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Invited Paper

MODELING OF THERMAL INJURY PRODUCED BY
LASER ABLATION OF BIoLOGICAL TISSUE

V. Venugopalan*!, N. S. Nishioka* and B. B. Miki¢!

*Wellman Laboratories of Photomedicine, Department of Dermatology,
Harvard Medical School, Massachusetts General Hospital, Boston, MA 02114

and

tDepartment of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139.
Abstract

A thermal model to predict the effect of laser parameters on the zone of thermal injury produced by laser
ablation of biological tissue is presented. A dimensionless parameter based on the ablation velocity and the
optical and thermal properties of the target is key in determining the resulting zone of thermal injury. The
zone of thermal injury is minimized when this parameter, known as the Péclet number (Pe), is much larger
than one. This occurs because the rapid movement of the ablation front prevents the diffusion of energy
beyond the layer that absorbs the laser radiation. For Pe less than one, the slow movement of the ablation
front allows for diffusion of energy away from the region of energy deposition and leads to larger zones of
thermal injury. The model predictions are compared with data available in the literature. Deviations between
the model predictions and published data are discussed and potential effects of pyrolysis, temporally varying
pulse shapes and pulse repetition rate are explored.

1 Introduction

As the use of lasers for surgical purposes is becoming more prevalent, there is increasing interest in
predicting the extent of thermal injury surrounding laser incisions. The photothermal effects produced by
laser ablation are important since they result in haeemostasis when a zone of tissue adjacent to the incision is
coagulated and serves as a barrier to blood perfusion. This is valuable in many surgical applications dealing
with soft and highly vascular organs (the spleen, for example) which do not lend themselves easily to clamping,
suturing or electrocoagulation [5]. However, this zone of coagulated tissue is no longer viable and often delays
the healing process and leads to significant scarring (2, 3, 12]. In other applications, such as photorefractive
keratectomy (PRK), it is essential to minimize the thermal effects which accompany the ablation process. As
a result, it would be useful if the extent of the zone of thermally injured tissue could be predicted. In order
to do this, two things must be determined: the temporal and spatial profile of temperatures developed within
the tissue and the mechanism by which the laser-induced temperature changes produce thermal injury.

This paper presents a model which estimates the zone of thermal injury produced by the laser cutting
process. The model is not an attempt to describe the dynamics of the ablation process. Instead, the model
focuses on aspects of the ablation process which are relevant to the production of thermally damaged tissue.
We do this by determining the temperature profile established within tissue during and after laser ablation.
The zone of thermal injury is found by calculating the maximum depth to which particular isotherms propagate
within the tissue. The results of the model are then compared to data in the literature.

Many investigators have attempted to model the ablation process in biological tissue 1, 14, 16, 26]. These
models assume that tissue has thermophysical properties similar to that of water and that the ablation process
is essentially one of vaporization. We will take a similar approach in this model even though the process of
tissue ablation is fundamentally different from and much more complex than a simple phase change. This
is because the solution of a phase change problem. if appropriately constructed. can identify the parameters
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which control the ablation process and its effects. The model presented here hopes to identify the parameters
which have the largest impact on determining the zone of thermal injury resulting from the ablation process.
We make the following assumptions.

(a) The ablation process can be treated as a vaporization process.
(b) Explosive ejection of tissue without phase change is not significant.

(c) The optical and thermal properties of the tissue are similar to that of water and are constant
throughout the ablation process.

(d) Energy losses from the tissue via convective and radiative transport are negligible.
(e) Beer’s law accurately describes the distribution of laser radiation within the tissue.
(f) Absorption and scattering of the incident laser radiation by the ablation plume are negligible.

(g) There are no temporal variations in the irradiance of the laser pulse.

2 Model Development

We begin by determining the temperature distribution established during the ablation process. To do this
the steady-state ablation equation in one dimension is considered [18]:

d*T vant T —¢"'(2) (1)
dz? a dz  k

where T is the temperature, = the axial position within the tissue, v, the velocity of the ablation front, a the
thermal diffusivity of the tissue, ¢"’(z) the distribution of energy deposited by the laser, and k the thermal
conductivity of the tissue. The following dimensionless variables are introduced into eqn. (1): a temperature,
O =(T-Tw)/(Th — Tx), an axial position, { = p,z, and an ablation velocity, Pe = v,4;/ft,, known as the
Péclet number. Making these substitutions eqn. (1) becomes:

d*0 d —q" exp(—

€O 4 ped® _ —aexp(=0)

dq ¢ kpa(Tm — Teo)
where ¢” is the laser irradiance, p, the absorption coefficient of the incident radiation, T, the vaporization

temperature and T, the temperature of the tissue far away from the ablation site. The boundary conditions
used to solve eqn. (2) are:

(2)

0(¢C=0)=1 and O(¢ — 00) — 0. (3)

After introducing a dimensionless heat flux, ¥ = ¢"/kpe(Tm — Too) (Pe — 1), the solution to eqns. (2) and (3)
is:

0(¢) = vexp(—() + (1 — ¥)exp(—Pe(). (4)

In order to apply eqn. (4), the Péclet number must be determined. From energy conservation. it is easily seen
that vepr = ¢”/plcp (T — Tx.) + hyg)- This leads to the following expression for the Péclet number:

PSt

Pe= JSf—sf—1’ (5)

where Sf = ¢,(Trn — T )/hyg, the Stefan number.
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If the laser pulse is sufficiently long, eqn. (4) gives the temperature distribution within the tissue just prior
to the end of the laser pulse [22]. After the end of the laser pulse, the temperature profile decays. Since it is
assumed that a negligible amount of energy is lost via convection or radiation through the tissue surface, the
subsequent behavior of the temperature profile is given by the solution to the one dimensional heat diffusion
equation, shown below in dimensionless form:

20 _ do

d¢z ~ dr’ (6)

where T is a dimensionless time variable, 7 = au2t. The appropriate initial condition is given by eqn. (4) i.e.,

bexp(—() + (1 - ) exp(—Pe(). (7

Since we assume that cooling at the tissue surface is negligible, the following boundary conditions apply:

9((3 T= 0)

d
£(C =0,7)=0 and O(¢ — oo, 7) — 0. (8)
Solving eqns. (6)-(8) using Laplace transform methods yields:

o,y = (t'/); ) exp (Pe2‘r) [exp(—Pe ()erfc (247 -V P62T>

+ exp (Pe() erfc<§—f/—$ + V Pe21'>}

_%exp (r) [exp(—() erfc (% - T)

+ exp (¢) erfc (—2—£\/? + \/7—')}
+exp (7 — () + (1 - v) exp (Pe?r — Pe(), (9)

where erfc(z) represents the complementary error function. Eqn. (9) gives the behavior of the temperature
distribution for all positions and times after the laser irradiation is completed.

The foregoing analysis assumes that the tissue heating occurs isochorically. That is, we assume the tissue
undergoes no volume expansion prior to vaporization. Alternatively, one could assume that the tissue expands
isobarically as it is heated. This would result in the formation of a layer of mixed phase at the tissue surface
as has been postulated by some investigators [26, 27, 29]. Both formulations represent important limiting
cases since some tissue expansion is expected during the ablation process and has been observed prior to the
onset of material removal [6, 13, 23]. However, this expansion is never sufficient to achieve an isobaric process
and the actual ablation process is somewhere in between these two formulations. The analysis of the isobaric
case is complicated by the formation of the vapor-liquid layer and has been considered in detail [22].

3 Determination of the Zone of Thermal Injury

Thermal injury of tissues can occur by several means: damage to the genetic apparatus of cells, enzyme
inactivation or protein denaturation [4]. Studies of thermal injury resulting from laser ablation have focused
on collagen denaturation in tissues such as skin [24, 25, 28], cornea [17] and cartilage [15]. Although collagen
denaturation is a thermally activated rate process, there exists a set of conditions where the process will
proceed when a threshold temperature is reached and where the threshold temperature is nearly independent
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of the duration of the thermal transient. This approach has been taken by several investigators and will also
be adopted in this work [22, 24, 28]. The conditions under which this approximation is valid will now be
investigated.

The process of thermal injury can be thought of as one which transforms a complex A to another complex
B by means of a chemical reaction that passes through an activated state A* which lies at a Gibbs free energy
larger than both states A and B. Since the temperature affects the equilibrium concentrations of A and A*,
the process 4 — B is temperature dependent. In order to determine the zone of thermal injury we wish to
determine the amount of complex A which is converted to B at any point within the tissue when given the
temperature history at that point. Using the theory of absolute reaction rates as proposed by Eyring one can
derive the following expression (known as the Arrhenius damage integral) for the concentration of complex
A, z 4, remaining at any time during the temperature transient [8]:

Q(t) = In [a;,:?:—(::t)(ﬁ] = - /: kT}Et/) exp {R_TA(tG')} dt’, (10)

where k is the Boltzmann constant, = 1.38 x 10723 JK~!, h the Planck constant, = 6.626 x 1073*Js, R the
universal gas constant = 8.31434 Jmol~! K~!, T(#') the temperature transient at the position of interest
and AG the difference in Gibbs free energy between A and A*. Substituting the thermodynamic relation
AG = AH — TAS, AH being the enthalpy or heat of activation, and AS, the entropy of activation, into
eqn. (10) we get:

_ ET(t)  (—[AH - T()AS]\ .,
Q(t) = —/0 Texp{ T } dt'. (11)

Eqn. (11) indicates that both enthalpic and entropic contributions are important when considering the
kinetics of such rate processes. For protein denaturation both the heat and entropy of activation are quite
large [8]. In this limiting case AH — TAS becomes the difference between two large numbers and the
exponential term in eqn. (11) becomes a very strong function of temperature. This permits the definition of a
critical temperature, 7., such that the region of denaturation can be taken as all points where this temperature
is reached [11]. In this limiting case, T, is approximated by the implicit relation [11]:

N AH
~ Rln (kT.t./h) + AS

where ¢, is the time over which the region is exposed to T.. When considering thermal injury in skin, it has
been found that when the Arrhenius damage integral is written in the form Q(t) = A [} exp [-AE/RT(t")]dt',
A =3x10%s"1 and AF = 6.3 x 10°J mol~! [10]. From these values we can extract an activation enthalpy
and entropy of AH = 6.3 x 10°J mol~! and AS = 1.64 x 10% Jmol 'K~!, respectively. From these values we
can calculate the critical temperature T, versus the exposure time, t.. The result of this calculation is shown
in Figure 1. The result of this calculation indicates that the critical temperature is indeed weakly dependent
on the exposure time. Thus, studies which have investigated the thermal injury in skin by subjecting them
to temperatures in a heat bath for relatively long times (~ 10%s) should yield critical temperatures which
are also applicable on the time scales relevant for these ablation processes. Such studies indicate that this
critical temperature lies in the range of 65 and 73°C [24, 28] which corresponds to O, = 0.55-0.64 if an
initial temperature of 22 °C is assumed. Thus, for the temperature profiles that have been calculated, the
depth of thermal injury will be taken as the maximum dimensionless depth (. to which the O, isotherm has
propagated.

T. (12)
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Figure 1: Plot of critical temperature, 7. vs. exposure time t. for thermal injury in skin. See text for details.
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4 Results and Discussion

Figure 2 is a plot of the solution to the steady-state ablation equation i.e., eqn. (4). Note that an increase
in Pécléet number increases the slope of the temperature profile near the surface which is necessary to supply
the flux of energy for vaporization. As the Péclet number decreases the slower movement of the ablation front
allows for significant diffusion of energy beyond the optical penetration depth resulting in deeper penetration
of the temperature profile. In addition, as the Péclet number decreases, the amount of energy stored in the
temperature profile increases. This is seen by integrating eqn. (4) to produce a dimensionless measure of the
energy contained in the temperature profile. Doing this we get:

Figure 2: Temperature distribution given by the solution to the steady-state ablation equation eqn. (4).
Dimensionless temperature, O, is plotted versus dimensionless position, (.
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Figure 3: Model prediction for the zone of thermal injury as a function of Péclet number. The depth of
thermal injury is given by the maximum depth, (. to which the the 65°C and 73°C (0. = 0.55 and 0.64)
isotherms propagate. Experimental results taken from the literature are also shown. Further information
about the laser parameters used in the experiments are provided in Table 1 according to the number assigned
to each data point.
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This result shows that as Pe — oc the energy containetl in the temperature profile approaches a minimum,
normalized value of 1. As the Péclét number is reduced, the amount of energy in the tissue bulk increases
due to diffusion. Pe = 1 represents the point where half of the energy in the tissue bulk arrived via direct
energy deposition and the other half via diffusional transport. Therefore, under steady-state conditions, both
spatial confinement of the temperature profile and minimization of the energy remaining in the tissue bulk is
achieved at high Péclet numbers. Thus, one would expect the zone of thermal injury would be minimized at
high Péclet numbers.

Figure 3 plots the model prediction for the dimensionless zone of thermal injury as a function of Péclét
number. The figure also plots data from the literature [7, 9, 15, 17, 19, 21, 24] for zones of thermal injury
produced by several pulsed and continuous wave laser sources in various tissues whose primary constituent
is collagen. The laser parameters used in the studies from which the data were taken are listed in Table 1.
Several important observations can be made when comparing the model predictions with the data. First, for
Pe > 1 the model overestimates the damage produced by both CO, lasers and erbium lasers. Secondly, in this
same range of Péclet number the model considerably overpredicts the damage zones created by Ho3+:YAG
and Tm3*:YAG lasers. Lastly, for Pe < 1 the model underestimates the zone of thermal injury.

In general, the lack of agreement between the experimental data and the model predictions are probably
due to effects not considered by the model. These effects can be classified into four categories: (a) assumptions
within the model relating to the geometry and boundary conditions of the process, (b) scattering of the incident
laser radiation which may significantly alter the distribution of laser energy deposition, (c) pyrolysis which
would violate the premise of the vaporization analysis and (d) laser pulse shapes whose irradiance varies
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Table 1: Laser parameters used in the data points plotted in Figure 3. The values of the optical absorption
coefficient are those for water at the laser wavelength. Key to comments: (a) Observation of char indicating
pyrolysis, (b) Irregular temporal pulse shape, (c) Possible effect of scattering and finite laser spot size, (d)
Experimental uncertainty not specified.

Data Point | Laser Source | Wavelength Pulse Absorption Comments
(pm) Duration | Coefficient (m™!)

1 CO; 10.6 50 ms 7.7 x 10* (a) (d)
2 CO, 10.6 2 ms 7.7 x 10* (a) (d)
3 COq 10.6 600 s 7.7 x 10* (d)
4 TEA CO. 10.6 2 us 7.7 x 104 (d)
5 Er3*t:YSGG 2.79 200 ps 7.5 x 10° (b)
6 Er3t:YAG 2.94 200 ps 1.3 x 10° (b)
7 Er3t:YAG 2.94 100 ns 1.3 x 10°

8 Er3+:YSGG 2.79 100 ns 7.5 x 10°

9 CO, 10.6 100 ms 7.7 x 104

10 CO, 10.6 50 ms 7.7 x 104

11 CO, 10.6 160 us 7.7 x 104

12 TEA CO. 10.6 2 ps 7.7 x 104

13 Tm3t:YAG 2.01 250 us 6.2 x 103 (b) (c)
14 Ho3*:YAG 2.12 250 us 2.4 x 103 (b) (c)
15 CO, 10.6 400 ps 7.7 x 104

significantly with time. Each of these effects are discussed in the following sections.

4.1 Effect of Model Geometry and Boundary Conditions

For Pe > 1 the model overpredicts the zone of thermal injury in almost all cases. In the model, we consider
the ablation process and the transport of energy in the tissue bulk in one dimension rather than considering
the effects of a finite laser beam. These effects include thermal diffusion in two dimensions (if cylindrical
symmetry is assumed) and the geometric changes associated with crater formation. The simplification to one
dimension has the effect of reducing the temperature gradients thereby increasing the distance over which
the energy is dissipated and increasing the predicted zone of thermal injury. Further, when considering the
evolution of the temperature profile following ablation we enforce an adiabatic boundary condition at the
tissue surface. That is, we do not consider the possibility of energy transfer by convection (e.g., by air, saline
or blood) or by mass transfer (i.e., post-pulse material removal). This ensures that all the energy contained
within the temperature distribution is dissipated via conduction into the tissue bulk. This maximizes the
extent to which this energy can affect thermal injury. Thus, both the geometry and the boundary conditions
employed in the model tend to overestimate the zone of thermal injury for Pe > 1.

4.2 Effect of Optical Scattering

For Ho®*:YAG and Tm®+:YAG lasers it may be inappropriate to consider p;! as the characteristic optical
penetration depth. At these wavelengths scattering of incident laser radiation within tissue may be significant.
Further, the effect of scattering may be enhanced because the spot sizes used in the experiments are comparable
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to u7!. It is known that for a given value of y,, an increase in the scattering coefficient reduces the average
depth to which laser radiation is deposited [20]. If sufficient scattering is present, a coefficient representing
the inverse of the optical penetration depth, say p.ss, should be used in place of u, as the length against
which the variables should be normalized against. If scattering is significant at the Ho3*:YAG and Tm3+:YAG
wavelengths, the value of the y.ss would be larger than p,. This would increase the values of the dimensionless
zone of thermal injury found through experiment and reduce the error between the experimental observations
and the model predictions. Quantification of this effect on the model predictions would require a measurement
of the optical properties of tissue at the appropriate wavelengths, (2.01 and 2.12 pm) followed by a reworking
of all the model calculations using a modified mathematical expression for the distribution of the volumetric
heat generation.

4.3 Effect of Pyrolysis

The observed zone of thermal injury is greater than the model prediction for ablation events in which char
was formed. The presence of char indicates that pyrolysis occurred during the ablation process. Pyrolysis
should result in damage zones that are larger than the model predictions for two reasons. First, with pyrolysis
the tissue is subjected to significantly higher temperatures (up to ~1000°C) than those during vaporization
[23] which greatly increases the magnitude of the temperature profile computed earlier. Secondly, pyrolysis
is a less efficient mechanism for material removal than vaporization and reduces the ablation velocity, which
increases the amount of energy which remains in the tissue bulk and fails to achieve the confinement of the
temperature profile which occurs at large Péclet numbers (shown in Figure 2). These effects are not considered
in the model and may result in underestimates of the zone of thermal injury relative to these experimental
observations.

4.4 Effect of Temporal Pulse Shape

The zones of thermal injury reported by Ren et al. [17] for the free running Er3*:YAG and Er**:YSGG
laser sources at Pe < 1 are also higher than predicted by the model. In these experiments the temporal pulse
shape (200 us, full width at half maximum [FWHM]) is not constant. Because the irradiance varies during
the laser pulse, the ablation velocity and the Péclet number are not constant during the ablation event. The
calculated Péclet number is obtained using an “average irradiance” where the pulse energy is divided by the
FWHM pulse duration and the spot area. In general, the difference between the true, time varying Péclet
number and the average Péclet number must be considered only when the following criteria are satisfied:

e The pulse duration, t,, is of the same order or larger than the characteristic thermal diffusion time i.e.,
apgt, > O(1).

¢ The average Péclet number is small enough that changes in Péclet number during the pulse would lead
to substantial changes in the predicted zone of thermal injury as shown by Figure 3. That is, the
computed Péclet number should be < O(1).

In the case of Ren’s experiments both criteria are satisfied and the temperature distribution given by
eqn. (4) is inaccurate because no steady state temperature distribution is established during the pulse. This is
significant because the characteristic decay length of the temperature distribution at the end of the laser pulse
is not known. If the tail of the laser pulse is on the same order of the characteristic thermal diffusion time
and the Péclet number during the tail of the laser pulse is lower than the average Péclet number during the
pulse, the actual penetration of the temperature profile (and resulting zone of thermal injury) would exceed
the prediction made by the model. This results in a predicted zone of thermal injury which underestimates
that which is seen experimentally [17].
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4.5 Effect of Pulse Repetition Rate

The introduction of “superpulsed” CO, lasers having the ability to deliver a succession of short high
intensity pulses at varying repetition rates, has stimulated interest into understanding how pulse repetition
rate may affect the zone of thermal injury. The repetition rate at which cumulative thermal effects can be
expected should correspond roughly with the reciprocal of the time at which the ® = 0.55 isotherm propagates
to the damage depth, 7;. For Péclet numbers much larger than 1, 74 = 32. For a CO,, laser, this corresponds
to a time of 40 ms assuming g, = 77000m~! and a = 1.3 x 10""m?s~!. This in turn predicts a pulse
repetition rate of 25 Hz at which cumulative thermal effects should be seen. Experimental work [21] confirms
that increases in thermal damage are first seen at repetition rates near 20 Hz and continues to increase until
a repetition rate of roughly 200 Hz is reached.

5 Conclusions

A thermal model has been presented to predict the effect of various laser parameters on the zone of thermal
injury produced during the laser ablation of tissue. The model predicts that for Péclét numbers larger than
one, the temperature distribution is confined to a thin layer in the tissue and minimizes the zone of thermal
injury. The model is in qualitative agreement with experimental data.

There is much room for improvement with respect to both the determination of the thermal transients
which accompany the ablation process and modeling of the processes thought to produce the thermal injury.
Concerning the issue of thermal transients, future models should consider ablation geometry and boundary
conditions and also account for the effects of pyrolysis, optical scattering of the incident laser radiation, and
complex temporal pulse shapes which no doubt play a significant role in affecting the temperature profile
in the tissue bulk. This can only be done once the physical mechanisms controlling the ablation process are
determined and understood. With respect to modeling the damage process efforts should be made to determine
the enthalpy and entropy of activation for thermal damage in tissues such as cornea and cartilage and existing
numerical codes should be employed to determine the zones of thermal injury once the temperature profiles
generated from these ablation processes are determined.

Acknowledgments: The authors thank Dr. Scott Prahl for his suggestions during the course of this study.
This work was sponsored by the Medical Free Electron Laser program of the Strategic Defense Initiative
Organization under contract N00014-91-C-0017.
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