,y (in J/cm?),
above which ablation starts [6]. The ablation threshold
fluence can be increased by using longer laser pulses
during which the delivered heat has more time to
diffuse deeper into the tissue, effectively reducing
surface temperature and thus increasing Fuy [6, 8].
However, since the existing Er:YAG laser technology
limits single pulse durations to below several
milliseconds,  this limits the maximal coagulation
depths which can be achieved with single pulses to
maximally up to several tens of micrometers. For this
reason, Er:YAG laser non-ablative procedures are
typically carried out with longer-duration sequences of
multiple laser pulses [29-31].

Many of the published studies of non-ablative,
thermal treatments with Er:YAG laser pulse sequences
have been made at relatively high sequence fluences,
close to or slightly above the ablation threshold [29, 30-
34]. This resulted in a significant damage to the
epidermis, and in most cases also in subsequent
removal of the damaged epidermis, making the
treatments “delayed ablative”.

In this study, we explored a different modality
of non-ablative Er:YAG treatments, a “smooth-
surfacing”, where the cumulative fluence is set to be not
only below the ablation threshold but also below the
pain threshold for treatments without anesthesia, or at
most with topical anesthesia. The technique involves
delivering laser energy in 0.1-10 s long “SMOOTH”
mode sequences, each consisting of several consecutive
sub-ablative sub-millisecond Er:YAG laser pulses |3, 5,
27, 28]. During the SMOOTH mode sequence, the
laser-generated heat is effectively “pumped” by means
of heat diffusion away from the epithelia, several
hundred microns deep into the connective tissue.
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The temperature and tissue response characteristics
during smooth-resurfacing were analyzed numerically
for a broad range of treatment parameters. The tissue
response was calculated using the two-process VHS
model, in order to take into account the fast superficial
temperature changes during individual laser pulses, and
slower cumulative heat deposition during the over-all
laser pulse sequence. Pain thresholds were measured
during treatments with and without topical anesthesia,
for different pulse sequence settings. Using the
obtained pain threshold values, we evaluated the tissue
response for a wide range of sub-surfacing laser
parameters.

II. MATERIALS AND METHODS

a) Physical model of tissue smooth-surfacing

A numerical model was applied of the physical
process of non-ablative sub-surfacing of soft tissues as
originally developed to study thermo-mechanical
ablation with mid-IR lasers. The details of the model
are described in [6], and will not be repeated here.

In the model, a single wavelength (4) pulsed
laser radiation is delivered to the surface of the treated
tissue with a total pulse fluence F (in ] /cm?). The tissue
is modeled as a water-containing homogeneous media
characterized by a single absorption coefficient of & =
1/6, for the delivered laser wavelength A. For
simplicity, a square-shaped laser pulse with duration 7,
was assumed. Since the focus of our study was on the
Er:YAG laser wavelength with a short penetration
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 () and therefore 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 [6].

The model was applied to calculate temporal
and spatial temperature profiles for single pulses and as
well for 0.1- 10 s long SMOOTH mode sequences, each
consisting of several (IN = 2 - 30) consecutive sub-
ablative sub-millisecond Er:YAG laser pulses at pulse
separation times of %, = 10 — 125 ms. The effective
durations of the modeled pulse sequences, defined as
the “long pulse” irradiation times # = IN X Z.» was in the
range of % = 20- 4500 ms.

Since we were interested in determining at what
single pulse and cumulative pulse sequence fluences the
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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 [0].

b) Chemical model of tissue sub-surfacing

The physical process of thermodynamically heating
the tissue during a laser irradiation is accompanied by
the chemical process of protein denaturation as a result
of the cellular exposure to the increased temperature
[17]. The tissue damage is calculated using the
Arrhenius damage integral €2 calculated over the time
of the thermal exposure [17,22,23]:

Q = A exp(-E/RT) At . 1)
Here, A is the frequency factor, i.e. the damage rate (in
s1), E is the activation energy [in J/kmol], and R is the
gas constant (R= 8.31 103 J/kmol K). The damage
integral defines the probability (p) for tissue damage
response according to:

p=1-exp (2)) . )
Similarly, the critical (e, damage threshold)
temperature (1:.), depends on the thermal exposure
time as:

T = E/(RIn(A Af) . 3)

Studies of tissue damage dynamics have shown that
for extremely short and long exposure times, cell
viability cannot be described by a single biochemical
process using a single Arrhenius damage integral
according to Eq. 1 [11-106]. At extremely short exposure
times the critical temperature has been measured to be
significantly higher than what is predicted by the
standard Arrhenius damage model assuming a single
biochemical process [11-12].

Since during Er:YAG laser pulsing the tissue’s over-
all thermal exposure transitions from intense, extremely
short exposure periods to moderate-temperature long
exposure periods, a recently published VHS (Variable
Heat Shock) response model [7], was used to evaluate
the tissue damage £2 from the calculated temporal and
spatial temperature profiles. The VHS model assumes
that the critical temperature can be expressed as a
combined effect of two biochemical processes that
dominate cell survival characteristics at very short
(below = 5 ms) and very long (above = 500 ms)
exposure times. The details of the VHS damage
integration method are described in [7], and will not be
repeated here. The short pulse exposure process 1 and

Journal of the Laser and Health Academy
Vol. 2020, No.1; www.laserandhealth.com

the long pulse exposure process 2 were characterized by
Arrhenius parameters .4, = (4.7 + 1.4) x 10% s' and E;
= (5.67 £ 0.11) x 107 Jkmol", and A, = (1.45% 0.15) x
10+ st and E; = (1.03% 0.03) x 107 Jkmoll,
correspondingly [7].

c) Skin surface temperature measurement

The Er:YAG laser used for the measurement was
Dynamis SP (manufactured by Fotona d.o.0.). In order
to verify the physical model, a test measurement of the
skin surface temperature evolution during and
following a single Er:YAG laser pulse was made and
compared with the results of the model. The
measurement was made on the dorsal skin located
between the thumb and the index finger of one of the
authors. The temperature temporal profile for a single
laser pulse was obtained with a high-speed thermal
camera (FLIR A6750 SLS manufactured by FLIR
Systems, Inc) at a frame rate of 4000 Hz.

Longer duration temperature profiles were
measured on abdominal skin using a thermal camera
(ThermaCAM P45, manufactured by FLIR Systems,
USA) with a frame rate of 50 Hz.

c) Pain threshold measurement

In order to determine heat pain thresholds during
non-ablative sub-surfacing for different pulse sequence
parameters, we recorded discomfort threshold laser
fluences of 15 patients during skin tightening
treatments of the abdomen, either with or without
topical anesthesia (EMLA). The pain threshold fluence
F, was obtained by increasing the V-SMOOTH fluence
until the patients reported the treatment to be
unpleasant.

The Er:YAG laser used in the measurement
was Dynamis SP (manufactured by Fotona d.o.0.)
operating in a V-SMOOTH pulse mode delivering laser
pulse sequences with adjustable pulse separation time
t.r from 25 ms to 125 ms, and adjustable number of
pulses from N = 6 to 36. The laser pulse duration was
#.= 0.3 ms. The laser energy was delivered to the tissue
using a T-Runner scanning handpiece (manufactured
by Fotona d.o.0.) with a single spot size of 9 mm,
scanned over a reduced scanning area of = 4 cm?.

ITII. RESULTS

a) Single pulse temperature profile
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Figure 1 shows the measured single pulse
temporal temperature profile at the skin sutface,
together with the simulated temperature profile during
and following pulsed Er:YAG laser irradiation [51]. A
special high-speed thermal camera (FLIR A6750 SLS,
manufactured by FLIR Systems, USA) at a fast frame
rate of 4000 Hz was used to detect the extremely fast
temperature evolution during and following a single
Er:YAG laser pulse generated by a Dynamis SP laser
system equipped with a 5-mm full-beam R11 handpiece
(both manufactured by Fotona d.o.o., Slovenia). The
laser pulse fluence of Fy, = 0.80 J/cm?was set to be just
below the low fluence ablation threshold F, = Fapn =
0.88 J/cm?.

Since for this measurement, the dorsal skin
area was cleaned with alcohol prior to irradiation, the
measured skin hydration level was low, with skin
hydration level of H = 8% . For higher skin hydration
levels, the ablation threshold would be higher. It is also
to be noted that the low fluence ablation threshold F,pi
is different from the high fluence ablation threshold
Fap. At low fluences the ablation threshold is reached
only at the end of a laser pulse. The ablation effect is
very small but can be detected by the slight whitening
of the tissue surface. At higher fluences, the ablation
temperature is reached almost immediately after the on-
set of the laser pulse, and the ablation process takes
place during the whole duration of the laser pulse. In
this regime, the ablation depth depends approximately
linearly on the laser pulse fluence, and the high fluence
ablation threshold Fu is represented by the fluence
where the linear relationship crosses the zero-ablation
depth value; and has been determined for skin to be in
the fluence range of 1.6 -2.2 J/cm2.

As can be seen from Fig. 1, the temperature
pulse consists of the temperature ramp-up heating
phase during which the temperature reaches its
maximal value (T,..), and of the temperature ramp-
down cooling phase during which the temperature
returns back to its initial temperature Ty. The heating
phase lasts approximately for the duration of the laser
intensity pulse (#), while the cooling phase is
determined predominantly by the rate of the heat flow
away from the heated tissue volume. The exponential
decay time T of the tissue temperature is equal to T =
2.0 msec, with tm.x = 1.54 msec.

The optical penetration depth of Er:YAG in pure
water (H = 100%) is equal to & = 0.8 um. Since the
absorption of Er:YAG in dry tissue is relatively low,
the penetration depth O for a tissue with a certain
water content H can be calculated from
0=100% x d/H. Assuming that that following the
heating phase the tissue’s surface temperature decays
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exponentially from T,.. with a decay time 7 = (1/D)
i, where D = 0.11 mm?2 s-1is the thermal diffusivity
of the tissue, and dj. represents the depth to which the
tissue had been heated by the end of the laser pulse,
then dj.. can be approximated by djs = 8+ dpu, whete
O'is the optical penetration depth and dyuse = (D. #) />
is the depth to which the deposited heat diffuses from
the optical penetration depth deeper into the tissue
during the duration of the laser pulse (7). The following
very approximate equation is then obtained for
estimating the decay time: 7 = (1/D) X (0 + (D X
#)l/2)2 . Taking H = 8%, we obtain 7=2.17 msec, in
good agreement with the measured decay time of 2
msec.
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Fig. 1: a) Simulated and measured thermal pulse as
generated by a 7. = 0.27 ms long Er:YAG laser pulse with
fluence of Fi. = 0.8 J/cm? [51]. The time #,.. tepresents the
FWHM width of the temperature pulse. The ablation
threshold temperature Tap at the ablation fluence of F, = 0.88
J/cm? can be obtained from the measured maximal
temperatute of Tmax = 240 °C at Fy = 0.8 J/cm?, to be equal
to Tapl = 256 °C, in good agreement with Ty = 252 °C from
ref. [6]. b) The same temperature evolution shown on a
longer scale. The temperature pulse consists of a sharp high-
peak temperature pulse (Phase 1) followed by a longer
temperature decay tail (Phase 2).

The ablation threshold temperature Ta at the
ablation fluence of F, = 0.88 J/cm? can be obtained
from the measured maximal temperature of T = 240
0C at F, = 0.8 J/cm?, to be equal to Tan = 256 °C, in
good agreement with Tap1 = 252 0C from ref. [0].
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For fluences below the ablation threshold, the
maximal tissue temperature T,. grows linearly with
fluence at a single pulse temperature slope of 7, =
AT,/Fr. , where AT e = Toux - Tp. The maximal
temperature increases with laser fluence until the ablation
threshold fluence Fy is reached, at which point the
maximal temperature achieves the ablation (“boiling”)
temperature 1. Figure 2 presents the influence of single
pulse duration #. on the temperature slope 7; and
ablation threshold fluence F,;. The initial temperature
was taken to be equal to Ty = 30 °C.
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Fig. 2: Dependence on the Er:YAG single pulse duration (4
of the measured single pulse ablation threshold fluence (Fux)
and correspondingly calculated single pulse temperature
slope (17, = AT,/ F). The full lines ate fits according to Eqs.
4 and 5. The low fluence ablation threshold fluence at t;, =
0.27 msec is equal to Fapi = 0.88 J/cm? It is to be noted that
these measurements were made on a very dry skin (H; = 8%).
For higher skin hydration levels, the ablation thresholds
would be higher, and the temperature slopes would be lower.

Fits to data presented in Fig. 2 give approximate
dependences of the single pulse temperature slope 7
(in °Ccm?/J) and single pulse ablation threshold fluence
Faur (in J/cm?), on the single laser pulse duration #. (in
ms) as follows:

)= 1624 /3, S
and
Fun (1) =1.37 1, 1/3. ©)

For fluences above F, the maximal temperature
remains fixed at T, by means of micro-explosions,
similarly to the case of boiling water that keeps its
temperature at about 100 °C regardless of the heating
power. Using our numerical model, the soft tissue
ablation temperature is calculated to be T = 256 °C,
regardless of pulse duration, in good agreement with
other reports [6, 35, 36].
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b) Multiple pulse temperature profile

Figure 3a presents a calculated temperature profile
at the tissue surface, as calculated for a N = 6 pulse
sequence at pulse separation period %, = 50 ms,
cumulative fluence of F'= N x L = 4.4 J/cm2, and 7.
=300 ps.
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Fig. 3a: Simulated temperature profile during and following a
laser pulse train consisting of IN = 6 pulses with duration #

= fuer= 300 ms. T, denotes the maximal baseline temperature
Tmﬂx-

90

= max-i

801 4
70

60

T(°%C)

40 o———

Time [s]

Fig. 3b: Exemplary temporal evolution of the skin surface
temperature during a SMOOTH pulse sequence of 6 pulses
with overall duration # = #, = 750 ms. T,. denotes the
maximal baseline temperature, as measured with a thermal
camera FAST M3K, manufactured by Telops, Inc., Canada.

The multiple pulse train sequence results in N
high temperature peaks which rapidly relax by fast
thermal diffusion driven by the large temperature
gradient over the short optical absorption length. On
the longer scale, the overall effect of the long pulse train
is to heat up the tissue surface at 7= #, to approximately
the same temperature as if the laser energy was
delivered to the tissue with a total laser fluence of F =
N x Fi., in a single long square shaped pulse with a
duration % = N'x %, This final, longer persisting surface
temperature is in Fig. 5a represented by the “long
pulse” temperature T.
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Figure 3b presents a measured temperature profile
at the tissue surface, as calculated for a N = 6 pulse
sequence at pulse separation period 4. = 125 ms, and 4,
= 750 ms, as measured with a thermal camera FAST
M3K, manufactured by Telops, Inc., Canada

The multiple pulse train sequence results in N
high temperature peaks which rapidly relax by fast
thermal diffusion driven by the large temperature
gradient over the short optical absorption length. On
the longer scale, the overall effect of the long pulse train
is to heat up the tissue surface at #= #,to approximately
the same temperature as if the laser energy was
delivered to the tissue with a total laser fluence of I =
N x F1., in a single long square shaped pulse with a
duration % = N'x #,. This final, longer persisting surface
temperature is in Fig. 3a represented by the “long
pulse” temperature T..

The calculations show that the long pulse temperature T;
(.e., Tha) depends approximately linearly on the total
delivered fluence F, with the long pulse temperature slope
defined by 7, = AT,/ F , where AT, = T, — Tj. The slope
depends predominantly on the long pulse duration (%)
while the dependence on the single pulse duration or on
the number of pulses N is relatively small (See Fig. 4).
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Fig. 4: Dependence of the full beam long pulse temperature
slope 772 0n the long pulse duration, #. Open circles represent
the slopes for a N = 6 train of #, = 300 ps pulses, and full
circles represent the slopes for N = 4 train of #. = 100 ps
pulses. The dashed line represents a fit to the calculated
values.

The resulting temperature increase as a function of the
full beam fluence (handpiece R11) is for different long
pulse durations depicted in Figure 5a. Shorter long
pulse durations result in significantly higher
temperatures.
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Figure 5b shows the dependence of the long pulse
temperature slope 772 on the long pulse duration, 4, as
obtained from measurements presented in Fig. 5a. A fit
to data points shown in Fig. 5b gives the following
dependence of the long pulse temperatute slope AT,/F
(with AT; in °C, and F in J/cm?) on the long pulse
duration 4% (in ms) (R2 = 0.96):

M2 (t) = 84 1 0%, ©)
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Fig. 5: a) Dependence of the full (R11) beam long pulse
temperature increase on the cumulative fluence for different
long pulse durations #. b) Dependence of the long pulse
temperatute slope 7,= AT,/F on the long pulse duration, 4.
The dashed line represents a fit to the measured values.

The resulting temperature increase as a function of the
patterned beam fluence (handpiece PS03/PS03X) is for
different long pulse durations depicted in Figure 6a.
Figure 5b shows the dependence of the long pulse
temperature slope 772 on the long pulse duration, 4, as
obtained from measurements presented in Fig. 6a. A fit
to data points shown in Fig. 6b gives the following
dependence of the long pulse temperature slope AT,/F
(with AT, in °C, and F in J/cm?) on the long pulse
duration 4 (in ms) (R2 = 0.96):

() = 28 1, 045, ™
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Fig. 6: 2) Dependence of the patterned (PS03/PS03X) beam
long pulse temperature increase on the cumulative fluence
for different long pulse durations #. b) Dependence of the

long pulse temperature slope 7:= AT,/F on the long pulse
duration, #. The dotted line represents a fit to the measured
values.

The ablation threshold is reached when the
maximal temperature T, (IN) of the last pulse in the
sequence with long pulse duration # results in the
ablation temperature T, . Assuming that all laser pulses
(7= 1-N) in the sequence have the same fluence Fj, then
ablation starts where AT (N-1) + 1, F;= AT ;= 256 °C
— Ty = 221 °C, where AT; (N-1) is the long pulse
temperature elevation for the pulse sequence with N-1
pulses, i.e., with the long pulse duration of # (IN-1)/N.
Using Egs. The pulse sequence ablation threshold
fluence Fyr = N i (in J/cm?) can then be calculated
from:

Fur =N AT/ () + (N-1) 72 (1 (N- ®)
1)/N)

Using Eq. 8, Fig. 7 shows the calculated dependence of
the pulse sequence ablation threshold Fj, on long pulse
duration #, for several values of #. and NN.
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Fig. 7: Ablation threshold cumulative fluence for sequences
of N = 2,6, 18 and 36, for two single pulse durations, # =
0.1 and 0.6 ms, as a function of the long pulse duration .
The lines atre guide to the eye, not supported by theory.

Figure 7 shows that the ablation threshold
depends more strongly on N and #, than on 7,
especially for longer #;.

d) Pain threshold

Figure 8 shows measured pain threshold fluences F),

as measured without topical anesthesia on 15 patients
for four long pulse settings: i) N = 6, % = 150 ms; ii) N
= 30, # = 3750 ms; iii) N = 30, # = 3600 ms; and iv) N
= 30, 4= 4500 ms.
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Fig. 8: Measured pain threshold fluences F, for four pulse
sequence durations: 150, 3600, 3750 and 4500 ms, as reported
by 15 patients. No topical anesthesia was used.

As can be seen from Fig. 8, while pain
thresholds vary from patient to patient, the pain
threshold fluence is generally higher for longer pulse
duration t;.
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This can also be seen in Fig. 9 which shows the
difference in reported pain threshold fluences for two
pulse sequence durations (150 ms and 4500 ms)
depending on whether a topical anesthesia (EMLA
cream) was used or not.
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Fig. 9: Measured pain threshold fluences F, for pulse
sequence durations 150 ms and 4500 ms, depending on
whether a topical anesthesia was used or not.

On average, topical anesthesia increases pain threshold
fluence for 16 % and 26 %, for the 150 ms and 4500 ms
irradiation time, respectively.

The pain threshold temperatures as calculated from the
measured pain threshold fluences (Figs. 8 and 9 using
Eq. 4, are shown in Fig. 10. The pain threshold
temperature is approximately constant over the studied
range of long pulse irradiation times, and is on the
average equal to AT, = 13.2 0C for treatments without
anesthesia, and AT,, = 15.6 °C for treatments with
topical anesthesia.
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Fig. 10: a) Pain threshold temperatures for treatments
without anesthesia, for irradiation times 150, 3600, 3750 and
4500 ms. The thick line represents the average pain threshold
temperature for without EMLA, AT, = 13.2 °C b) Average
pain threshold temperatures for treatments without
(averaged over 150, 3600, 3750 and 4500 ms data; open
circles) and with topical anesthesia (averaged over 150 and
4500 ms data; full circles). Full lines represent average pain
threshold temperatures for treatments without anesthesia,

AT, = 13.2 °C, and with anesthesia, AT), = 16.5 °C.

Figure 11a shows the dependence of the average pain
threshold fluence F, on the irradiation time, and Fig.
10b depicts the averaged pain threshold temperatures
for different long pulse irradiation times, both for
treatments with and without topical anesthesia.

As can be seen from Fig.101 the pain threshold fluence
is strongly dependent on #, while the pain threshold
temperature is approximately constant over a wide
range of tested pulse durations.

In Fig. 11a), the dashed and full lines represent
calculated pain thresholds using Eq. 1 for AT, = AT, =
13.20C and AT, = AT,, = 15.6 °C, respectively:

F, = AT,/70 #, 04, )
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The fit of Eq. 9 to the pain data points is better than
R2=0.98.
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Fig. 11: Dependence of a) measured pain threshold fluences
F,; and b) calculated pain threshold temperatures, on
irradiation time. Full and open symbols represent data for
treatments with and without anesthesia, respectively. The
represent pain threshold fluences as calculated according to
Eq. 1 (Fig. 10a), and average pain threshold temperatures for
treatments without (AT, = 13.2 °C) (dashed line) and with
anesthesia (AT,,= 15.6 °C) (full line).

e) Tissue response

Finally, Fig. 12 shows the calculated coagulation
depths z as a function of the long pulse duration #, for
three cumulative fluences FF = 2.4, 4.8 and 7.2 J/cm?.
The tissue coagulation depth (g;) was defined as the
tissue depth above which the cell injuty is larger than
=0.5.
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Fig. 12: Calculated coagulation depths, g, for three cumulative
fluences F = 2.4, 4.8 and 7.2 ] /cm?, as a function of the long
pulse duration, %. The calculations were made for pulse
repetition periods 7, = 25 ms (diamonds), 75 ms (squates)
and 125 ms (circles). The lines are according to Eq. 9.

Our analysis shows that the dependence of z, (in pm)
on the irradiation time 4 (in ms) and cumulative fluence
F (in J/ecm?) can be very roughly described by

2 = F(625+61.75 exp (-0.004 4, /),  (10)

where 7 (in ms) = exp(-0.4 F). Note that this expression
is not supported by a theory. However, as will be shown
further below, it represents a useful relationship for
optimizing  otherwise = complex  sub-surfacing
conditions.

IV. DISCUSSION

Tissue sub-surfacing and resurfacing with
Er:YAG lasers represents an extreme example of
complex thermal exposure dynamics during which the
exposure times transition from extremely short to
moderately long durations. This can be seen from Fig.
1b which shows that very roughly, the heat transfer
dynamics upon single-pulsed Er:YAG laser irradiation
can be divided into two phases, a high-temperature
short duration phase and a moderate-temperature long
duration phase.

During the first phase, the superficial tissue is
for the duration of the Er:YAG laser pulse (#) initially
directly heated within the optical absorption depth & of
the incoming laser light, followed by a rapid cooling
driven by thermal diffusion, with a cooling rate 7; =
02%/D. Here, D is the thermal diffusivity of the tissue
(for skin D = 1.1 107 m?2/s ). Since the optical
absorption depth of Er:YAG in soft tissues is only
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several microns thick, and therefore the directly heated
tissue volume is very small, this phase results in high
peak temperatures T,.., and also in extremely short
cooling times. The resulting, approximately triangulatly
shaped high peak temperature pulse (See Fig. 1) has a
FWHM duration #.. = # + 77, that is for typical
Er:YAG laser pulse durations on the order of one
millisecond. Therefore, during the first phase, the tissue
is exposed to an intense thermal pulse with temperature
T for the duration 7., which is characterized by
higher critical temperatures of the short exposure
biochemical process. This explains why very high skin
surface peak temperatures T,., up to the ablation
temperature of T, = 256 °C do not result in an
irreversible tissue damage. The Arrhenius equation with
parameters based on measurements at longer exposure
times predicts damage integral £ = 0.5 already for
temperatures above T'= 70 0C.

The second phase of the thermal exposure
starts when the surface cooling slows down after the
effective conductive cooling of the interaction layer
reduces the initially large temperature gradient. During
this second phase, deeper tissue layers continue to get
moderately heated, and remain at elevated temperatures
for a significantly longer time (7z) which is on the order
of seconds or longer. The second phase is thus
governed by the long exposure biochemical process
characterized by lower critical temperatures.

During a SMOOTH mode sequence, the
above two-phased heat transfer dynamics is repeated
during each individual pulse, with the temperature
baseline progressively increasing following each pulse.
Considering a common understanding that longer
pulses result in larger coagulation depths [8], the
decrease of the coagulation depth with pulse sequence
duration (%) as observed in Fig. 11, may appear
surprising. However, for fluences below ablation
threshold, the coagulation depth actually decreases with
pulse duration. This is confirmed also by Fig. 2 which
shows that shorter pulses result in a larger temperature
slope 7, and therefore for the same fluence also in
higher peak temperatures T... Since tissue damage
grows exponentially with elevated temperature (See Eq.
1), this leads to longer coagulation depths.

It is important to note that in a clinical setting, the
maximal coagulation depth of pulse sequences is
actually not limited by the ablation threshold fluence,
Fu: (Fig. 7) but typically by the much lower pain
threshold fluence F, , which is higher for longer pulse
sequence durations #. (see Fig. 11a). This is because
the measured pain threshold temperature elevation AT,
is approximately independent of the pulse sequence
duration (See Fig. 11b), while longer sequence durations
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require higher fluences to achieve the same temperature
elevation (see Fig. 11a).

For long exposures (several seconds) to eclevated
temperatures, the published pain thresholds for
different body areas are in the range of 41-45 °C [37,
38,]. The heat pain threshold increases logarithmically
towards shorter exposures, and is equal to = 55 0C for
=~ 0.2 s and = 70 °C for = 0.05 s [39, 40]. The average
pain threshold measured in this study (1, =43 °C) is in
good agreement with the published long exposure pain
thresholds, which we attribute to the long temperature
decay time 72 during the second phase of the Er:YAG
laser induced heat dynamics, regardless of the duration
of the pulse sequence. This also explains the observed
approximately constant pain threshold temperature
across a wide range of pulse sequence durations.

The combined effect of the coagulation depth
decreasing with pulse duration (Fig. 12), and of the pain
threshold fluence increasing with pulse duration (Fig.
10a), can be evaluated by combining the approximate
relationships according to Egs. 9 and 10. The results are
presented in Fig. 13.

According to Fig. 13 the coagulation depth does not
depend on the number of pulses N, and also not on the
pulse repetition rate 1/%.,. This is providing that the
pain threshold fluence (Eq. 5) is below ablation
threshold fluence, a condition that can be fulfilled by
using appropriately large N for the used single laser
pulse duration #. (See Fig. 7). Under this condition, the
clinically achievable coagulation depth depends only on
the pulse sequence duration, #. This can be explained
by considering that intense thermal pulsing caused by
individual laser pulses gets “washed out” as the heat
diffuses deeper into the tissue. The heat deeper within
the tissue persists for a relatively long time, and
therefore the deep coagulation the tissue response is
governed by the long exposure Arrhenius damage
process.

According to Fig. 13 the coagulation depth does not
depend on the number of pulses NN, and also not on the
pulse repetition rate 1/%.. This is providing that the
pain threshold fluence is below ablation threshold
fluence (Eq. 9), a condition that can be fulfilled by using
appropriately large N for the used single laser pulse
duration #. (See Fig. 7). Under this condition, the
clinically achievable coagulation depth depends only on
the pulse sequence duration, #. This can be explained
by considering that intense thermal pulsing caused by
individual laser pulses gets “washed out” as the heat
diffuses deeper into the tissue. The heat deeper within
the tissue persists for a relatively long time, and
therefore the deep coagulation the tissue response is

10
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governed by the long exposure Arrhenius damage
process.
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Fig. 13. Calculated dependence of the maximal coagulation
depth, z, on pulse sequence duration, for treatments with pain
threshold fluences according to Eq. 5, for treatments without
(full line) and with topical anesthesia (dashed line). The
numbers by data points represent corresponding pain
threshold fluences (in J/cm?).

According to Fig. 12 the coagulation depth does not
depend on the number of pulses NN, and also not on the
pulse repetition rate 1/4.,. This is providing that the
pain threshold fluence (Eq. 9) is below ablation
threshold fluence, a condition that can be fulfilled by
using appropriately large N for the used single laser
pulse duration #. (See Fig. 7). Under this condition, the
clinically achievable coagulation depth depends only on
the pulse sequence duration, #. This can be explained
by considering that intense thermal pulsing caused by
individual laser pulses gets “washed out” as the heat
diffuses deeper into the tissue. The heat deeper within
the tissue persists for a relatively long time, and
therefore the deep coagulation the tissue response is
governed by the long exposure Arrhenius damage
process.

A question arises what effect if any does the
intense thermal pulsing have on the tissue located very

Journal of the Laser and Health Academy
Vol. 2020, No.1; www.laserandhealth.com

close to the surface. A simple calculation shows that
during the intense first heating phase lasting for several
milliseconds, the heat diffuses only up to 10 - 30 pm
deep. While the baseline surface temperature gradually
increases during the sequence, this thin superficial
epidermal layer is subjected also to 7 = 1-IN individual
high temperature peaks, with an average temperature
elevation within the layer of = AT, /2 .

In order to evaluate the effect of intense thermal
pulsing on the thin superficial layer, resulting from the
short duration periods of high peak temperatures, we
ignored the thermal damage caused by the gradual
baseline temperature build-up during the longer times
in-between the pulses. A probability-summation (PS)
model of Menendez et al. [41, 42], was used where it is
assumed that the response to each pulse of a multiple-
pulse exposure is independent of the response to other
pulses; that is, previous pulses do not “sensitize” the
tissue to subsequent pulses. The probability p; of
thermal damage caused by each pulse i = 1- N is then
calculated from

Pz' =1- exp (—.Q,') 5 (11)

where

Q,‘ = A1 exp(—E1/R (T;;/axi/z)) Afeff . (1 2)
Here, A; and E; are the Arrhenius parameters for the
short duration process, and Azg = 0.2 ms was taken to
represent the duration of an imaginary rectangular
temperature pulse of a constant temperature T)umi/2
which produces approximately the same amount of
damage as the actual “triangulatly” shaped temperature
pulses [7].

By approximating the tissue response to each pulse
by the same average single pulse probability po =)
pi/N, then according to the PS model the cumulative
probability P(IN) of inducing a thermal damage to the
superficial layer during N pulses is calculated using
(108):

PNy =1-(1p)" . (13)

This gives the cumulative superficial damage integral:

Q(N) = La (1/(1-P(N)) (14

The calculated dependence of the cumulative
superficial damage integral on the pulse sequence pulse
duration, for treatments at pain threshold fluences is
shown in Fig. 14.
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Fig. 14: Calculated dependence of the superficial damage
integral on pulse sequence duration, for pain threshold
fluences F(#) according to Eq. 9. The numbers by the data
points represent the number of pulses within a sequence, N.

As opposed to the deep thermal damage, the response
of the superficial tissue layer to heat pulsing is strongly
influenced by the pulse repetition rate 1/4., and by the
number of pulses IN. The superficial tissue response is
higher for sequences with large number of pulses
delivered at high repetition rates. Figure 14 also
demonstrates that using topical anesthesia does not
have as beneficial effect on superficial tissue response
as on the deeper tissue coagulation (Fig. 13).

It should be also noted that it has been proposed
that the delivery of extremely short Er:YAG thermal
pulses to the epithelium involves an additional intense heat
shocking regenerative mechanism that is complementary
to the conventional direct slow thermal stimulation of
fibroblasts. This additional, indirect mechanism of action
for regenerating epithelial and deeper lying connective
tissues was proposed to be 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 above findings suggest two potential treatment
modalities. When a deep tissue response is desired then
long irradiation sequences using topical anesthesia are
recommended, enabling delivery of high fluences
without causing irreversible damage to the tissue or
discomfort to the patient.

On the other hand, when only superficial skin laxity
or tightening is to be addressed then moderate fluence-
pulse sequences are recommended, using increased
number of pulses and repetition rates. While topical
anesthesia improves the effect it is not essential for this
treatment.

And finally, when a practitioner desires to achieve
both effects during the same treatment, then very long
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irradiation times delivered with a large number of pulses
at high repetition rates are recommended.

The above findings may explain the reported safety
and efficacy of the Smooth mode Er:YAG lasers when
used for non-ablative skin tightening [27, 28, 43|,
thermotherapy of the vaginal wall to alleviate
genitourinary syndromes of menopause [44-49], and for
thermotherapy of snoring and sleep apnea [50].
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