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Semianalytical thermal model for subablative laser
heating of homogeneous nonperfused biological tissue:
application to laser thermokeratoplasty

Fabrice Manns
David Borja
Jean-Marie Parel
University of Miami
Biomedical Optics and Laser Laboratory
Department of Biomedical Engineering
Coral Gables, Florida 33124
and
University of Miami School of Medicine
Ophthalmic Biophysics Center
Bascom Palmer Eye Institute
Miami, Florida 33136
E-mail: fmanns@miami.edu

William Smiddy

William Culbertson

University of Miami School of Medicine
Bascom Palmer Eye Institute

Miami, Florida 33136

Abstract. We present a semianalytical technique to calculate the tem-
perature in homogeneous nonperfused tissue during subablative laser
heating. Analytical expressions of the temperature distribution in time
and space are provided for collimated beams with Gaussian and top-
hat intensity distributions perpendicularly incident on a finite tissue
slab. The temperature distribution produced with a collimated Gauss-
ian beam is the triple sum of the product of four functions of separate
variables. The semianalytical technique can be used to rapidly calcu-
late the temperature in laser-irradiated tissue at any point in time and
space. The model was used to estimate the corneal temperature dur-
ing pulsed holmium:YAG laser thermokeratoplasty with various
boundary conditions at the anterior and posterior corneal surface. The
model demonstrates that the corneal temperature during laser
thermokeratoplasty (LTK) with a pulsed Ho:YAG laser may be suffi-
cient to induce superficial vaporization of epithelial cells and local
thermal damage to the endothelium. The calculations show that con-

vection at the anterior corneal surface does not have a significant
effect on the corneal temperature distribution, but that a better know!-
edge of the cooling effect of the aqueous is required to better estimate

the corneal temperature distribution during LTK. © 2003 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1560644]
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1 Introduction wavelength range. However, there is evidence that scattering

The cornea and sclera of the human eye moderately absord"y significantly increase during ir.radiation at wayelengths
infrared radiation at wavelengths between 1500 to 2200 nm. &round 29001nm, due to dynamic tissue changes induced by
Continuous-wave and pulsed infrared lasers emitting in this denatu_rat|or3r. Together, moderate absorption and negligible
wavelength range, such as pulsed holmium:YAG and thuli- Scattering allow controlled and localized tissue heating, lead-
um:YAG lasers, and continuous-wave diode lasers, can being to efficient tissue shrinkage without vaporization.
used to increase the corneal or scleral temperature above the The surgical outcome of LTK suffers from a lack of pre-
threshold temperature for thermal shrinkage of colla@énto dictability and uncertain long-term stability, mainly because
65 °C). Laser thermal Shrinkage of the cornea is used in laser of a limited Understanding of the fundamental thermodynamic
thermokeratoplastyL TK).1~% In LTK, the cornea is heated by and biomechanical processes of laser-induced corneal thermal
applymg 8 to 16 laser Spots in an annular pattern to induce Shrinkage. The amount and kinetics of laser-induced thermal
local shrinkage. Shrinkage induces a change in corneal shapeshrinkage or denaturation depend on the biochemical and
that is used to correct hyperopia. Thermal shrinkage of the physical properties of the irradiated tissue and on the irradia-
sclera has been used experimentally in laser scleral bucklingtion parametersspot size, laser wavelength, irradiation time,
(LSB).”® In LSB, infrared laser radiation delivered through a irradiance. In theory, the volume of shrinkage or denaturation
fiber optic contact probe induces a local invagination of the can be estimated if the temperature distribution in the tissue
sclera due to thermal shrinkage. This procedure is currently and the time-temperature dependence of the denaturation pro-
being investigated as an alternative to conventional buckle cess are knowf? To provide a reasonable estimate of tissue
implantation for retinal detachment surgery. denaturation, the temperature distribution in the irradiated tis-
The cornea and sclera consist mainly of water and col- sue must be calculated over time with small time increments.
lagen. Due to their high water content, the absorption curve of  The temperature distribution in tissue is generally calcu-
both tissues between 1500 and 2200 nm is expected to essenlated by solving the bioheat equation using numerical algo-
tially overlap the absorption curve of wafetAn extrapola-  rithms (finite-difference or finite-element algorithp$—*6
tion of the wavelength dependence of the scleral scattering Numerical methods are especially advantageous in cases in-
coefficient® indicates that the effect of scattering on the light
propagation in the cornea and sclera is negligible in this 1083-3668/2003/$15.00 © 2003 SPIE
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volving complex geometries, inhomogeneities, nonlinearities, Table 1 Notation and parameters. The numerical values of the
complex boundary conditions, evaporation, and dynamic thermo-optical properties of the cornea were taken from the literature

changes in optical or thermal properties. However, when the {
temperature distribution needs to be calculated over a large

see, for example, Refs. 9, 16, and 22).

volume as a function of time, with small time and space in-

crements, numerical solutions require prohibitive computation "arameter

Description

Numerical value

times, even with modern computers. Analytical expressions of
the temperature distributions in laser-irradiated tissue and @
other materials were derived using the method of Green's
function}*1"~1°The expression produced with this method is
an integral over time and space that can be solved analyticallyc
only for a few simple cases. L
We present a semianalytical solution of the heat equation
for infrared laser irradiation of the cornea and sclera. The ,
semianalytical solution relies on several assumptions that may
limit its accuracy and applicabilitysee discussion but it p
provides a rapid solution of the temperature distribution in
laser-irradiated tissue at any point in time during and after
irradiation. The solution is applicable to nonperfused homo- T,
geneous tissue in general, including scattering media, if the
fluence rate is known. In Sec. 2, the general solution of the Ta
heat equation is presented assuming laser pulses with constang,
irradiance. In the most general case, the solution is an analyti-
cal expression that can be calculated numericalg;, semi- hy
analytical solution The solution of the heat equation is also
provided for a collimated beam with Gaussian or flat-top in-
tensity distribution perpendicularly incident on a slab of non- ty
scattering tissue. Numerical calculations for a Gaussian beam
incident on the cornea are presented in Sec. 4. Implications%
for LTK and limitations of the model are discussed in Sec. 5.

0

2 Semianalytical Thermal Model
2.1 Heat Equation and Geometry Ha
The thermal model solves the linear bioheat equation in Car- g

Tissue x dimension

Tissue y dimension

Tissue thickness (z dimensions)
Thermal conduction constant
Density

Heat capacity

Thermal diffusivity

Initial temperature

Ambient temperature
Anterior convection constant
Posterior convection constant
Irradiance

Pulse duration

Beam radius

Energy per pulse per spot
Repetition rate

Absorption coefficient

Fresnel surface reflectance

10 mm

10 mm

0.55 mm

0.556 Wm™'°C™!
1gem™®
3.83Jg7'°C!
0.001452 cm? 57!
35°C

20°C

20 to 500 W m=2°C™"
20 to 2000 W m=2°C"!
50031 W cm™2

200 us

0.3 mm

30 m)J

5 Hz

20 cm™!

2.4%

tesian coordinates under laser irradiation, in a homogeneous
isotropic finite tissue slab of dimensiofa,b,0 in the (x,y,2
directions:

center of the beam is locatedxat a/2, y=b/2. In most prac-

Q(Xayyzlt)

14T [T 6T &°T
k b (1)

—_——= _+_ JE—
a ot \ox? gy’ 9z°

tical cases, such as local irradiation of the cornea or sclera, the
spot radiugw) is much smaller than the lateral dimensions of
the tissug(w<a,b). Under these conditions, and as long as

whereT(x,y,z,t) is the temperature distribution in space and NO external thermal source or forced convection is applied at
time, g(x,y,z,t) is the heat source term corresponding to ab- the boundaries ax=0, x=a, y=0, andy=b, the corre-
sorption of laser radiation, and the other parameters are de-sponding boundary conditions will have no significant impact
fined in Table 1. The bioheat equation was solved in a Carte- ON the temperature distribution in the tissue. We solved the
sian coordinate system to provide added flexibility in the heat equation assuming that these four boundaries were insu-
choice of irradiation and tissue geometries. For instance, thelated, and that the boundaries 20 and z=c are either

solution can be directly applied to calculate the temperature
during laser heating experiments in rectangular tissue strips,
or in tissue irradiated with a rectangular beam. In addition, the
final analytical expression is simpler when a Cartegrather
than cylindrical coordinate system is used.

We assume that the beam is incident at normal incidence
and that thez direction (depth is parallel to the axis of the
beam(Fig. 1). The initial temperature distribution is assumed
to be homogeneoudi(x,y,z) =T, att=0 for all x,y,z

2.2 Boundary Conditions

Laser beam

In the Cartesian coordinate system of Fig. 1, there are four Fig. 1 Irradiation and tissue geometry. The model assumes an isotro-

tissue boundaries at=0, x=a, y=0, andy=b, and the

pic, homogeneous finite tissue slab.
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insulated, at constant temperature, or subject to convectioncoefficient. Under these conditions, the function
into ambient air for the boundary at=0 (air-cornea bound- HyxyAX.Y,Z,Bm:¥n,mp) Can be separated into a product of
ary) and into aqueous for the boundary ztc (cornea- two functions of separate variables:

aqueous boundaryWe assume that air is at ambient tempera-

ture (T,) and that the temperature of the aqueous is equal to HyyAX,Y,Z, Bm, ¥n s 7p)

the initial corneal temperaturely) (see Table 1L

:(l_R)'Ma'HZ(Zinp)'ny(XiyvﬁmIYn)7 (5)
2.3 General Solution where
A general analytical expression of the heat conduction prob- Z(n0,2) (©
lem of Eq.(1) can be found using the integral-transform tech-  H,(z,7,)= N F”) | Z(7p,2)-exp— uaz')dz',
nique or the Green’s function approaChf we assume that Tp =0 6
the heat source termg(X,y,z,t) is constant during laser irra- ©

diation (cw irradiation or rectangular laser pulsand that the and
irradiation time ist,, integration over time of the general

analytical solution of Eq(1) yields: Hyxy(X,Y: Bms ¥n)
* X(ﬁm!x)'Y(‘}/n!y) fa fb
1 = . X ,X,
T(XaY:th):TO+ Epgl {Ha(zvﬂp) N(:Bm)N(')’n) '=0Jy’'=0 (Bm )
v w Y(yny')-Ei(X Ly )dxdy’. )
> > He(t, Bm: ¥ 7p) The functionH,(z,7,) is independent on the beam param-
n=0 m=0

eters and depends only on the absorption coefficient and on
the boundary conditions at=0 andz=c. The expressions of
. this function for selected boundary conditions are listed in
Hoyd.¥:2. B o, ﬂp)] ' @ Table 2. On the other hand, since we fixed the boundary con-
ditons in the x and y directions, the function
Hyy(X,Y,Bm,¥n) depends only on the incident intensity dis-
tribution.

where the parameter8,,, v,, 7, are eigenvalues that are
dependent on the boundary conditioh(t, B, ¥n,7,) and
Ha(z,7,) are given in Table 2, antil,,AX,Y,Z,Bm,¥n 7p)

's given by: 2.5 Expression of H,,, for a Beam with Symmetric

Gaussian Intensity Distribution

H Z(leazaﬂ 1’)’ 17] )
~ me e The incident irradiance of a symmetric Gaussian beam cen-

_ X(Bm X)Y(yn,¥)Z(12p,2) fa fb fc tered on the tissue slab is given by:
N('Bm)N(Yn)N(%) = = =0 2(x—al2)2/w? 2(y—b/2)%/w?
’ ’ ’ - E'(X’ ):E e B e B ’ (8)
X(Bm X )Y (YY) Z(0p.2')-9(X'y',2') V)T - |
R whereE, is the peak irradiance andis the1/e“ spot radius.
xdx'dy’'dz". 3 The peak irradiance, instantaneous poReand beam radius

The functionsX,Y,Zare eigenfunctions and the functions W, are related byEq=2-P/-w?. Combining Eqs(8) and
are norms of the three differential equations obtained when (7), we find that the functiorH,, can be separated into a
solving Eq.(1) by separation of variablé8.These functions ~ Product of two functions with separate variables:

depend on the boundary conditions. The expressions of the

eigenfunctions, norms, and eigenvalues corresponding to the Hxy(X,Y: Bm, ¥n) = Eo- Hy(X, Bm) - Hy (Y, vn).  (9)
boundary conditions of our problem are listed in Table 3. Note The expressions of the functiok, andH, calculated for the

in the corresponding direction are insulated. In all other cases, Tap|e 2.

the sums start at 1. Equatioi@) and (3) are an analytical
expression of the temperature distribution, but it can only be 2.6 Expression of Hy, for a Circular Beam with

calculated numerically, save for a few simple cases. Uniform Intensity Distribution
The incident irradiance of a circular beam with uniform inten-
2.4 Expression of H,,, for Collimated Irradiation sity centered on the tissue slab can be written:
and No Scattering
For irradiation with a collimated beam at normal incidence 2_ 212 & b
. . . s E;(x,y)=Eq-u| (w— L, 5. X[-ulw, =,y |, (10
and with constant irradiance, when the effect of scattering is i(xy)=Bo-u ( y°) 2 2 y|, 19

negligible, the heat source term is given by: where the irradianc€E,), laser power(P) and beam radius

A . (w) are related byEy,=P/7-w? and u(e,d,s) is a one-
9(x.y.2)=(1=R)- pa Ei(xy) - exH(—paz),  (4) dimensional rectangular function of half widthcentered at

whereE;(x,y) is the incident irradiance distributioR is the s=d. The resulting expression of the functidt,,, calcu-

Fresnel tissue surface reflectance, andis the absorption lated for the selected boundary conditiofsee Table B is
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Table 2 Expression of the H functions for collimated beams with Gaussian and flat-top intensity distributions.

Gaussian beam

= .
Ty, zh=Tot £ :Ha<z, )+ Eor(1 =Rt Hiz, 1) D0 0 HitBon ¥ 1)+ Fh(, B
p=1 =0 m=0

H}Xyr ’Yn)}

Flattop beam

L -
Tooy,z,h=Tot 2 Hylz, 1)+ Eo-(1 7R>-Ma~Hz<z,np>Eo Eo B Yo 1 1p)- Hh %0y, B 70)
p= n=0 m=

2,2, 2
1 —e aByty, Tt

Time dependence t=ty s Ht<ty B Y )= ——3——2———, and H(t<t,,Bo, Yo, mo)=a-t

>ty Hit>ty, B, Va

2,2, 2 e“wi”f*”ﬁ”pﬂ
lylp):e*a(ﬂm‘rvﬁnp)f.

— T 7
Hit, B s ¥ 0 1p) (m,n,p)#(0,0,0) Bnt vatm, (m,n,p)#(0,0,0) Bnt ¥atnp
and H(t>t,,B0.v0.,m0)=a-t,
hy
Ambient 2\ mpcos Mzt psingpz| | e
temperature Ha(z, mp)=hy-(Te—To)-
Hole, ) e R ek | R
Ko nfjkz-kh% k
x—y dependence* R a 8w
Hyy(X, Y, Bm + Vn) Hy(x, Bom)= — -V2-w-C0s B X-(—1)’"-I(2m —) HoX,¥.Bam 1 ¥2r)= —5—7——5—773 - (= 1)™"" COS BapX-COS Y2y
y XX Bom 2m i . T
Hulx, Bm), Hyly, va) u a o V2w 7o " (Bow* 720
X(X'BZWL);] ifm=0, e=2 if m#0 DL(Bim+ 73 - W]
’ Ha(x,y,Bam+1.0)=0,  Hy(x,y.0,72,:1)=0,  Hylx,y,Bom+1,v2011)=0
P b
H 2w (=11l 2n, —
Hy(Y:72n+1):o
e=1ifn=0,e=2ifn#0
z dependence’ z=0: kaT/az=hT
z=c: kaT/dz=—h,T
hy hy e e hy
2:| g, cos npz+Tsm mzl M /,L3+T -(1—e#a cos m,c)+e #sin g, 77,2,*,%7
HAz,mp)= :
’ 2+h—$ c+—h2‘k +ﬁ Hat
K n,z)kz-‘rh% k

z=0: 9T/9z=0
z=c: dT/9z=0

if p#0: H,(z )=z-cos Z-Lﬂ—e’“ac-cos c]
P ‘ z /77p c 77p /~L2+77;2; 7]p

a

if p=0: HZ(Z/ 770):

1—e Ha©
C'Ma[ ]

* J1(x) is the Bessel function of the first kind of order 1 and the function I(g,L), where q is a positive infeger and L is a real number, is defined as:

1
u 2
I(q,L):f cos(qv-r—)e’” -du.
0 2L

T The eigenfunctions, norms, and eigenvalues for all other boundary conditions at z=0 and z=c can be found by setting h;=0 for an insulated boundary and h;= for a boundary at fixed temperature (where h;=h; or h,).
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Table 3 Boundary conditions, eigenvalues, norms and eigenfunctions. For z, the eigenfunctions, norms,
and eigenvalues for all other boundary conditions at z=0 and z= c can be found by setting h;=0 for an
insulated boundary and h;=% for a boundary at a fixed temperature (where h;=h; or h,).

Coordinate Boundary condition Eigenfunction, norm, eigenvalue
X x=0: 9T/dx=0 X(Bm ,x) = cos(BnX)
x=a: dT/dx=0 N(Bn)=a/2 if m#0, N(B,)=a if m=0

Bm=mm/a(m=0)
y y=0: aT/dy=0 Y(¥a,y)=cos(y,y)
y=b: aT/dy=0 N(y,)=b/2 it n#0, N(y,)=b if n=0
yo=nm/b(n=0)

2 z=0: kaT/az=hy(T-T,) hy
Z(1,2)= 1+ cos(m,2) + - -sin(77,2)

z=c: kaT/dz=—h,T 1

k-hy
N(”p): 7 )

hy 2 h%)
T+ p+P-C+7}gIQ+—hg

The eigenvalues are all positive roots of the equation:

tan(n,0)= 7y k-(hy+hy)
T =y,

given in Table 2. For a circular flat-top beam, the functity, 3 Numerical Implementation

cannot be separated into functions of separate variables. g temperature during irradiation with a Gaussian beam was
calculated with a computer program written in Turbo &/€.

o The program calculates the triple sum of the product of the
2.7 Pulsed Irradiation four functionsHy, Hy, H,, andH, in three successive steps,
According to the principle of superposition, the temperature starting by the sum oven, and finishing with the sum ovex.
during repetitively pulsed irradiation is the convolution of the Each of the sums is stopped when the value of an asymptote
temperature distribution produced by one pulse with the Dirac of the summated function falls below a preset convergence
comb function corresponding to the laser repetition rate. For limit (the summated functions all converge to zero for large
instance, if pulses are applied every second, the temperaturevalues ofm, n, or p). A convergence limit of 0.001 was found
at a given point after 2.7 s is the sum of the temperatures to provide sufficient accuracierror less than 0.1 °C

produced by a single pulse at times of 2.7centribution of When the boundaries at=0 and/orz=c are subject to
the first pulsg¢ 1.7 s(contribution of the second pulseand convection, the eigenvalues, are calculated using a modi-
0.7 s (contribution of the third pulseafter the start of the  fied Newton-Raphson algorithm. For repetitive calculations
single pulse. with the same values of the absorption coefficient and con-

vection constant, the eigenvalues were first calculated with a
separate program and fit with a nonlinear function. This non-
2.8 Summary linear function was then used in the program calculating the

The calculations show that the temperature distribution pro- temperature to calculate the eigenvalues. Curve fitting the ei-
duced in a homogeneous, isotropic, purely absorbing tissuegenvalues significantly reduces the computation time.

slab by a Gaussian collimated beam is the triple sum of the ~ The integral functionl(q,L) in Table 2 was calculated
product of four functions of separate variables numerically using the method of trapezoids. An integration
(Hy,Hy,H,,H), plus a simple sum of an analytical function ~increment equal td.001/q (10 ° periods of the cosine
(H,) that is present because the boundary conditiara is f!mc'glon in f[he integralwas uged. Since the exponential func-
inhomogeneoug$T,# To). Two of the four functions in the  tion in the integrall (q,L) rapidly converges to zero when
triple sum have analytical expressions. The other two func- increasesi(q,L) was approximated by the integral from O to
tions are simple integrals with finite boundaries that must be infinity for values ofL larger than 5

calculated numerically. A similar expression is found when . \/—
the intensity distribution is uniform, except that the variables J cos(qﬂ-i) 'efxzdx= _We*(CI'n'ML)Z. (11)
x andy can no longer be separated. x=0 2L 2
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With these parameters, the relative error in the function —h=0
I(q,L) was estimated to be less than 0.0%&bsolute error 120 Anterior surface:z=0 =
less thanl0 ®). 1104 h;=1000 Wm?®.C" --h=100
The values of the dimensiomsandb must be large enough 100 h,=500
to avoid that the boundary conditions a0, x=a, y=0, 90 (inW.m®°C’)

andy=Db have an influence on the temperature in the volume
heated by laser irradiation. Preliminary calculations showed

Corneal temperature (°C)
8

704
that the temperature increase produced by absorption of laser 60|
radiation and lateral diffusion of heat is insignificant at posi- 50
tions that are away from the center by more than three to four 0
times the beam radius. We always used a valua afdb at 1
least five times larger than the beam radius. 30 00 02 04 06 08 10 12 14 16
. . Time (s)
4 Application to Pulsed Ho:YAG Laser
ThermoKeratoplasty 120- —h,=0
oo h=1000Wm%°c' . h, =20
4.1 Irradiation Parameters and Effects of the h=so
. 1104 ™ h =
Convection Constants . - h, =100
h, =500

We used the model to estimate the corneal temperature during

Ho:YAG laser thermokeratoplasty with irradiation parameters (in Wi C")

Corneal temperature (°C)

that are typical of a clinical treatmefilyperion LTK system, 901

Sunrise Technologies, Fremont, Califormi@he values of all 80

laser and tissue parameters, except the convection constants,

are listed in Table 1. The convection constant at the anterior 704

corneal surface is generally accepted to be on the order of 20 60 £51.2002s (End of pulse #7)
Wm 2K 122 To the best of our knowledge, there is no ex- 00 01 02 03 04 05
perimental data available on the effect of aqueous flow on the Depth (mm)

corneal temperature. In their calculations of corneal tempera-

ture during radiofrequency heating, Berjano, Saiz, and Fig. 2 Effect of the convection constant at the anterior corneal surface
Ferrerd? modeled the effect of aqueous flow by assuming that (h;) on the anterior comeal surface temperature during pulsed
the posterior corneal surface is subject to free convection with Ho:YAG laser LTK (top) and on the depth profile at the end of the last
constants ranging fronh,=20 to 1000 Wni2°C~. They laser pulse (t=1.2002 s, bottom).

found that variations of the convection constant in this range
did not have a significant effect on the temperature distribu-
tion (less than 4 °C On the other hand, because the aqueous
flow rate is slow(on the order oful/min 2% earlier thermal
models asz4sumed that the convective effect of aqueous flow is
negligible? Since the thermal and optical properties of the - .
aqge%us are essentially equal to thc?se ofpthg cornea, theséﬂve a significant effect on the depth and time dependence of
models assumed that there is no discontinuity at the cornea-"e cornealztergﬁ)eratgre during the treatment, excephfor
aqueous boundary, and that the corea and aqueous can bg 200 Wm “K™7, which is an extreme valuérig. 2). On

treated as a homogeneous continuous structure for the purposgle other hand, variations &, produced significant changes
of thermal modeling* in both the depth and time dependence of the corneal tempera-

To determine the effect of the value of the convection con- {Ure (Fig. 3, especially at the cornea-aqueous boundary. The
stants on the temperature distribution during laser heating, we&SSUmption that the cornea and aqueous form a homogeneous
calculated the corneal temperature at the anterior or posteriorStructure produced a temperature distribution that is very
corneal surface at the center of the 0.6-mm-diam bégzeak close to thf"z teﬁn;perature distribution produced when
temperaturg as a function of time during the treatment, as — 000 Wm K™= These results are further discussed in
well as the depth profile of the corneal temperature at the Sec. 5.
center of the beam at the end of the last pyise1.2002 3

to be essentially equal to zero. We therefore assumed that the
boundary az=c was insulateddT/dz=0) when the discon-
tinuity at the cornea-aqueous boundary was ignored.

These calculations showed that variationshgf do not

with different values of the convection constants. Fitst, 4.2 Effect of Ambient Temperature

was fixed(h;=20 Wm 2K~1) andh, was varied from 20 According to the expression &f, in Table 2, the effect on the

to 2000 Wm?2K™! Second, h, was fixed (h, temperature distribution of the value of the ambient tempera-
=1000 Wn ?2K™1) and h,; was varied from 20 to 500 ture is directly proportional td; and (T,—T,). The effect
Wm 2K L We also calculated the temperature with increases with time, and is maximal at the anterior corneal

=20Wm 2K~! and the assumption that the cornea and surface(z=0). To determine the effect of ambient tempera-
aqueous form a homogeneous and continuous structure, withture on the temperature distribution inside the cornea, the an-
a thicknes=3 mm (approximately equal to the human an- terior corneal surface temperatu(@=0) during Ho:YAG
terior chamber depihSince the penetration depth in the cor- LTK was calculated after 1.4 s fon,=1000 Wm 2K ™!

nea of radiation at 2.Jum is on the order of 50Qum (u, with values ofh, ranging from 20 to 500 WK ™* and
=20 cm 1), the temperature increasezt 3 mmis expected values ofT, ranging from 15 to 35°C. Fofl ,=15°C, the
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—:zj :go to calculate the temperature in both scattering and nonscatter-
801 posterior surface: z=0.55 mm - h= 500 ing media, as long as the fluence rate in the tissue is known.
- -2 01 . . . . .
g0 MEOWmE “oohe too0 An analytical expression of the temperature distribution can
(in W.m°C) be found for purely absorbing tissue irradiated with a colli-

mated beam. In its present form, the model is valid as long as
the tissue dimensions are much larger than the spot diameter.
Otherwise, the assumption that the lateral boundaries are in-
sulated may limit the accuracy of the calculated temperature.
However, the solution can be modified to provide the tem-
perature in a finite rectangular tissue strip with all boundaries

60

50

40+

Corneal temperature (°C)

30

0.0 0:2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 subject to convections by using the corresponding eigenfunc-
Time(s) tions, eigenvalues, and norrffs.
The main advantage of the analytical technique compared
—h2=20 . . . . . . _
~ 100 howmte' 200 to a numerical _technlqug is that it p_rowdes a rapid and accu
o h, = 500 rate mathematical solution of the bioheat equafigg. (1)],
o M0 7% -~ h,=1000 even during the laser pulse, and even for strong temperature
2 100 e e gradients. In the end, however, the accuracy of the calculated
'g_ (in\;Im';"C') temperature will depend mainly on how accurately the tissue
£ 90 o temperature can be modeled with the linear bioheat equation
% 80 using simple convective boundary conditions. The analytical
g solution cannot easily be adapted to take into account com-
8 701 £1.20025 (End of puise #7) plex geometries, inhomogeneities, dynamic variations of the
— i P ; , , thermal and optical properties, and phase changes. Some of
60 o1 02 03 04 05 these factors may affect the accuracy of the calculated corneal
Depth (mm) temperature during Ho:YAG LTK, especially when the tem-

perature exceeds 60 to 70 °C. During LTK, the cornea shrinks
and probably dehydrates. Shrinking and dehydration may in-

Fig. 3 Effect of the convection constant at the posterior corneal sur-
face (h,) on the posterior corneal surface temperature during pulsed

Ho:YAG laser LTK (top) and on the depth profile at the end of the last duce a significant variation of the optic@bsorption, scatter-
laser puIseA(t:_1.200A2 s, bot_tom). The bold_continuous curve in the ing, and refractive indexand thermal properties of the cornea
depth profile is obtained with the assumption that the cornea and during irradiation. Variations of the absorption coefficient dur-

aqueous form a continuous homogeneous structure. . . . . oge .
9 & ing heating may induce significant errors in the calculated

corneal temperatur&:?Ith, Frenz, and Webétalso recently

anterior corneal surface temperature after 1.4 s was 61.3, 59.2demonstrated that tissue changes during irradiation can induce
and 51.2°C forh;=20, 100, and 500 W m?K 2, respec- variations of the tissue scattering properties that can signifi-
tively. For T,=35°C, the anterior corneal surface tempera- cantly affect the light distribution, even during irradiation
ture after 1.4 s for the same valueshyfwas 61.6, 60.4 and  with midinfrared lasers. Torres et &.showed that surface
55.5°C. These results show that ambient temperature has avaporation and vaporization may also significantly affect the

negligible effect(at most on the order of 1 9®n the calcu- thermal response of laser irradiated tissue, even at tempera-
lated temperatlére dlistribution during LTK fbi; ranging from tures as low as 70 °C. Combined, all of these effects probably
20 to 100 Wm<K™". The effect becomes significafit4 °C) limit the absolute accuracy of the model when the temperature
only in the extreme case whén =500 Wm 2K, exceeds 60 to 70 °C.

o Other factors that may affect the accuracy of the thermal

4.3 Corneal Temperature Distribution model for LTK are that the beam does not necessarily have a
The corneal temperature distribution in a plane passing perfectly Gaussian intensity distribution, and that the laser
through the center of the beam was calculated at the end ofpyse is not rectangular. The temporal shape of the laser pulse
each of the seven pulses, assuming=20 Wm *K™* and  jj| affect the heating rate during laser irradiation, but it is not
h,=1000 Wm K™%, andT,=20°C(Fig. 4). Figure 4 also  gynacted to have a significant effect on the final temperature
sho_ws the temperature at different depths as a function of t'medistribution, as long as the total energy delivered per pulse
during the treatment. remains constant. Clinical LTK systems use fiber optic deliv-

. . ery. The intensity distribution at the corneal surface is gener-
5 Discussion ally assumed to be close to Gaussian. As shown by &gs.
5.1 Thermal Model (6), and(7), for a collimated beam, the intensity distribution

We present an exact semianalytical model that allows a rapid &ffécts only thex andy dependence of the temperature distri-
estimation of laser-induced temperature fields in tissue. The bution in the cornea, and not the depth dependence. If a more
model assumes irradiation at constant poweontinuous accurate knowledge of the lateral dependence of the tempera-
wave or rectangular pulsef a homogeneous tissue slab sub- ture distribution is required, the exact intensity profile can be
ject to free convection, with no perfusion, evaporation, or measured and entered in the general expression of the tem-
mass transfer. In its most general form the model can be usedperature distribution given by Eq7).
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Fig. 4 Temperature profiles through the center of the treatment spot at the end of each laser pulse during Ho:YAG LTK and time dependence of the
anterior corneal surface temperature (bottom right). The treatment parameters are listed in Table 1. The temperature profiles were calculated for
hy=20Wm 2°C~ " and h,=1000 Wm~2°C" ",
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5.2 Corneal Temperature During LTK ometry (for surface temperature measuremernts tempera-

The calculation of the temperature distribution in the cornea tUré Probes inserted in the cornea during laser irradiation.

during pulsed Ho:YAG LTK shows that for the duration of the X

treatment(less than 2 )5 free convection at the anterior cor- 6 Conclusions

neal surface has a negligible effect on the temperature distri- A semianalytical solution of the bioheat equation during laser
bution. Except in extreme cases, variationhpfand T, have irradiation of a finite homogeneous isotropic purely absorbing
no significant effect. Therefore, assuming that the anterior slab of tissue that allows rapid estimation of the temperature
corneal surface is insulated would not induce a significant distribution at any point in time is presented. The solution was
error in the temperature calculation. On the other hand, theused to calculate the corneal temperature during laser
values and depth profile of the corneal temperature distribu- thermokeratoplastyLTK). The model demonstrates that the
tion were found to be strongly dependent on the value of the corneal temperature during LTK with a pulsed Ho:YAG laser
convection constant at the aqueous-cornea boundary. A bettefy be sufficient to induce superficial vaporization of epithe-
knowledge of the cooling effect of the aqueous is required to i3l cells and local thermal damage to the endothelium. A
more accurately estimate the corneal temperature distribution,?€ttér knowledge of the cooling effect of the aqueous is re-
and especially to evaluate the risk of damage to corneal en_qwred to more accurately estimate the corneal temperature

dothelium, which does not regenerate. The assumption thatd'Str'b.Ut'ont olllurltngdL'[K. Thetrt:]odt:fl r?m?lnﬁ .tok be validated
the cornea and aqueous form a homogeneous structure pro_expenmen ally to determine the etiect ol shninkage, evapora-

duces a temperature distribution similar to the one obtained tion, and other laser-induced tissue changes on the accuracy

. . f the predi mperatures.
when the convection constanthis=1000 W cm 2K 1. The of the predicted temperatures
temperature distributions in these two cases were similar, Acknowledgments
most likely because the temperature gradients at the AQUEOUSTp: o was supported by the Whitaker Foundation through
cornea boundary produced with these two assumptions are

. ) a Biomedical Engineering Research Grant. This work was
approximately equal. The value of the convection constant 55 sypported by The Henri and Flore Lesieur Foundation
that produces a temperature gradient at the cornea-
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boundary equal to the gradient produced when the discontinu-research to Prevent Blindness New York. New York.
ity is ignored will be called the &quivalent convection con-
stant” It is important to note that theequivalent convection
constantis depe%dentd on t::]e t.emperaturfe gg.a'f_?lent at the 1. R. Brinkmann, B. Radt, C. Flamm, J. Kampmeier, N. Koop, and R.
aqueousl'come_a .Qun ary'. or 'nStanCPj’ ma '.e_rent_ wave- Birngruber, “Influence of temperature and time on thermally induced
length with a significantly higher absorption coefficient in the forces in corneal collagen and the effect on laser thermokerato-
cornea is used, the temperature gradient at the cornea—aqueous2 l%laétyy’;jl gasaract Re(l;r$cg\16 Surgfﬁ, 744h—754(|2l?00. |

; ; g e . T.Bende, B. Jean, and T. Oltrup, “Laser thermal keratoplasty using a
boundary will be smaller when the discontinuity is |gnoreq, continuous wave diode laser]: Refract. Surgl5, 154—-158(1999.
because the absorbed fluence will decay much more rapidly 3. p. p. koch, T. Kohnen, P. J. McDonnell, R. Menefee, and M. Berry,
with depth. In that case, we expect that the equivalent con- “Hyperopia correction by noncontact holmium:YAG laser thermal

vection constant will be significantly less that, keratoplasty: U.S. phase IIA clinical study with 2-year follow-up,”
—1000 Went2 K1 Ophthalmology104, 1938—194_7(1997).
: o 4. J. M. Parel, Q. Ren, and G. Simon, “Non-contact laser photothermal
Even though the accuracy of the model may be limited for keratoplastyLPTK). I. Biophysical principles and laser systenie-
temperatures exceeding 70 °Gee Sec. 5)1the calculations fract. Corneal Surg10, 511-518(1994.

indicate that corneal temperature reaches values at the surface® - Seller. M. Matallana, and T. Bende, "Laser thermokeratoplasty by
d at the endothelium that mav be sufficient to induce local means of a pulsed holmium:YAG laser for hyperopic correction,

and at tf heliu y be surfici Inau Refract. Corneal SurgB, 335-339(1990.

superficial vaporization of the epithelium and/or local endot- 6. C. Smithpeter, E. Chan, S. Thomsen, H. G. Rylander, and A. J.

helial cell damage. These findings agree with the results of Welch, “Corneal photocoagulation with continuous wave and pulsed

several experimental studies that showed that there is a risk ~ OMum:YAG radiation,"J. Cataract Refractive Sur@1, 258-267
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