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Abstract. Characteristics of thermo-mechanical laser ablahigh-speed photography [10] and time-resolved thermome-
tion process are investigated using an original numericaty [9], a concept of micro-explosions is nhow generally ac-
model. In contrast with previous models, it is based on a mieepted [1, 11]. Such thermo-mechanical ablation mechanism
croscopic physical model of the micro-explosion processhas to be distinguished from mechanisms involving strong
which combines thermodynamic behavior of tissue wateacoustic transients, plasma formation, or transient bubble for-
with elastic response of the solid tissue components. Diffumation, which can be encountered at higher laser intensities.
sion of dissipated heat is treated in one dimension, and the We introduce a microscopic physical model of the micro-
amount of thermal damage is assessed using the Arrheniagplosion. Thermodynamic behavior of tissue water, which
model of the protein denaturation kinetics. Influence of theacts as a chromophore for the mid-infrared laser radiation,
pulse fluence and duration on temperature profile develops combined with elastic response of the surrounding solid
ment, ablation threshold, and depth of thermal damage is anmredium. This is complemented by one-dimensional treat-
lyzed for the case dEr:YAG laser irradiation of human skin. ment of heat diffusion using a finite-difference scheme, and
Influence of mechanical properties on the ablation thresholthodeling of the protein denaturation kinetics with the Arrhe-
of soft tissue is predicted theoretically for the first time. Innius integral. The main ideas behind this model and some
addition, feasibility of deep tissue coagulation with a repetitesults have been revealed before in two conference contri-
tively pulsedEr:YAG laser is indicated from the model. butions [12,13]. Here, we explore in more detail physical
aspects of the microscopic model of micro-explosions and
its implementation. In the discussion of results, we focus on
relations between the structure of the model and predicted
characteristics of the thermo-mechanical ablation process.
Using the optical, thermal, and mechanical properties of

) ) ) _human skin from literature, the model predicts realistic values
The main goal of the presented work is to obtain more realisof aplation temperature, ablation threshold fluence, and co-

tic predictions of temperature field evolution and the amounjgulation depth for the case of single-pulse irradiation with
of thermal damage in mid-infrared (IR) laser treatment of soff free-generatingr:YAG laser. We therefore use the model
biological tissues, compared to previously presented modelgiso to examine the influence of pulse fluence and duration
The homogeneous-medium models, for example, which disyn temperature profile, ablation threshold, and depth of ther-
regard the latent heat of the water-to-vapor phase transina| damage. Furthermore, the influence of tissue mechanical
tion, inevitably predict excessive tissue temperatures aboygoperties on mid-IR laser ablation threshold is predicted the-
100°C. On the other hand, models based on evaporatiofretically for the first time, in good agreement with experi-
of tissue water at atmospheric pressure [1-4] are contrgnental observations [5].

dicted by experimentally determined values of specific heat gome results are presented also for repetitively pulsed ir-
of ablation that are lower than the latent heat of evaporatiopadiation, where the ablation threshold and coagulation depth
for the corresponding amount of water [5, 6]. Furthermoregre calculated for varying numbers of pulses and repetition
ablation temperatures abou®0°C [7—-9], dependence of rate. This is of interest especially for the laser skin resur-
ablation efficiency on tissue tensile strength [5], and histofacing, where a controlled amount of collagen denaturation
logical evidence of tissue tear [8] all indicate that ablation(100-200.um) is recently believed to be beneficial. Currently,
of tissue with free-generating mid-IR lasers is not a purelfthe Er:YAG laser is recognized as a premier tool for superfi-
evaporative process. Supported also by observations frogja| ablation of cutaneous lesions [14—16], due to extremely
- strong absorption of its mid-IRA(= 2.94m) radiation in

* Corresponding author water. This results in a minimal amount of thermal dam-
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age to underlying tissue, and faster healing compar€@{®  unknown initial volume of the hypothetical cavit§ cancels
lasers [15,17]. Our results indicate, however, that deep coagut:

ulation of cutaneous tissue can be achieved witNAG laser 3
by choosing an appropriate application modality, in agree{ 'Tpw _ 1+v

ment with preliminary experimental results [17-19]. D 1)x+1= 1+ SE (P—po)| - 3)

Assuming that the two phases are in thermodynamic equi-

1 The model librium at all times, temperatur& equals the boiling tem-
. . ) perature of water at pressupe An analytical relation can
1.1 Microscopic equation of state be derived from the Clausius—Clapeyron equation, in which

. . ) . the vapor density is again expressed from the ideal-gas equa-
In our model of interaction between mid-IR laser radia-tjon [21]:

tion and soft biological tissue, we treat the latter as a two-
component medium. As a simplest possible starting point, welp  pq(T)
postulate that tissue water is trapped in microscopic spherigt = ~ 12 - (4)

cal cavities in a non-absorbing elastic medium. All cavities

are initially filled with water aB6°C and normal atmospheric This can be integrated after replacing the temperature-
pressure |fo = 1 ba). As the water absorbs the laser radia-dependent latent heat of evaporatg(T) with its average
tion, its temperature increases linearly until the boiling pointvalue on the intervalTo, T), resulting in a compact formula

(To = 100°C) is reached. Further heating converts one part

(x) of the water mass into vapor. As the vapor cannotexpand _ 1 r < p )

freely, pressure in the cavity rises and exerts forceonthecaF ~ T, g \ po

ity wall (Fig. 1). The new cavity volume thus depends on both

thermodynamics of the watarapor mixture in the cavity, and which matches well the data in steam tables. The tempera-

elastomechanics of the surrounding medium. ture dependence of the latent heat itself is approximated by
The volume of the cavity is on one hand thus calculated the linear approximation:

by adding the vapor and water volumé (V). In doing so,

()

density of vapor is estimated using the ideal-gas equatioy(T) = q(To) — (cw —Cy)(T —To) , (6)
which is less thar8% off the data in steam tables #0°C
(and less thai 0% off at200°C): wherec,, andc, are (isochoric) specific heat capacities of li-
quid water and vapor, respectively. By insertifig) from (5)
V =Vy+Vy=Vo [(rT_pW _ 1) X+ 1} ) (1)  into(3), an equation of state (EOS) for our cavity is obtained,
p which relates cavity pressuigwith the relative vapor con-
tentx.

Here, Vo marks the initial cavity volumey; is the specific
gas constant for water vapat§2 JkgK), andp,, denotes the
density of liquid water. _ _ 1.2 Macroscopic effects, parameters, and implementation

On the other hand, the new cavity volume is related to

pressure inside it by the stress—strain relations of the suf= : L g’ . . .
rounding tissue. For a single spherical cavity in an infiniteEVOIUt'on of temperature field in a laser-irradiated tissue is

X : . . 9 . o modeled using the finite-difference method. To that end, the
ﬂiﬁﬂ;ﬁfﬁ'gﬁdifmﬁﬁaﬁgg?g ?;ég’?ﬁefféggr‘%&?_nd'“on OfIocal EOS (3) must be complemented by a relation between
: the heatA Q, delivered to a given computational cell of cross
141 3 sectionS and depthAz in a time stepAt, and the resulting
V=V [1+ E(p— po)} , (2) change in the values of local thermodynamic variables:

whereE is the Young's modulus of the tissue, andnarks ~AQ = SAZp [wq(T) AX+wX(Cy +NAT +w(l—X)CwAT
its Poisson'’s ratio. After equating the volumes (1) and (2), the —wApP/pw+ (L —w)CAT]. 7

Here, the first three terms describe the enthalpy changes in ad-
ditional evaporation, heating of vapor, and heating of water to
v the new equilibrium temperature. The fourth term is related
m to work performed on the surrounding tissue (note that for
a single cavity, deposited heat and resulting enthalpy change
are related ad Q = AH — VA p). The last term accounts for
eventual conductive thermalization of the solid tissue compo-
nents within the computational cell.
o Diffusion of heat on a macroscopic level is introduced
‘ into the model by composing the heat-source téx@ from

Vo, po, To) o, V,p, 1) the absorbed laser radiation (according to Beer’s law), and

Fig. 1. lllustration of the model. Heat delivered to a water-filled spherical conductive heat flow between the surrounding cells in one di-

cavity inside an infinite elastic medium converts one part of the wader ( r_m?nSiO_n (2). Solving of the heat'.difoSion probllem USi_ng the
into vapor, resulting in increase of cavity volume, pressure, and temperatugnite-difference method is thus interleaved with solving of

v 2
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a highly nonlinear set of equations (3), (5), (7), which de-Young’s modulus valueE; until the cavity volume is in-

scribe the evolution of local thermodynamic variables, at eachreased by a factor of 4, when a linear extensiohQ@¥56 is

spatial position. reached at the cavity wall. At larger cavity volumes, (2) is
We deal with this nonlinearity by replacingx and Ap  thus replaced by

in (7) with (dx/dT)AT, and (dp/dT)AT, respectively.

Equation (7) thus becomes linear in temperaturesi$eand VvV 1+v 3
can be reversed: Vo o 3+ <1+ 2E, (P— p’)) ; (11)
AQ .
AT = SA T dx . (8)  where p' represents the cavity pressure at the cross-over
zpw [A(T) 57 _(CW_C"_Z)X volume (4/). Its value is obtained from (2) and inserted
+Cw + (1_7’”)05— %d—ﬁ] into (11), yielding the right-hand-side of EOS (3) appropriate

for the higher cavity volumes:
The derivative & can namely be expressed analytically

Tt
from (3): X=3+[1+ﬂ(p—po)—ﬂ(«‘ﬁ—1)] (12)
5 Vo 2E, E.
3(1+v) [1+ (l+V)(D—Do)] dp
dx _ %€ ’E dr The thus obtaineg-V relation for the model cavity is
dT (m _ 1) illustrated in Fig. 2. The enlarged view of the low-pressure
P range in the inset shows functions (2) and (12), as well as
[[1+ A+v)(p— m>]3 _ 1} rov (1_ T @) (p, V) pairs from a specific run of the numerical model using
2E p pdr a constant laser intensity and no heat diffusion. The time evo-
- Tov 2 ’ ©)  ution of cavity state in the same case is presented in Fig. 3,
(T - 1) where cavity volume (relative to initial volum), pressure,
temperature, and vapor content are plotted as a function of
and % from (4). After the temperature increaseT is  deposited energy density.
thus established, new values pf V, andx are calculated The model is solved by a dedicated finite-difference code
from (5), (2), and (3), respectively. in Turbo Pascal, run on a personal computer (Pentium 166 or

In addition to the above, the protein denaturation procesg00). For the single-pulse cases we use a spatial resolution of
is modeled at each point in space and time by calculating thaz = 0.5 um over a depth interval o50um. The time step
damage paramete&? according to the Arrhenius equation of At is set tolps, in accordance with stability condition of
protein denaturation kinetics: the chosen numerical procedure for solving the heat diffusion

. equation [24]:

E
Rz, =A [ e RO dt’, 10 AZ2)?
@y=Af 1) G2 )
0 2D
with parameter valuesA =3.1x10%s! and E =  where D represents the thermal diffusivity of tissue as
6.28 x 10° J/kmol [22]. As customary, tissue is assumed to bea whole (.1 x 10" m?/s). A physical interpretation of this
irreversibly modified whe2 exceeds 0.5. requirement would be that the time ste&yt must be short

Physical properties of skin used in our numerical modeknough to prevent substantial diffusion of heat further than
are shown in Table 1. Note especially the two values of the
Young’s modulus. The strongly nonlinear stress—strain rela-
tion of skin is approximated by a low-elastic-modulus region
at small deformations, and another linear region with a higher
elastic modulus value, encountered when linear extension ex-
ceeds100% [23]. Accordingly, (2) is used with the lower

PO SR S S S S S S &

Table 1. Optical, thermal, and mechanical properties of human skin, used i
the numerical calculations

Pressure (Bar)

.1
Property Value ]
Water content (weight perc.) [23] w="70% ]
Absorption coefficient [25] w=300mnr?! 1
Average density p =1100 kgm?
Thermal conductivity A =0.42W/mK
Specific heat capacity of the s = 1700 Jkg K ot —
solid component [23] 1 . 3 4
Young’s modulus of elasticity [23] E;1 =05MPa (Al/l <1) Relative volume

E; =48 MPa (Al/l > 1) Fig. 2. Pressure vs. relative volume relation for the model cavity. The two

Poisson’s ratio v=05 parts of the curve correspond to the two regimes in stress—strain behavior

of human skin (see text). The enlarged view of the low-pressure range in

Ultimate tensile strength (face) [23 =3.7MPa
gth (face) [23] e theinsetpresents analytical relations (4), (8), af V) pairs from Fig. 3
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£ E 3 dashed lineshows the temperature evolution at the tissue surface according
Y sk 3 to the ordinary heat-diffusion equation. Pulse fluerfee= 0.6 J/cn?
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- 44 . .
i 1, § pulse length, according to our model (see Fig. 7). Although
- ] 5 the surface temperature in this case rea@isC, it barely
N 1?2 ; exceedd400°C at a relatively shallow depth dfoum. At the
C 1! & depth of20um, peak temperature @7°C is reached more
e T TR 10 > thanl msafter the end of the laser pulse. According to (12),

0.0 0.2 0.4 0.6 0.8 1.0 protein denaturation can still occur at such temperatures, if
they persist for a longer time.
] ] ] o The curves in Fig.4 are very similar to solutions of
Fig. 3. Cavity volume (relative to thellnmal vqu_mVo), pressure, tempera- e heat-diffusion equation for a semi-infinite homogeneous
ture, and vapor content, as a function of delivered energy density. Resuﬂ1 . . L .
of the model using a constant irradiation intensitg’(W/cn?) and zero  Medium with heat sources distributed exponentially along the
thermal conductivity isolated surface [26]. A direct comparison shows however,
that significantly higher temperatures are predicted, as the la-
tent heat of water evaporation is ignored in this case (dashed
one spatial grid divisior\z. For the repetitively pulsed irradi- line). In contrast to that, the abrupt decrease of slope in our
ation, the spatial grid spans a depth8@Oum with a 1-um  temperature evolution curve (a) clearly demonstrates that at
spatial resolution, and the time step is increaseijts. The  temperatures abovi®0°C one part of deposited heat is con-
calculation runs up td ms beyond the end of irradiation, verted to internal energy of the vapor phase and elastic energy
which ensures sufficient relaxation of temperature rise andf the strained surrounding medium.
a proper evaluation of thermal damage. In order to minimize
the artifacts at the inner boundary of the treated layer, conduc-
tion of heat from the last grid point into the depth of the tissue
is calculated from the extrapolated thermal gradient. [
In all presented cases, the intensity of laser radiation is 200t
constant during the laser pulse and the tissue surface is treated I
as perfectly insulated. This is accomplished by introducin |
an additional spatial point just outside the tissue surface withd-; 150 L
the temperature equal to the value at the neighboring superfig %
cial point, thus preventing any heat flow through the surface%
The calculation is always stopped if pressprexceeds the &
ultimate tensile strength of the tissue. At this point the abla2
tion of tissue begins, which can not be treated with the current
version of the program.

Energy density (J/mms)

100 —

Laser intensity (a.u.)

50

2 Results

Position (um)

Temperature evolution at different depths within the tissue, al§ig 5. Temperature profiles within the irradited tissue at the end3Gy.Ls
.CaICU|ated for.the.case ofiradiation WItBaQMSIaser punl]ge, laser pulse (a), and at time delays&@0us (b), 900us (c), and1200us (d)
is presented in Fig. 4. The pulse fluence is sed.®J/CM,  after beginning of the pulseF(= 0.6 J/cn¥). The dotted line shows the

which is close to but still below the ablation threshold at thiSaser intensity distribution for comparison
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Fig. 7. Ablation threshold fluence as a function of the laser pulse duration.
The dotted lineis a polynomial fit of the third order, not supported by
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Figure 5 presents the temperature profiles inside the tis- oo
sue at equidistant times after the end &0#-us laser pulse, _ . o_vo_o--oﬁ“""
displaying deeper tissue layers heated to protein denaturg- oA A A A
tion temperaturess0—70°C) at relatively late times. Acom- = 30f a0 .
parison between the temperature profile at the end of thg PG A G G S S S
laser pulse (a) and the laser intensity profile (dotted lineg I o,.i"‘f - = = = = ®w. @=. ®m_m
illustrates the influence of heat diffusion during such laseg ;1 - i
pulse. g e o6 _o-o-o © o o o o o —°®

The extent of thermal coagulation, defined as the deptg) Lo )
wheres2 equals 0.5, is plotted in Fig. 6 as a function of pulseS F'=1.2 Jicm
fluence for the300-us pulse. A parabolic fit to the results 2@  10F F=10Jem’
(dotted line) indicates that below the ablation threshold, the " F=0.8 J/om>
ﬁﬁggg(laatlon depth increases virtually linearly with the pulse o F=06Jem’

0 n 1 " 1 " 1 1 " 1 " 1
0 200 400 600 800 1000 1200
Pulse duration (us)

Figure 7 presents the influence of pulse duration on the ab|g_ig.8. Coagulation depth as a fur_lction qf pulse duration at four pulse flu-
tion threshold. This relation is obtained by solving the modegnce values_ (see the Ieger_1d). Linear fits to tr_]e four data sets are shown
. - ; . s dashed linesThe open circlesmark the maximum coagulation depth,
for increasing pulse fluence (in steps @025 chmz) until calculated by setting the pulse fluence to the ablation threshold value at

the cavity pressur@ exceeds the ultimate tensile strength ofequidistant pulse durations and ttietted curveis a polynomial fit to these
the tissue, which is repeated at pulse durations fEfms  data
to 1.2 ms From the results, the ablation threshold increases
monotonically with pulse lengths frorBOus on, increas-
ing almost threefold over the examined pulse length rangehe pulse fluence to the ablation threshold value at equidistant
An ablation threshold value 00.82+0.02 Jcn? is pre- pulse durations (Fig. 8 - open circles). It increases monotoni-
dicted for the pulse length d800us, typical for medical cally from15um at pulse length 050 usto 37pumat1.2 ms
Er.YAG lasers. with a weak saturation at the longest pulses.

The influence of pulse duration on depth of thermal dam-
age is shown in Fig. 8 for four pulse fluences betweérand
1.2 J/cn? (solid symbols). The results show that direct influ- 2.2 Mechanical properties of tissue
ence of the pulse duration on coagulation depth is minimal,
especially at the larger fluences. The four data sets (and thge examine first the dependence of ablation threshold flu-
corresponding linear fits) are cut off at the low-pulse-lengttence on the ultimate tensile strength of the tissue, which is
side, as the ablation regime is reached by shortening the pulssed explicitly in the ablation onset condition. The results
at a fixed fluence value (see Fig. 7). show that the examined dependence is rather weak and prac-

Since the sub-ablation coagulation depth is maximal at thécally linear (Fig. 9). With the ultimate tensile strength in-
ablation threshold (see Fig. 6), an envelope to such data seteeased fron2.5 to 4.0 MPg the ablation threshold rises by
yields the maximum coagulation depth achievable at a vanjust (17+1)% at all three pulse durations under te$0(
ing pulse duration. This is calculated in more detail by settin@00 and900us).

2.1 Influence of the laser pulse duration
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respectively. Pulse length B00ys Fig. 12. Depth of coagulated layer as a function of number of pulses for

pulse repetition rates af0 and 50 Hz (F = 0.6 J/cn?, tp = 300ps). The
two dotted linesare parabolic fits to guide the eye

Next, we analyze the influence of the two Young’s mod-
uli on the ablation threshold value. Similar to the previoussurface (see the enlarged view in the inset). This can be
case, this dependence is very weak in a wide range of valuesiributed to differences in temperature gradient, which is
(Fig. 10). Especially increasing the higher Young’s modulusrery large in the superficial layer of a few laser penetration
E, (from its value of48 MPg has almost no effect, and it depths (¥u ~ 3um), but much smaller deeper inside the
must be decreased to less tizdhMPato result in a small in-  tissue (Fig. 11). As a result, the conductive cooling of the in-
crease of ablation threshold. In contrast, lowering of the loweteraction layer is very effective, although the tissue surface
Young’s modulus E; = 0.5 MP3g to arbitrarily low values itself is treated as perfectly insulated. In contrast, deeper tis-
has virtually no effect, and doubling it decreases the ablatiosue layers remain moderately heated for a significantly longer
threshold by no more thah1%. time, owing to weaker heat flow from this region.
Since the protein denaturation rate depends on tempera-

ture in a highly nonlinear manner, the amount of thermal
2.3 Number of pulses damage can not be assessed directly from the presented tem-

perature profiles. For that purpose, denaturation pr&fi®
Figure 11 presents temperature profiles within the tissue, as evaluated during and after the pulse sequence, and the co-
calculated at the end of repetitively pulsed irradiation with 1,agulation depth is determined as explained above. The results
2, 5, and 10 pulses at pulse repetition ratel®@Hz single- in Fig. 12 indicate that accumulation of heat in the repetitively
pulse fluence 0D.6 J/cn?, and 300us pulse duration. The pulsed regime enables up to tenfold increase of coagulation
results show that accumulation of heat with repetitive irradi-depth compared to single-pulse irradiation — even at a moder-
ation can be much larger deep within the tissue than at itate repetition rate cfO Hz
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2.4 Repetition rate S

2

reshold (J/cm )

The influence of repetition rate is illustrated in Fig. 13 by
comparing the temperature profiles after irradiation with
5-pulse sequences at varying repetition rates 2d¢ai100 Hz
(single-pulse parameters: = 0.6 J/cn?, t, = 300us). It is
evident that conductive cooling of the superficial layer is < e B e m
much less effective at high repetition rates (see the inset),.S T —

Nevertheless, relatively deep tissue layers are heated to coad 05y T Ao 4
ulative temperatures without ablating the tissue surface in al
presented cases.

Evaluation of coagulation depth under the same condi-
tions as above shows a nearly linearly increasing coagula- 0.0 ' : . : .
tion depth with increasing repetition rates up26-30 Hz 0 20 40 60 80 100
(Fig. 14). At higher repetition rates a strong saturation is ob- Repetition rate (Hz)
served, effectively limiting the coagulation depth to approXi-rig 15 Ablation threshold fluence for a sequence of 5 laser pulses at vary-
mately100um for the 5-pulse sequence. ing repetition rate and three pulse durations (see the legend)ofére

symbolsmark single-pulse ablation thresholds, corresponding to the low-

repetition-rate limit at each pulse duration. Ttletted curvesare a guide
to the eye, not supported by theory

—_
o
T
[ ]
I

Finally, the influence of repetition rate on the abla-
tion threshold is examined for a sequence of 5 pulses with
a single-pulse fluence @6 J/cn? (Fig. 15). The three data
sets, obtained with pulse durationsXd0 300 and900yus,

] are complemented by the single-pulse threshold values (open
symbols). These correspond to the low-repetition-rate limit,
in which the temperature rise would be completely relaxed
between successive laser pulses. The ablation threshold de-
crease with increasing repetition rate is found to be more
pronounced at low repetition rates, especially with longer
pulse durations.

200

1

150

Temperature ( °C)

100

50

2 5 10 20| —_—

0 100 200 300 3 Discussion
Depth (um)
Fig. 13. Temperature profiles after a sequence of 5 laser pulses with repl €Mperature profiles in Fig. 5 show that diffusion of heat
etition rates from2 to 100 Hz (marked next to the corresponding curves; diminishes the superficial temperature rise achieved with
F = 0.6 J/en?, tp = 300p9). The inset shows enlarged view of the super- a300-uslaser pulse. As a result, the ablation threshold varies
ficial layer with pulse duration, which holds for the pulse lengths from
50ps on (Fig. 7). This is in agreement with the commonly
e used estimate based on analytical treatment of a homoge-
100} . neous medium, that the influence of heat diffusion is negli-
g T gible for pulse lengths significantly shorter than the thermal
e relaxation time. For the discussed case, the latter is estimated
80 T tor=(Du? lax~110ps.
4 In contrast to that, the coagulation depth is affected only
60 - 2 - marginally when the pulse duration is varied at a constant flu-
ence value (Fig. 8). We attribute this to the fact that deeper tis-
sl 7 | sue layersZ0-30um) are coagulated relatively late after the
. end of the pulse, when the details of initial temperature dis-
' tribution are already wiped out by the heat diffusion process
(see Fig. 5). The strong dependence of maximal sub-ablative
coagulation depth on the pulse duration (Fig. 8) thus results
| I ! A primarily from the change in ablation threshold, not from dir-
0 20 40 60 80 100 ect influence of heat diffusion. A higher ablation threshold
Repetition rate (Hz) simply enables more energy to be deposited into the tissue
Fig. 14. Coagulation depth obtained with a sequence of 5 pulses Wmil(VIthout ablating its surface. Since the coagulation depth is
varying pulse repetition rate. Single-pulse ablation threshold, which cor- nown to decrease when the pulse fluenqe e).(ceeds the ab-
responds to the low-repetition-rate limit, is marked witpen symbol lation threshold value [27,28, 31], results in Fig. 8 actually
(F = 0.6 J/cr?, tp = 300p9) represent the maximum coagulation depth achievable overall.

Coagulation depth (1m)

A o
1

20,
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Er:YAG lasers with pulse duration &f00us or less thus imentally observed ablation thresholds for skin, despite the
feature a low ablation threshold and minimal thermal damagestrong dependence of its tensile strength on air temperature,
whereas a pulse length @fmsor more would be preferred humidity, and patient age [23].
for non-ablative coagulation of deeper tissue layers. Given Figure 3 shows as well that less th&% of tissue wa-
the limitations of laser physics and technology, coagulation ofer is predicted to evaporate before the onset of ablation.
collagen at depths df00-200p.m (papillary dermis) seems, This justifies our approximation of constant absorption co-
however, to be out of reach with single-pulBEYAG laser efficient, thermal conductivity, specific heat and density,
irradiation. which all decrease with reduced amount of liquid tissue

In our model of micro-explosions, the surface temperaturevater. As this specific run of the model was performed
at which a given tissue gets ablated is a constant. Its value wgith no heat diffusion, the energy density delivered be-
obtained by inserting the ultimate tensile strenggtior pres-  fore the onset of ablatior0@9+0.01 Ymm?®) matches the
surepin (5). For the discussed case of human skin on the facgpecific heat of ablatioh, by definition. The fact that ex-
and head, this yield$,, = 252°C, in good agreement with perimentally determined values afe5Jmm® [6,16] or
experimental observations [9, 14]. higher could be attributed to the influence of heat diffusion

From the above it also follows, that the ablation tem-during the laser pulse, or to the decrease of water absorp-
perature does not depend on elasticity of the tissue. Nevetion coefficient due to temperature rise [29,30] or tissue
theless, Young’s moduli can influence the ablation thresholdesiccation [31].
and efficiency through relations between deposited heat and The feasibility of substantial thermal buildup deep below
resulting change of the thermodynamic state of the modehe surface with repetitively pulsdsr: YAG laser irradiation
cavity (3), (7), (12). The surprisingly weak dependence of th€Fig. 11) has been demonstrated before by solving the heat-
ablation threshold on both; andE; (Fig. 10) in our view re-  diffusion equation for a semi-infinite homogeneous medium
sults from specific elastic properties of skin, which is rathemith repetitive heating along its isolated surface [26]. Much
soft at small deformations, but quite stiff at linear extensionsnore realistic models must be used, however, to predict the
abovel00% [23]. The p—V diagram of the permitted ther- amount of thermal damage under such conditions. Our results
modynamic states of our model cavity (Fig. 2) shows thatndicate that the coagulation depth depends on the number of
tissue water initially evaporates almost as in free atmospheulses and repetition rate in a peculiar way, reflecting the non-
(isobarically), switching to evaporation at a nearly constantinear kinetics of both heat diffusion and the protein denatu-
volume in the high-deformation regime. As a result, both low-ration process (Fig. 12). When comparing coagulation depths
ering of the smaller modulug; towards 0, and increasing predicted for various application modalities, one should keep
of Ep, have minimal effect on energy balance of the ablain mind, however, that different types of tissue damage might
tion process. Somewhat stronger influence is observed withe encountered in the superficial layer even at the same coag-
increasingE; or lowering E,, but a significant effect is ob- ulation depth (defined b§2(z) = 0.5). Such effects could be
served only with large changes, when the two values actuallgredicted in part by comparing the damage profil¥g), but
become comparable. This implies that the results of the predistological investigations are necessary to clarify this issue.
sented model are not affected significantly if the Young’s The coagulation depth exhibits a steep initial increase
moduli change by a moderate amount. This is very importwith increasing pulse repetition rate, and a strong satura-
ant, since they are known to vary with air humidity, for ex- tion abovex 40 Hz (Fig. 14). By comparing the temperature
ample [23]. Although this result may be counter intuitive, it profiles at the end of such irradiation sequences (Fig. 13),
has been reported before that modification of skin’s elasticityhis can be linked to the fact that at low repetition rates,
(by gluteraldehyde fixation) has no influence on ablation efa large part of deposited energy flows past the region of inter-
ficiency [5] — an experimental observation that so far has nagst L00pwm in this case), without inducing coagulative tem-
been explained or reproduced by a theoretical model. (In comperatures. Higher repetition rates result in shorter irradiation
trast, our initial calculations using a single Young’s modulussequences, which confine the deposited heat to a shallower
demonstrated a strong influence of its value on the ablatiolayer. This results in higher temperature rises, and crossing
threshold). of temperature profiles in Fig. 13. At repetition rates@Hz,

Poisson’s ratio forms a single constarif + v)/2E with ~ for example, the 5-pulse sequencel®0 mslong, and the

the corresponding Young’s modulus in both EOS for oumreach of heat diffusion can be estimatedBi)/? ~ 100um.
model cavity (3), (12). 220% decrease of, for example, is At higher repetition rates, most of the deposited heat is thus
thus equivalent to a simultaneous increaséegfand E; by  confined to tissue layer shallower th&®0pm and fully con-
7%. Its influence on the ablation process, which is evidentlyributes to coagulation of this tissue layer. Note that the max-
very small, is therefore not investigated separately. As a matmum coagulation depth achieved with a 5-pulse sequence is
ter of fact, the Poisson’s ratio for rubber is used in presentetbughly 5 times larger than the one achieved with a single
calculations, owing to lack of appropriate data. pulse (or very low repetition rate), which relates nicely to the

According to the model, influence of the ultimate tensilelinear dependence in Fig. 6.
strength on ablation threshold is rather weak (Fig. 9). This On the other hand, the conductive cooling of the tissue
can be attributed to the nonlinear increase of cavity pressuirface is less effective at higher repetition rates (see the inset
with delivered energy density in the absence of heat diffusiom Fig. 13), which results in a decrease of ablation threshold
(Fig. 3). By extrapolating the presented pressure evolutio(Fig. 15). As a result, the maximum coagulation depth achiev-
one can estimate that a tissue with two times higher tensilable in sub-ablative mode thus probably peaks at approxi-
strength would require onl$0%—20% more energy deposi- mately50 Hz, at least for the treated sequence of 5 pulses.
tion to reach the ablation threshold (definedfy: oc). This The presented model may require further improvements
effect could explain the relatively small variation in exper-to ensure a quantitative match with experimental data on dis-
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cussed effects, which are for the most part not available at thitie applied laser fluence. The maximum coagulation depth
time. In our view, the most serious limitations of this modelincreases with pulse duration, due primarily to increased ab-
are its inability to treat the removal of tissue (ablation), andation threshold. The predicted influence of ultimate tensile
the assumption of an isolated tissue surface. The latter holdsrength and Young’s modulus of the treated tissue on the ab-
well for single-pulse irradiation, but with repetitive irradi- lation process is in qualitative agreement with experimental
ation, evaporation from tissue surface between consecutiv@servations.
pulses may decrease the temperature [32], and affect the op- Feasibility of deep coagulation of skin with the superfi-
tical and thermal properties in superficial tissue layer. Theially absorbed free-generatitiy: YAG laser in repetitively
predicted values for coagulation depths are somewhat quegulsed regime is demonstrated. At a repetition raté®ifiz,
tionable, as the lack of experimental data on sub-ablative thethermal buildup with successive laser pulses at depths of
mal damage prevented us from determining the optimal Ar20-100pum is larger than at the tissue surface, and the el-
rhenius coefficients4, E). Nevertheless, we believe that the evated temperatures persist for a longer time due to lower
model demonstrates beyond a doubt that a superficially abléemperature gradients at these depths. This allows one to ex-
tive regime or a coagulative regime can be accomplished wittend the coagulation depth, which is limited 40 um with
a repetitiveEr:YAG laser by varying the irradiation parame- single-pulse irradiation, t@00pum or more. The maximum
ters. Furthermore, the predicted coagulation depths and trendsagulation depth achievable with a given number of pulses
correspond well to first experimental observations [17—-19]. increases steeply with increasing repetition rate, but saturates

Further, the dynamic variation of the tissue absorptioror even diminishes at repetition rates ab®@Hz Super-
coefficient resulting from strong temperature dependence dicial ablation with minimal amount of thermal damage, or
water absorption [29, 30] is disregarded. Note however, thaleep non-ablative coagulation can thus be achieved with an
the value usedy( = 300 mnT?) has been determined experi- Er-YAG laser by choosing the appropriate irradiation param-
mentally under very similar conditions as discussed here [25kters. Further improvements of this model may be required to
and differs significantly from the room-temperature water abimprove the match with experimental data, as more of them
sorption coefficient & 1200 mnt?) [29] multiplied by the become available.
hydration factorw. Using this absorption coefficient value
is probably a key to predicting realistic ablation thresholdacknowledgementThis work was supported by the Slovenian Ministry of
values. Existence of the partly desiccated superficial layer g¥cience and Technology.
skin (stratum corneum) has also been ignored at this point,
partly due to lack of information on hydration profile and me-
chanical properties in this layer. :

Finally, describing irradiated tissue by the EOS derivedAppendlx

for a single water cavity in an infinite elastic medium is cer-C id herical itv of radiusi infinite elast
tainly just a convenient starting approximation, used to intro- Onsider a spherical cavity of racitgin an Infinite elastc
nedium. When the pressure in it is increased, displacements

duce mechanical effects in a manageable model of therm ; ;
mechanical laser ablation. The fact that tissue water is in re2f the mediumu(r) are purely radial from the symmetry rea-
ality confined in cavities of different shapes probably require§°ns'

a different ablation onset condition (relation betwgeand

o), but this is in effect equivalent to modifying the valuegf ~ U(P =U(M& .
in the existing model. Similarly, the high water content of soft . :
biological tis%ues results in r};utual %teraetion between th&onsequentlyy x u =0, and, if other forces acting on the
neighboring cavities, which can however for a large part bén€dium are negligible, the equilibrium equation for the elas-
accounted for by increasing the Young's moduli. In fact, thel!C Medium [20], is reduced to

hypothetical cavities do not even have enough space to douby;

their diameters, which on the other hand corresponds nicely V-u)=0, (A-2)
to experimental observation of surface deformation (bulging
before the onset of ablation [9].

(A.1)

?ndicating that(V - u) is constant throughout the medium.
When this is expressed in spherical coordinates, the only
non-zero term is the radial one:

4 Conclusions 9
= a—(rzu) =C, (A.3)

An original numerical model of thermo-mechanical ablation”” "

of soft tissues with mid-IR lasers was developed and impleand a simple integration yields

mented. To our knowledge, it is the first one based on a mi-

croscopic physical model of micro-explosions, and treats also r

diffusion of heat (in one dimension), and protein denaturatioh'") = C;‘;

kinetics in the usual way. From published values for optical,

thermal, and mechanical properties of human skin, realistiwhere D is the integration constant. As the displacements

ablation threshold fluences and surface temperatures are prust converge towards zero at large radii, the condTaist

dicted using the model. Heat diffusion was found to reduc&vidently zero, yielding

the surface temperature and consequently increase the abla-

tion threshold at all pulse lengths abd@us. Below the ab- u(r) = D (A.5)

lation threshold, the coagulation depth increases linearly with r2’ '

1
+ Dr—z, (A.4)
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ConstantD is determined from the radial component of this point equals hydrostatic pressysgA.6). The ablation
the (tensile) stress tensey; at the cavity wall, which equals therefore starts, when the cavity pressure exceeds the medium
the cavity pressure: tensile strengtla.

on(fo) = —p. (A.6)

By using the standard relation with the strain tensor compoReferences

nentssic [20],
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The displacement function (A.5) is thus ig-
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and the volume of the cavity can be calculated as: 22
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The cavity wall starts to tear, and ablation of tissue is as-
sumed to begin, when any stress tensor component exceeds.
the ultimate tensile strength of the medium. To find out when
this happens, the tangential component of the stress tens@r:
must be also calculated [20]:

28.

E IOFS’ 29

= Ja- —_ro -
% = Aoy a—zy [L ™ Vet ventem] = =535

(A13) 30

31.

and the same result is obtained also dgy. The tangential
stress component thus peaks at the cavity wall, just like they,
radial one (A.9), which is however twice as large, and at

. F. Partovi, J.A. Izatt, R.M. Cothren, C. Kittrell, J.E. Thomas, S. Strik-

merda, J.R. Kramer, M.S. Feld: Lasers Surg. M&dL41 (1987)

. A.D. Zweig, H.P. Weber: IEEE J. Quantum Electrd@QE-23, 1787

(1987)

. A. Sagi, A. Shitzer, A. Katzir, S. Akselrod: Opt. Ergf, 1417 (1992)
. A.Olmes, H.-G.Franke, E.Béansch, H.Lubatchowski, M. Raible,

G. Dziuk, W. Ertmer: Appl. Phys. B5, 659 (1997)

. J.T. Walsh, T.F. Deutsch: IEEE Trans. Biomed. E3®).1195 (1989)

. J.T. Walsh, T.F. Deutsch: Lasers Surg. M@d327 (1989)

. A.J. Welch: IEEE J. Quantum ElectrdQE-20, 1471 (1984)

. J.T. Walsh, T.J. Flotte, T.F. Deutsch: Lasers Surg. \e814 (1989)

. G.L. LeCarpentier, M. Motamedi, L.P. McMath, S. Rastegar, A.J. Welch:

IEEE Trans. Biomed. EngtO, 188 (1993)

. Y. Domankevitz, N. Nishioka: IEEE J. Quantum ElectrdQE-26,

2276 (1990)
J.T. Walsh, T.F. Deutsch: Lasers Surg. M&d264 (1988)

. B. Majaron, P. Plestenjak, M. LukaSPIE Proc3192 147 (1997)

B. Majaron, P. Plestenjak, M. LukaSPIE Proc3245 366 (1998)

. A.D. Zweig, M. Frenz, V. Romano, H.P. Weber: Appl. PhystB 259

(1988)
R. Kaufman, R. Hibst: Clin. Exp. Dermatd!5, 389 (1990)

. R. Hibst, R. Kaufmann: Lasers Med. $8;.391 (1991)
. B. Drnoek-Olup, B. Vedlin: Lasers Surg. Megl, 13 (1997)

R. Hibst: private communication

. To be published elsewhere

L.D. Landau, E.M. LifshitzTheory of Elasticity 3rd edn. (Pergamon
Press, Oxford 1986) pp. 3—16

M.C. Potter, C.W. Somertoritheory and Problems of Engineering
ThermodynamicgMcGraw Hill, New York 1993) p. 233

. F.C. Henriques, A.R. Moritz: Am. J. Pai28, 531, 695 (1947)

F.A. Duck: Physical Properties of TissufAcademic Press, London
1990) Chapt. 2

W.H. Press, B.P. Flannery, S.A. Tenkolsijumerical Recipes in Pas-
cal (Cambridge University Press, Cambridge 1990) p. 673

25. G.P. Chebotareva, B.V.Zubov, A.P.Nikitin: SPIE Pr@394 243

(1995)

M. Luke&, B. Majaron, T.Rupnik: Proc. 13th Int. Congr. Laser 97
(Springer, Berlin, Heidelberg 1998) p. 566

V. Venugopalan, N.S. Nishioka, B.B. MiiJ. Biomech. Engl16 62
(1994)

B. Majaron, M. Luka, B. Drnosek-Olup, B. Vedlin, A. Rotter: SPIE
Proc.297Q 350 (1997)

G.M. Hale, M.R. Querry, A.N. Rusk, D. Williams: J. Opt. Soc. A8,
1103 (1972)

L.W. Pinkley, P.P.Sethna, D. Williams: J. Opt. Soc. A6Y, 494
(1977) .

B. Majaron, D.Susteci¢, M. Lukat, U. Skaler€, N. Funduk: Appl.
Phys. B66, 479 (1998)

J.H. Torres, M. Motamedi, J.A. Pierce, A.J. Welch: Appl. Ggt.597
(1993)



