
1 23

Lasers in Medical Science
 
ISSN 0268-8921
 
Lasers Med Sci
DOI 10.1007/s10103-018-02704-1

Variable heat shock response model for
medical laser procedures

Matjaž Lukač, Andrej Lozar, Tadej
Perhavec & Franci Bajd



1 23

Your article is published under the Creative

Commons Attribution license which allows

users to read, copy, distribute and make

derivative works, as long as the author of

the original work is cited. You may self-

archive this article on your own website, an

institutional repository or funder’s repository

and make it publicly available immediately.



ORIGINAL ARTICLE

Variable heat shock response model for medical laser procedures

Matjaž Lukač1 & Andrej Lozar2 & Tadej Perhavec3 & Franci Bajd2

Received: 20 March 2018 /Accepted: 6 December 2018
# The Author(s) 2018

Abstract
According to the standard Arrhenius relation, tissue damage is linearly dependent on the duration of exposure to elevated
temperatures and exponentially dependent on the temperature itself. However, recently published measurements of damage
threshold temperatures at extremely short exposure times (commonly present during laser treatments) exhibit a shift to temper-
atures that are higher than what would normally be expected from a single-process Arrhenius model. A novel variable heat shock
(VHS) response model was developed that takes into account the observed deviation from the single-process Arrhenius relation,
by assuming that the cell viability can be described as the combined effect of two biochemical processes that dominate cell
survival characteristics at very short and very long exposure times. The potential implications of the VHS model are explored
theoretically through an example of non-ablative laser resurfacing. The VHS model shows that under the appropriate conditions,
very high temperature heat shocks can be generated within the superficial epithelium tissue layer without causing irreversible
tissue damage. A mechanism of action for tissue regeneration by means of non-ablative resurfacing with the Er:YAG laser is
proposed, which involves indirect triggering of tissue regeneration through intense heat shock to the epithelia, in addition to the
tissue regeneration mechanism by means of direct thermal injury to deeper lying connective tissues.
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Introduction

Medical laser procedures typically involve the exposure of
tissues to elevated temperatures. For example, in selective
photo-thermolysis procedures [1], the goal is to heat the target
chromophore, such as hemoglobin in blood vessels [2] or
melanin in hair follicles [3], to a higher temperature than the
surrounding tissue.

In order to minimize the influence of heat diffusion from
the heated target into the surrounding tissue, it was pro-
posed to use laser pulse durations shorter than the thermal
relaxation time (TRT) of the target [1–3]. The TRT was
defined as the time during which the target temperature
decreases by 50% as a result of heat diffusion. The relax-
ation time of a target is proportional to the square of the

diameter of the target, and therefore, according to the TRT
concept, smaller targets require shorter laser pulse dura-
tions. However, it is not only the temperature but also the
time of exposure that is important [4]. In laser procedures,
the physical process of thermodynamically heating the tar-
get is typically accompanied by the chemical process of
protein denaturation as a result of the heat-induced shock,
i.e., the cellular exposure to the increased temperature (T)
for the exposure time (texp) [5]. The cell damage induced
by the heat shock is described by the Arrhenius damage
integral [4, 6, 7], with the damage being exponentially
dependent on T and linearly dependent on texp. Therefore,
the recommended pulse durations according to the TRT
concept may be too short to achieve controlled and predict-
able damage to the targeted structure [8].

A commonly used metric for tissue damage (Ω) is the ratio
of the concentration of native (undamaged) tissue before ther-
mal exposure (C0) to the concentration of native tissue at the
end of the exposure time (Cf). The tissue damage is then cal-
culated using the Arrhenius damage integral calculated over
the time of the thermal exposure [7, 9]:

Ω ¼ ln C0=C fð Þ ¼ A∫exp −E=RT tð Þð Þdt ð1Þ
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Here, A is the frequency factor, i.e., the damage rate (in
s−1), E is the activation energy (in J/kmol), and R is the gas
constant (R = 8.31 103 J/kmol K).

In the standard model originally proposed by Henriques and
Moritz [4, 6], based on measurements for texp > 1 s, it is assumed
that a single chemical process representing the kinetics of protein
denaturation is involved and, therefore, the Arrhenius coefficients
E and A are fixed and independent of the exposure time [10–15].
However, with more recent studies performed at extremely short
exposure times (texp < 10 ms), the obtained activation energies
were significantly smaller and the damage threshold temperatures
were significantly higher than what would be expected from the
standard single-process Arrhenius model [16–19]. This finding is
of particular significance in the context of medical laser proce-
dures, where extremely short exposures are very common.

In this paper, we propose a VHS (variable heat shock) re-
sponse model where the damage integral coefficients and, there-
fore, the heat shock response vary with exposure time. The mod-
el is based on an assumption that the heat shock response can be
modeled with two interacting biochemical processes, with differ-
ent time–temperature correlations and activation energies, defin-
ing the cell viability at very long and very short exposure times
[16, 17]. Additionally, an original BVHS^ numerical method for
calculating the damage integral is introduced, which takes into
account that Arrhenius coefficients are not constant during the
non-square-shaped heat shock pulses that are commonly present
at short laser-induced exposures.

The proposed VHSmodel is particularly relevant for laser pro-
cedures involving targets with short thermal relaxation times, such
as thin hair follicles or blood vessels, where the VHS model pre-
dicts much higher damage threshold temperatures than the values
that would be expected from the standard Arrhenius model.

Another example of a target with a short thermal relaxation
time is encountered during tissue rejuvenation procedures, such
as skin [20, 21] ormucous tissue resurfacing [22–24]. In this type
of procedure, it is the bulk tissuewater which plays the role of the
absorbing chromophore, and the temperature elevation is not
limited to a particular tissue structure but to the superficially
irradiated tissue layer with its thickness determined by the laser’s
optical penetration depth (δ) and subsequent thermal diffusion
[20, 25, 26]. In this paper, we demonstrate the potential implica-
tions of the VHS model for understanding the mechanism of
action during non-ablative resurfacing of vaginal and oral tissues
with mid-IR (λ = 2940 nm) Er:YAG lasers [22–24].

Materials and methods

Variable heat shock model

In the standard Arrhenius model of a chemical process, the
tissue damage kinetics is commonly characterized by a critical

(i.e., damage threshold) temperature (Tcrit) which is, assuming
a square-shaped temperature pulse with a constant tempera-
ture during the thermal exposure time (texp), defined by [7, 9]:

T crit ¼ E=
�
Rln Atexp

� � ð2Þ

and represents the temperature at which the concentration
of the undamaged tissue is reduced by a factor of e (i.e., when
Ω = 1).

Transient heating of tissues leading to protein denaturation
and, consequently, to cellular stress or death is very common
in medicine and biology, and it has been extensively studied,
especially for exposure times longer than approximately 1 s
[4–6, 10–15]. Studies of cellular survival during shorter expo-
sures to higher temperatures, for example, in a millisecond
domain, which is very common during laser exposures, are
less abundant and have been published more recently [16–19].
The published Arrhenius coefficients vary considerably, espe-
cially when comparing the results obtained at very short and
very long exposures. This can be seen in Fig. 1, which shows
the dependence of Tcrit on texp as calculated for a number of
published Arrhenius coefficients [4, 5, 10–18].

Although some of the variability in the published
Arrhenius coefficients can be attributed to the difference in
studied tissue types and/or to different criteria for accessing
cell damage, Fig. 1 suggests that the large variability of the
reported Arrhenius coefficients can be, at least to a certain
extent, attributed to the difference in the studied exposure
times. This is supported by the observation that the plotted

Fig. 1 Arrhenius curves according to published Arrhenius coefficients
(full lines) [4, 5, 10–16, 18], together with imaginary Arrhenius curves
representing the limiting damage processes at very short and very long
exposure times (dotted lines), and the imaginary temperature versus
exposure time curve (slashed line) representing the combined effect of
both limiting processes. The publication references for the shown
Arrhenius curves are in the legend listed from top to bottom
corresponding to the curves starting from the steepest to the least steep
Arrhenius curve. The steepness of a curve is defined as the absolute value
of the curve’s slope, ΔTcrit/Δtexp
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Arrhenius curves (represented by full lines in Fig. 1) appear to
approximately follow the local Tcrit versus texp slope of an
imaginary curve (represented by the dashed line in Fig. 1)
representing the combined effect of two damage processes
(represented by two dotted lines) dominating at the limiting
very long and very short exposure times.

Even though the observed shift to higher Tcrit at shorter expo-
sure times is not completely understood [16], we shall in what
follows assume that the cell viability depends on a combination
of two biochemical processes with different time–temperature
correlations and activation energies, defining the cell viability at
very long (process 1 with A1 and E1) and very short (process 2
with A2 and E2) exposure times, as has been suggested already
elsewhere [16, 19]. The two limiting biochemical processes may
describe a situation where the activation energy for protein dena-
turation shifts to a lower value when the temperature is increased
above a certain temperature [16]. Alternatively, the short expo-
sure process 2 may represent the primary protein denaturation
dynamics, and the long exposure process 1 describes a combined
effect of the primary process together with the slower cellular
repair mechanism [11, 16, 19, 27].

We further assume, based on the similarity with parallel
resistor circuits, that the effective VHS (variable heat shock)
damage integralΩVHS can be calculated for any exposure time
texp from the combined effect of the damage integralsΩ1 (texp)
andΩ2 (texp) belonging correspondingly to processes 1 and 2,
as follows:

1=ΩVHSð Þp ¼ 1=Ω1ð Þp þ 1=Ω2ð Þp ð3Þ

where p is the transition coefficient that determines the
transition between the two limiting processes. For example,
the dashed line in Fig. 1 represents an imaginary VHS critical
temperature curve for a transition coefficient of p = 0.15.

The effective critical temperature (Tcrit) of the combined
processes is then determined by the following VHS relation:

texp ¼
��

exp E1= RT critð Þ=A1ð Þp

þ exp E2= RT critð Þ=A2ð Þpð Þ1=p ð4Þ

The effective damage rate AVHS and the effective activation
energy EVHS, representing the VHS coefficients for the com-
bined effect of the two processes for a thermal exposure time
texp can then be obtained from:

T crit ¼ EVHS=
�
Rln AVHS⋅texp

� � ð5Þ

Physical model of tissue resurfacing

Mid-IR lasers, such as carbon dioxide (10,640 nm) and
Er:YAG (2940 nm), are selectively highly absorbed by tissue

water, with optical penetration depths (δ) in the range of 1–
30 μm, and are thus the most effective for non-ablative or
ablative heating of superficial tissues in a very precise fashion
[20, 28]. In our study, we applied a numerical model of the
physical process of tissue resurfacing as originally developed
to study thermo-mechanical ablation with mid-IR lasers. The
details of the model are described in [25] and will not be
repeated here.

In the model, a single wavelength (λ) pulsed laser radiation
is delivered to the surface of the treated tissue with a total
pulse fluence F (in J/cm2). Since we were interested in mu-
cous tissue resurfacing, we modeled the tissue as a water-
containing homogeneous media characterized by a single ab-
sorption coefficient of k = 1/δ, for the delivered laser wave-
length λ. For simplicity, a square-shaped laser pulse with a
duration, tin, was assumed. Since the main focus of our study
was on laser wavelengths with short penetration depths, 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 (δ), and therefore, the
diffusion of dissipated heat was treated in one dimension
using a finite-difference scheme.

The model enabled calculation of the temporal evolution of
the superficial tissue temperature during and following laser
irradiation for different depths, z, within the tissue. As an
example, Fig. 2 shows a simulated temporal temperature pro-
file at the tissue surface for a CO2 laser radiation (λ =
10,640 nm) with a pulse duration of tin = 1 ms. For compari-
son, an experimentally measured temporal temperature profile
is also shown, as obtained in a study of the viability of mam-
malian fibroblast cells exposed to heat shocks under similar
conditions ([16], Fig. 7). For the monolayer cell culture used
in the experiment, we assumed a CO2 laser penetration depth

Fig. 2 Simulated (dashed line) and measured (full line) thermal exposure
pulse as generated by a tin = 1 ms long C02 pulse in fibroblast cells. The
measured temperature profile is from Fig. 7 in [16] for the laser pulse
duration of tin = 1 ms.
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of δ = 17 μm [16]. In all our calculations, we used the physical
parameters of the irradiated media as published in [25].

As can be seen from Fig. 2, for short laser pulse durations
and penetration depths, the temperature pulse shape resembles
more a quasi Btriangular^ shape than a square shape. The heat
shock pulse consists of the temperature ramp-up heating phase
during which the temperature reaches its maximal value
(Tmax) and of the temperature ramp-down cooling phase dur-
ing which the temperature returns back to its initial tempera-
ture T0. The heating phase lasts approximately for the duration
of the laser intensity pulse (tin), while the cooling phase is
determined predominantly by the rate of the heat flow away
from the heated tissue volume. We shall define the maximal
value Tmax of such a pulse during which the cell damage
characterized by Ω = 1 occurs, as the damage threshold tem-
perature Tthr.

Since we were interested in the coagulation dynamics for
fluences below and above the threshold for ablation, the mod-
el also included the microscopic physical model of the micro-
explosion process, which combines the thermodynamic be-
havior of tissue water with the elastic response of the solid
tissue components [25]. As an example, Fig. 3 presents the
dependence of the maximal temperature Tmax on the delivered
laser fluence F for the CO2 laser wavelength and pulse dura-
tion tin = 1 ms.

As shown in Fig. 3, the maximal temperature Tmax grows
approximately linearly with fluence until the ablation temper-
ature Tabl for confined tissue boiling is reached at the ablation
threshold fluence Fabl, above which the ablation of the super-
ficial tissue layers by means of micro-explosions keeps the
surface temperature at Tabl. The calculated ablation tempera-
ture is equal to Tabl = 256 °C, in good agreement with other
reports [25, 28, 29]. The ablation threshold fluence is higher
for larger δ and longer tin. On the other hand, Tabl depends only
on the tissue’s physical properties and is therefore the same for

all predominantly water-absorbed lasers, providing that no
tissue desiccation occurs during irradiation [30].

VHS damage integration method

It is important to note that Eqs. (1)–(5) describe damage char-
acteristics for square-shaped temperature pulses. For long ex-
posure times, approximately square-shaped temperature
pulses are relatively easy to achieve. However, this becomes
exceedingly more difficult for exposure pulse durations
shorter than approximately 1 s, as can be seen from Fig. 2.

A standard approach for calculating the damage caused by
a non-square-shaped thermal exposure pulse has been to nu-
merically calculate the integral of Eq. (1) over the duration of
the pulse, by dividing the pulse into equidistant time segments
Δt, and by adding the contribution of each temporal segment i
to the overall damage using the experimentally measured
time-dependent values of temperature (Ti), and by assuming
A and E to be constant [16, 17]:

Ωstand ¼ ∑iAexp −E=RT ið ÞΔt ð6Þ

However, as can be concluded from Eqs. (3)–(5), a
Btriangularly^-shaped pulse cannot be characterized by a fixed
set of Arrhenius coefficients. The exposure time to low tem-
peratures present at the base of a heat shock pulse is relatively
long, while the exposure time to higher temperatures is in-
creasingly shorter towards the peak of the Btriangularly^-
shaped temperature pulse. Therefore, the integration over time
(Eq. (6)) is not adequate for calculating damages under vari-
able heat shock response conditions. For this reason, we in-
troduced an alternative BVHS^ integration algorithm that is
based on the integration over temperature instead of over time.

In the VHS damage integrationmethod (depicted in Fig. 4),
it is assumed that a single-peak temperature (Tmax) pulse,
consisting of a monotonically increasing heating phase and a

Fig. 3 Dependence of the maximal temperature Tmax on laser fluence for
the CO2 laser (δ = 17 μm) and tin = 1 ms.

Fig. 4 Schematic presentation of the algorithm that is used to calculate
damage integrals according to the VHS model
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monotonically decreasing cooling phase, can be considered as
consisting of a set of N = Tmax/ΔT square-shaped temperature
pulses, with their peak temperatures separated by equidistant
temperatures ΔT. Each of such rectangular pulses (j) is char-
acterized by the pulse temperature Tj, where Tj = Tj − 1 + ΔT,
and the exposure time (texpj) spanning between two identical
temperature values (Tj), one belonging to the heating phase
and the other to the cooling phase (see Fig. 4). Taking into
account that the Arrhenius coefficients Aj and Ej are not fixed
but are functions of texpj, the tissue damage caused by a heat
shock pulse can be calculated from

ΩVHS ¼ ∑ jA j exp −E j=RT j
� �

−exp E j=RT j−1
� �� �

texp j: ð7Þ

It should be noted that within the standard single-
process Arrhenius model, where coefficients A and E
are independent of texp, the two integration methods,
represented by Eqs. (6) and (7), can be considered
equivalent since they yield identical damage integral
values, regardless of whether the integration is made
over time (Eq. (6)) or over temperature (Eq. (7)). The
only difference is that the VHS integration algorithm is
more time-consuming since it requires a numerical de-
termination of texpj for each of the constituting rectan-
gular pulses j. However, within the VHS model, where
coefficients A and E are functions of texp, the integration
over time fails, and it is the VHS integration algorithm
that is at an advantage since it takes into account that A
and E are not constant during a heat shock pulse.

Clinical test

The influence of larger penetration depths and, consequently,
of longer thermal exposure times on the damage threshold was
preliminarily tested on a case of skin resurfacing. The clinical
effect on the dorsal skin located between the thumb and the
index finger of one of the authors was observed following a
single pulse with 2940 nm Er:YAG laser (δ ≈ 3 μm)
(Dynamis, Fotona d.o.o., Slovenia) or with 1340 nm
Nd:YAP laser (Dualis, Fotona d.o.o., Slovenia) (δ ≈ 400–
800 μm; [31]), both with the laser spotsize on the skin of
approximately 1 mm. The single-pulse fluence was adjusted
to be just below the ablation threshold, resulting in the maxi-
mal skin surface temperature during irradiation of Tmax ≈
250 °C for both laser types. Photographs of the irradiated skin
area were taken using an optical microscope immediately and
one day after the irradiation. The irradiation procedure used in
this test is cleared for use and thus regularly applied to treat
patients. Informed consent was obtained from the volunteer,
and the procedure was performed according to the Declaration
of Helsinki.

Results

Variable heat shock model coefficients

In order to obtain the parameters for the variable heat shock
response (Eq. (4)), we used threshold temperatures Tthr for the
measured heat shock temporal profiles T(t), as published by
Simanovskii et al. [16, 17]. Simanovskii et al. studied the
viability of mammalian fibroblast cells exposed to heat shocks
generated with a CO2 laser with laser pulse durations in the
range of tin = 0.3–100 ms. An example of the published tem-
poral temperature profile was already shown in Fig. 2 for t-
in = 1 ms. The measured threshold temperature for this partic-
ular heat shock profile was Tthr ≈ 121 °C [16].

For longer exposure times, we used the published threshold
temperatures from Moritz and Henriques [4], assuming
square-shaped temperature profiles.

Using the VHS model and the VHS damage integration
algorithm (Eq. (7)), we calculated damage integrals for the
published temperature temporal profiles (Fig. 7 in [16] and
Fig. 3 in [17]), characterized by Tmax = Tthr. By varying A1,
E1, A2, E2, and p and using the least squares method, we
searched for the optimal coupling coefficient p and the
Arrhenius coefficients defining the two limiting processes,
for which the calculated damage integrals for all temperature
profiles deviated the least from ΩVHS = 1. The resulting VHS
relation for Tcrit versus texp is represented by the VHS model
line in Fig. 5. The fitted transition coefficient is equal to p =
0.161 ± 0.02. The short pulse and long pulse Arrhenius lines
represent the dependence of the critical temperatures on the
exposure time for the long exposure process 1, characterized

Fig. 5 The 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. The
symbols represent the effective exposure times as calculated for the
measured temperature pulse shapes and corresponding critical
temperatures from [4, 16–18]
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by A1 = (4.7 ± 1.4) × 1089 s−1 and E1 = (5.67 ± 0.11) ×
107 J kmol−1, and for the short exposure process 2 character-
ized by A2 = (1.45 ± 0.15) × 104 s−1 and E2 = (1.03 ± 0.03) ×
107 J kmol−1.

To compare the Tcrit versus texp relation according to the
VHS model, with the published data on the viability of cells
[16–18], we followed a similar procedure as in [16]. The
Beffective exposure time^ for the Btriangularly^-shaped heat
shock pulse was defined as the duration of an imaginary rect-
angular temperature pulse of a constant temperature Tcrit,
which produces the same amount of damage (ΩVHS) as calcu-
lated for the actually measured Btriangularly^-shaped temper-
ature pulse with maximal temperature Tmax:

teff ¼ texp T critð ÞΩVHS ð8Þ

Here, texp is calculated from Eq. (4) andΩVHS is calculated
using Eq. (7), taking Tcrit = Tmax. The obtained calculated ef-
fective times for the published measured heat shock tempera-
ture profiles and correspondingmeasured critical temperatures
are in Fig. 5 depicted by squares [16] and triangles [17] for
short exposures and by circles for long exposures [4].
Additionally, although not used for the fit, a published thermal
damage data point for the endodontic pathogen Enterococcus
faecalis bacteria exposed to a tin = 25 ms laser pulse is also
shown (represented by the diamond) [18, 32].

VHS model of laser resurfacing

In the following, we modeled the temporal and spatial tem-
perature evolution and the resulting damage integralΩ during
non-ablative laser resurfacing of an optically and physically
homogeneous water-containing tissue, approximately
representing a mucous vaginal or oral tissue.

Figure 6 shows the temperature evolution at the tissue sur-
face as simulated for a case of irradiation with a tin = 100 μs
energy pulse for three energy penetration depths within the
tissue, approximately representing Er:YAG (δ = 3.3 μm [25],
further in the text denoted by δ = 3 μm), CO2 (δ = 17 μm), and
near IR lasers in the range of 1.2–1.6μm (δ ≈ 400μm) [31, 33,
34]. An example of a laser with δ ≈ 400 μm is a 1.47μm diode
laser [34]; however, this penetration depth can also be consid-
ered to approximately represent tissue resurfacing with radio-
frequency (RF) [35] or ultrasound [36] energy-based devices
that are typically characterized by even deeper energy pene-
tration depths. The laser pulse fluence was set to slightly be-
low the threshold value as calculated for each of the three
penetration depths.

As can be seen from Fig. 6, the duration of the cooling
phase of a heat shock pulse depends strongly on the laser
penetration depth. The conductive cooling of the interaction
layer is more effective for smaller penetration depths charac-
terized by larger temperature gradients. Consequently, for

smaller penetration depths, the duration of the cooling phase
is shorter, resulting in shorter effective exposure times and
therefore also higher threshold temperatures. Similarly, the
duration of the energy pulse (tin) influences the duration of
the heating phase, with shorter energy pulse durations
resulting in higher Tthr.

The dependence of Tthr at the tissue surface on penetration
depth and energy pulse duration can be seen from Fig. 7,
which shows damage threshold temperatures (Tthr) as calcu-
lated using the VHS response model and simulated temporal
temperature evolutions for different values of δ and tin.

As can be concluded from Fig. 7, there exists a range of
Bsafe^ fluences within which the maximal temperature does
not exceed the threshold temperature. This range of safe
fluences is defined by the energy device’s penetration depth

Fig. 6 Dependence of the duration of the heat shock temperature pulse on
the laser’s penetration depth in the irradiated tissue, for a laser pulse
duration of tin = 100 μs

Fig. 7 Dependence of the damage threshold temperature Tthr of the
epithelial surface on the energy penetration depth δ, for different energy
delivery times tin. The optimal efficacy and safety window (denoted by
the vertical line) lie within the range of parameters for an energy-based
device, characterized by Tthr < Tabl
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(δ) and pulse duration (tin). As an example, Fig. 8 shows the
dependence of Tmax on laser fluence for tin = 100 μs, and three
penetration depths (δ = 3, 17, and 400 μm), together with cor-
responding threshold temperatures. The safe fluence range lies
below 0.15 Fabl for δ = 400 μm (diode laser) and below 0.47
Fabl for δ = 17 μm (CO2 laser). On the other hand, for the
Er:YAG laser (δ = 3.3 μm), the maximal temperature never
exceeds the threshold temperature, since Tthr > Tabl, and the
maximal temperature stops growing once the ablation thresh-
old temperature has been reached.

The damage caused by a heat shock pulse depends on
whether the maximal temperature reached during a heat shock
pulse is below or above the threshold temperature. The calcu-
lated damage ΩVHS as a function of the depth z within the
tissue for different laser pulse fluences is for δ = 3 μm
(representing Er:YAG) and δ = 17 μm (representing CO2)
depicted in Fig. 9a, b, respectively.

As expected, the tissue damage is much higher for the δ =
17 μm penetration depth, where exposure times are longer.
For the shorter penetration depth of δ = 3 μm, the damage
never exceedsΩVHS ≈ 0.8. Therefore, under appropriate ener-
gy source conditions characterized by Tthr < Tabl, the safe
fluence window extends up to and above the ablation thresh-
old fluence, providing extremely safe operating conditions for
tissue resurfacing.

Clinical test

Figure 10 shows the clinical effect on human skin following a
single pulse with 2940 nm Er:YAG laser or with 1340 nm
Nd:YAP laser. In spite of the same maximal temperature, the
longer exposure time generated by the Nd:YAP laser resulted
in a significantly higher damage to the tissue.

Discussion

It is not clear whether the two processes of the VHSmodel (Fig.
5) describe the actual situation or whether they represent only a
useful tool for calculating the damage integral under different
exposure conditions. An extrapolation of the imaginary
Arrhenius curve 2 of the short exposure process 2 to longer
exposure times reveals that the curve already intersects 37 °C
at exposure times longer than approximately 6 ms (see Fig. 5),
which is obviously not what is observed in nature. One expla-
nation could be that at lower temperatures the activation energy
shifts to higher values [16]. However, it is also possible that the
observed cellular viability characteristics at short pulse dura-
tions represent the primary process of thermal damage, while
the data at longer pulse durations represent a combined effect of
the primary process together with the slower cellular repair
mechanism becoming increasingly more effective at longer ex-
posure times [16, 19]. This hypothesis appears to be supported

Fig. 8 Dependence of the maximal heat shock pulse temperature Tmax on
the laser fluence F for three penetration depths δ, and the corresponding
threshold temperatures Tthr.

Fig. 9 Damage Ω within the tissue depth for different laser fluences (in
units of Fabl) for (a) Er:YAG (δ = 3 μm) and (b) CO2 (δ = 17 μm).
Ablation front lines represent values at the final tissue surfaces
following ablation
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by the observation that exposing cells to pre-conditioning heat
shock pulses induces thermo-tolerance [11, 27], which could be
explained by the cellular repair mechanism taking place during
and following a heat shock pulse.

By taking into account the relatively high critical tempera-
tures at extremely short exposure times, the VHS damage re-
sponse model is potentially relevant for many laser medical
procedures. For example, when attempting to damage a thin
hair or a thin vessel with short laser pulses corresponding to
the short tissue relaxation (TRT) time of these targets, the tem-
peratures and/or exposure times required to achieve their pro-
tein denaturation are even higher than what would be expected
by taking into account the standard Arrhenius relation [8].

When applied to the case of laser resurfacing, the VHS
model demonstrates that under appropriate conditions, very
intense (i.e., short-duration, high-temperature) heat shock
pulses can be safely delivered to the epithelia without causing
irreversible tissue damage. Based on this observation, we pro-
pose below an additional mechanism of action which may be
responsible for the reported clinical regeneration effects of
non-ablative Er:YAG resurfacing [22, 23, 37–60]. This addi-
tional mechanism involves indirect triggering of tissue regen-
eration through intense heat shock to the superficial epithelia,
in addition to the slower direct thermal injury to the connec-
tive tissues [20, 21, 47, 61, 62].

Non-ablative laser rejuvenation procedures typically focus
on regenerating connective tissues, such as dermis or lamina
propria, which are responsible for holding the skin, vagina,
and other organs together. The regeneration mechanism is
based on direct thermal injury (Bcoagulation^) to the connec-
tive tissue in order to cause a reactive inflammatory response
resulting in the increase of the biosynthetic capacity of fibro-
blasts and other cells, inducing the reconstruction of an opti-
mal physiological environment, the enhancement of cell ac-
tivity, hydration, and the synthesis of collagen and elastin [63].
When using an energy-based medical device, such as a laser,
radiofrequency [35], or an ultrasound device [36], to create a
thermal exposure pulse within the connective tissue, the dura-
tion and the shape of the resulting thermal exposure pulse
typically do not follow the duration and the shape of the de-
livered energy. This is because the volume of the heated con-
nective tissue is typically relatively large, and the major mech-
anism by which this large volume can be cooled down is
through the relatively slow diffusion of the deposited heat into
the surrounding unheated tissues [25]. It is therefore the ther-
mal diffusion rather than the temporal pulse length (tin) of the
delivered energy that sets the lower limit to the achievable
duration of the exposure time. Typical cooling times of the
connective tissues are on the order of seconds or longer. This
limits the treatment temperatures for direct connective tissue
regeneration to about 45–70 °C (see Fig. 5).

The technique employed to achieve direct heating of the
deeper lying connective tissue using an Er:YAG laser involves
delivering laser energy in one or several 0.1–1-s-long
BSMOOTH^mode sequences, each consisting of several con-
secutive sub-ablative sub-millisecond Er:YAG laser pulses
[20, 47, 61, 62]. Using this technique, the laser-generated heat
is effectively Bpumped^ bymeans of heat diffusion away from
the epithelia, several hundred microns deep into the connec-
tive tissue [47, 61, 62].

Since the Er:YAG laser wavelength is limited to its very
shallow optical penetration depth, it has been hypothesized
that instead of having to rely on the SMOOTH mode heat
pumping technique, devices with a deeper penetration depth
may represent a more suitable means for deep thermal remod-
eling [64]. However, the excellent clinical results obtained
with the Er:YAG laser wavelength, with a small number of
reported complications, warrant further investigation of the
potential mechanisms of action that make this laser so effec-
tive not only for ablative but also for non-ablative resurfacing.
The Er:YAG laser has been, for example, very successfully
used for non-ablative resurfacing of vaginal [22, 38–61] and
oral tissues [23]. Histological studies have demonstrated neo-
collagenesis and elastogenesis, foci of neo-angiogenesis, re-
duction of epithelial degeneration and atrophy, and an increase
of the fibroblast population [38–41]. The rejuvenation of the
mucous tissue following Er:YAG non-ablative vaginal
resurfacing has been shown to alleviate symptoms of atrophy

Fig. 10 Observed clinical effect on human skin following a single pulse
with 2940 nm Er:YAG laser and with 1340 nmNd:YAP laser, both with a
laser pulse duration of tin = 300 μs. The laser spot size of both laser types
was approximately 1 mm
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[42–47], stress urinary incontinence [48–55], and vaginal re-
laxation syndrome [56–61]. Similarly, non-ablative
resurfacing of soft palate, uvula, and tonsillary regions has
been reported to significantly reduce symptoms of chronic
snoring-related sleep disorders [23].

It should be noted that it represents a considerable chal-
lenge to heat up the deeper lying connective tissue to appro-
priately high temperatures. This is because in order to reach
the fibroblasts, the delivered energy must first traverse the
epithelial layer located above the basement membrane. This
means that the delivered energy may be predominantly
absorbed by the superficial epithelium layers. Accordingly,
the maximally allowed temperatures which apply to the epi-
thelial layer limit the temperatures that can be generated with-
in the connective tissue. In many cases, the physician is thus
faced with a trade-off between using enough energy for effec-
tive therapy, while staying within the thresholds to prevent
damage to the superficial tissue. In this regard, delivering laser
energy in short laser pulses, and only to the thin superficial
layer of epithelia, is an advantage according to the VHSmodel
since it allows much higher epithelial temperatures than what
would be considered safe if the energy was delivered over
longer times and into a larger tissue volume.

As shown in Fig. 7, the damage threshold temperatures are
much higher than the normally assumed safe temperatures of
up to 65–70 °C [48], providing that the energy penetration
depth (δ) and the duration of energy delivery (tin) are suffi-
ciently short. The influence of larger penetration depths and,
consequently, of longer thermal exposure times on the damage
threshold was observed also during skin resurfacing. In spite
of the same maximal temperature, the longer exposure time
generated by the Nd:YAP laser resulted in a significantly
higher damage to the tissue (see Fig. 10). It should be noted,
however, that this is just one example which cannot be con-
sidered to be statistically significant.

We propose that intense heat shocks that can be safely
delivered to the epithelium tissue using energy devices with
short penetration depths, with shorter penetration depths
allowing higher superficial temperature heat shocks, may rep-
resent an additional mechanism of action for the reported clin-
ical effects of Er:YAG laser resurfacing. Our hypothesis is
based on the understanding that it is not only fibroblasts but
also the superficially located keratinocytes that are involved in
the wound healing process. It is known that keratinocytes
recruit, stimulate, and coordinate the actions of multiple cell
types involved in healing [65–67]. In particular, keratinocytes
and fibroblasts communicate with each other via double para-
crine signaling loops, known as cross-talk or dynamic reci-
procity, that coordinate their actions to restore normal tissue
homeostasis after wounding [67]. In response to paracrine
signaling from keratinocytes and inflammatory cells, fibro-
blasts synthesize collagen and promote cross-linking to form
an extracellular matrix. We therefore propose an additional,

indirect tissue regeneration mechanism, which is complemen-
tary to the direct stimulation of fibroblasts and other cells, to
respond to wound healing scenarios caused by relatively slow
thermal pulsing of the connective tissue. The mechanism is
based on stimulating signal transduction processes for tran-
scription factor activation, gene expression, and fibroblast
growth, thus leading to new collagen and extracellular matrix
formation. A spatially localized, laser-generated supra-physi-
ological level of heat is able to induce a transient heat shock
response (HSR), characterized by the production of a family
of proteins, termed the heat shock proteins (HSP), which are
presumed to initiate temporary changes in cellular metabo-
lism, resulting in the release and production of growth factors
and thus in the increase of the rate of cell proliferation [27, 68,
69]. In addition, a controlled generation of reactive oxygen
species (ROS) at very high local temperatures occurs within
the shallow penetration depth of the Er:YAG laser, which was
proposed to explain the healing effects exerted by the Er:YAG
laser during rejuvenation treatments [70, 71]. Namely, low
amounts of ROS have been found to stimulate wound healing
via increased proliferation of keratinocytes and fibroblasts,
which in turn generate collagen [72–76]. Furthermore, the
generation of ROS during resurfacing procedures has been
found to be enhanced by the unique 2940 nm Er:YAG laser
wavelength, which matches the exact vibrational oxygen-
hydrogen (OH) stretch frequency of water, resulting in a res-
onant splitting of water molecules at high local temperatures
[71].

Furthermore, for laser wavelengths with extremely short
penetration depths, such as the 2940 nm wavelength of the
Er:YAG laser, a safety window of laser pulse durations char-
acterized by Tabl < Tthr, exists within which the damage thresh-
old temperature cannot be exceeded regardless of the laser
pulse fluence delivered to the tissue. This characteristic poten-
tially makes this type of device extremely safe for tissue
resurfacing since once the epithelia temperature reaches Tabl,
the onset of minimally invasive, micron layer-by-layer abla-
tion automatically prevents the epithelium surface temperature
from getting heated above Tabl < Tthr. Figure 10 demonstrates
that the longest penetration depth of an energy-based device
for which the safety window exists is about δ ≤ 6 μm. This
applies for extremely short energy delivery times (tin ≤ 10 μs).
For more realistic energy delivery times (tin ≤ 150 μs), the
requirement for the penetration depth is δ ≤ 3.5 μm. This is
important, for example, when treating body cavities, such as
the vagina, where the internal surface may not be regularly
shaped, and therefore the delivered fluence and consequently
the generated heat may vary from one location to another.
Also, the energy source may not always be kept at the optimal
distance or optimal angle with regard to the tissue surface,
again resulting in non-uniform heat pulse generation.
Finally, human error can also occur. In all these cases, the laser
ablation mechanism protects the patient from any irreversible
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injury and keeps the treatment within the safe resurfacing
limits.

It should be noted here that our calculation of the VHS
model coefficients was based on the available published ex-
perimental data for the fibroblast cell culture. Therefore, the
results of the model should be considered to describe only the
basic qualitative features of the variable heat shock response,
with the exact quantitative features depending on the damage
response characteristics of a particular type of the affected
tissue. Also, in the model, it was 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 μm of the epidermis [77].

It is interesting to note that the VHS model requirements
limit the range of energy-based devices that are potential can-
didates for the proposed hypothetical indirect superficial trig-
gering of tissue regeneration to short pulsed lasers with appro-
priately short penetration depth within the tissue. Other types
of energy-based devices [78], such as radiofrequency or ultra-
sound devices, have too long energy delivery times and ex-
tremely deep penetration depths, and are therefore not suitable
for epithelial heat shock signaling. The requirement for the
penetration depth to be below about 6 μm further narrows
the choice of energy devices primarily to lasers with a wave-
length positioned close to or preferably at the water absorption
peak at 2940 nm. The Er:YAG laser therefore appears to hold
a unique position within the group of resurfacing lasers. We
believe that this explains the extreme safety of Er:YAG lasers
when used for ablative or non-ablative resurfacing.

The proposed superficial signaling mechanism resembles
the effects of the micro-needling technique, which aims to not
injure keratinocytes but to stimulate them with superficial
punctures and without any injury to fibroblasts [79, 80].
Similarly to laser resurfacing, the mechanism of action of
micro-needling appears to involve not only a direct inflamma-
tory response to the localized Bablation,^ but also indirectly
induced cell proliferation by electrical signals [80]. Since with
micro-needling only a relatively small percentage of the skin
is being affected, the treatment outcome is expected to be
accordingly limited. On the other hand, the Er:YAG laser-
induced thermal triggering mechanism can be viewed as
non-ablative thermal Bneedling^ (i.e., triggering) of the total
treated skin surface, with the action of the spatially sharp
needles being replaced by the action of temporarily Bsharp^
but spatially extended heat shock pulses.

Conclusions

Published critical temperatures over a broad range of thermal
exposure times indicate that tissue denaturation under elevated
temperatures cannot be adequately described by a single

biochemical process with fixed Arrhenius coefficients. In this
paper, we propose a different, variable heat shock (VHS) re-
sponse model that describes the tissue response as a combined
effect of two limiting processes defining cell viability at very
long and very short thermal exposure times. Based on the
VHS model, the activation energy E and the damage rate A
are not constant parameters but are functions of the thermal
exposure time. In order to be able to calculate damage inte-
grals for non-square-shaped temperature pulses under VHS
conditions, a novel numerical algorithm for calculating the
damage integral was developed. Instead of integrating the
damage over time, the new algorithm is based on the integra-
tion of damage over temperature, which enables taking into
account that Arrhenius coefficients are not constant during a
heat shock pulse.

The proposed VHS model is potentially particularly rele-
vant for understanding laser procedures involving targets with
short thermal relaxation times, such as thin superficially heat-
ed tissue layers during tissue resurfacing, or thin hair follicles
or blood vessels, where the VHS model predicts much higher
damage threshold temperatures than what would be expected
from the standard single-process Arrhenius model.

Our analysis of tissue resurfacing using the VHS damage
model demonstrates that under appropriate conditions, intense
heat shocks can be safely generated within the superficial
epithelium tissue layer. A mechanism of action for tissue re-
generation with Er:YAG lasers involving indirect triggering of
tissue regeneration through intense heat shocking of epithelia
is proposed. This mechanism of action is in addition to the
commonly accepted mechanism of tissue regeneration by
means of direct thermal injury to deeper lying connective tis-
sues. Further research is needed to verify this hypothesis.
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