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Abstract

This paper is an extension of a previously published work on thermal modelling
of the human eye exposed to radiation by various lasers. The 2D model is now
extended to 3D in order to give a more realistic representation of the human
eye model when irradiated by laser. The model is based on space-time dependent
Pennes’ bio-heat transfer equation solved by the finite elements method featuring
Galerking-Bubnov procedure. The results for the temperature field inside the eye
could prove to be useful in minimising the possible damage to intraocular tissues
during the ophthalmological procedures and also later in analysis of laser-tissue
interaction mechanisms. Also, analysis of various parameters on the calculated
temperature distribution is carried out.

1 Introduction

The last few decades have witnessed an expansion of laser usage in various oph-
thalmological operations. Nowadays, medical lasers cover wavelengths from ultra-
violet to the infrared parts of the electromagnetic spectrum.

An increasing number of laser uses and spread of different types of eye surgeries
has led to a need for quantitatively understanding basic laser-tissue interaction.
Due to this fact, a number of models [1-5] were developed to predict the various
processes inside the eye, with the goal of helping ophthalmologists in minimizing
the possible damage to ocular tissue while operating with laser.

The interaction of light with tissue results in either a transmission, reflection,
scattering, or absorption of this light. In modelling laser-tissue interaction, the most
important among these is absorption, since absorbed light is re-emitted as radiant
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energy or transformed into heat which results in an increase of the temperature
field inside tissue.

Blood flow is a key element in thermoregulation of the living organism, how-
ever, in the human eye, it cannot regulate the heating inside the ocular tissue. Due
to this fact, a thermal model of the human eye is required.

In order to derive a model which describes laser thermal effects, heat trans-
fer needs to be taken into account. In biological tissue, this is achieved by using
the Pennes’ bioheat transfer equation, which takes into account different types of
transfer processes.

This model is an extension to a previous 2D model [6] and aims to give more
a realistic representation of the temperature field inside the human eye when sub-
jected to a radiation of 694.3 nm Ruby laser, widely used in ophthalmology oper-
ations, such as posterior capsulotomy (after-cataract), peripheral iridotomy (treat-
ment of glaucoma), for retinal photocoagulation [7, 8].

2 Model description
2.1 The human eye

The eye is a very complex optical system. It measures about 24 mm in length and
23 mm in diameter. We have assumed the eye to be a solid structure of given
dimensions, consisting of eight homogeneous tissues, namely, cornea, aqueous
humour, cilliary body, lens, vitreous humour, retina, choroid and sclera.

The extent and degree of tissue damage depends on laser parameters such as
wavelength, power density, exposure time, spot size, and repetition rate, but also
on optical tissue properties like absorption and scattering coefficients, and thermal
tissue properties such as heat capacity and thermal conductivity.

Figure 1 shows a flow chart with the parameters required when modelling laser-
eye thermal interaction.

Laser & optical Thermal tissue
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Figure 1: Parameters required for modelling thermal interaction.

Heat generation inside tissue is determined by laser parameters and optical tis-
sue properties while the transfer of heat to the surrounding tissues is characterized
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Table 1: Thermal and optical properties of various human eye tissues.

Tissue type | Volumetric Internal ~ vol-  Thermal Specific heat  Abs.coef.
perfusion rate umetric heat conductivity k  capacity C (694.3nm)
Wy generation
Qm
Vitreous humour | 0 0 0.594 3997 2
Lens | O 0 0.400 3000 9.5
Aqueous humour | 0 0 0.578 3997 8.4
Cornea | 0 0 0.580 4178 124
Sclera | 0 0 0.580 4178 358.55
Cilliary body | 2700 690 0.498 3340 8.167
Choroid | 0 0 0.530 3840 16847
Retina | 35000 10000 0.565 3680 44000

by the thermal tissue properties. These parameters are given in Table 1, taken pri-
marily from [9].

In biological tissues, absorption is mainly due to the presence of water
molecules, proteins, pigments, and other macromolecules, and is governed by
Lambert—Beer’s law. As the absorption coefficient strongly depends on the wave-
length of laser radiation as seen from Fig. 2, different tissues will strongly absorb
only at certain wavelengths. This is the principle by which the medical lasers work.

Absorption coefficient (o)

a00 1000 1400 2000 2500
Wavelength (fim)

Figure 2: Absorption coefficient for cornea and retina.

Strong absorption in the infrared region of the spectrum is primarily attributed
to water molecules, while proteins and pigments are main absorbers in the UV and
visible range of the spectrum [10-12].

Values for absorption coefficient of various eye tissues are given in Table 1,
taken from [13].
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2.2 Heat transfer

The mathematical model of the human eye is based on the Pennes’ bioheat transfer
equation [14]. This equation is the foundation for all mathematical analysis in
the field of bioheat transfer [15]. In Pennes’ model, the rate of tissue temperature
increase is given by the sum of the net heat conduction into the tissue, metabolic
heat generation, and the heating (cooling) effects due to arterial blood flow:

or
,DCE =V VD) +WiCpp (To —T)+Qm + H Q8]

Bioheat equation is extended with the new term H representing heat generated
inside the tissue due to laser radiation.

Bioheat equation is supplemented with natural boundary condition equations for
cornea and sclera, respectively:

T
—k:g—n = he (T — Tumsp) + o€ (T* = Ts,,) € T4 )
oT
—k=— =hy (T —T,) el
o ( )€l (3

where k is specific tissue thermal conductivity, h. heat transfer coefficient of
cornea, h, heat transfer coefficient of sclera, o Stefan—Boltzmann constant, ¢ emis-
sivity of the corneal surface, T,,,;, temperature of the ambient air anterior to the
cornea, and 7y, arterial blood temperature taken to be 36.7°C. The value for h, is
taken to be 14 W/m?°C, h, is 65 W/m2°C, emissivity of the cornea is 0.975, and
the value of ambient temperature is 25°C.

Egs. (2) and (3) describe the thermal exchange between cornea and surround-
ing air due to convection and radiation, and thermal exchange between sclera and
ocular globe due to convection only, respectively. Second term on the right hand-
side of Eq. (2) is approximated by €T3 (T — Tump), where T is the melting
temperature of the substance [2]. The value for T is taken to be 100°C.

2.3 Heat generation - laser source modeling

Laser energy H (r, z, ), absorbed by the eye tissue at the n*" node with cylindrical
coordinates (7,z), is given by a product

H(r,z,t) =al(r, z,1t) 4)

where « is the wavelength dependent absorption coefficient of the specific tissue,
and I is the power density or intensity of the n‘" node, given by

272 8t2
I(r,z,t) = Iy exp (—# — az) exp <_7—_2> (5)

where Iy is the incident value of intensity, w is the beam waist, and 7 is the pulse
duration.
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For a given laser parameters, the irradiance at the cornea is calculated from
I. = 4P/ dﬁw, where P is laser power and d,. is a beam diameter on the cornea.
Taking into account the focusing action of the lens, diameter of the image and
irradiance on the retina is calculated from

A dz
d, = 2.44d—ir and I, = ch—’%’ (6)

where ) is laser wavelength, f focal distance of the lens, and d,, diameter of pupil-
lary opening. From these values, we now interpolate the intermediate values for
the beam width and irradiance along the beam path.

The parameters for Ruby laser, used in our calculations were; pulse duration 10
ms, laser power 0.15 W, laser beam diameter on cornea § mm, and pupil diameter
7.3 mm. Laser pulse was sampled in five 2 ms steps, and in each of these steps,
calculation of temperature field distribution has been done.

2.4 Finite element method

Analytical solution of the bioheat equation is limited to a few simple geometries
with high degree of symmetry, but using the FEM, problems on complex geome-
tries such as human eye could be solved.

The equation (1) is discretized in three spatial dimensions and solved using the
weak formulation and the Galerkin—Bubnov procedure. A total number of 148,664
tetrahedral elements and 27,624 nodes were generated using the GID mesh gener-
ator and solving part was done by algorithm written in MATLAB.

The bioheat equation is first solved for the steady-state case, i.e. when no exter-
nal sources are present, and latter, these results are used as initial conditions in the
time domain analysis with included laser source.

3 Results
3.1 Steady-state case

The steady-state temperature distribution in the human eye is shown in Fig. 3.
The bottom part of the same figure shows a comparison of temperature along the
pupillary axis between the previous 2D model and this one.

Steady—state results are in good agreement with number of papers [2, 4, 16—19].

3.2 694.3 nm Ruby laser analysis

A temperature of 87.3°C is obtained on a node on vitreo-retinal boundary, and a
maximum temperature of 106.5°C is obtained on a lens node. The previous model
noted maximum temperatures on scleral nodes, while a more realistic situation
would be to have maximum temperatures on the retina, due to a high value for the
absorption coefficient of the retina for this wavelength. For this reason, 694.3 nm
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Figure 3: Steady-state temperature field in the human eye and temperature along
the eye pupillary axis (current and previous model).

Ruby laser is used for retinal photocoagulation. The reason for this discrepancy
probably lies in the fact that the previous model used isoparametric elements for
the boundary (sclera and cornea), therefore not exactly taking into account the
heat flux from these boundary elements. Also, pulse duration in this model is set
to 7 = 0.01s.

Fig. 4 shows the temperature field distribution in the eye on a horizontal and
vertical slice along pupillary axis, and a maximum temperature on the vitreous-
retina boundary can be seen in Fig. 5, detailing the temperature field around the
posterior part of the eye.

Fig. 6 shows five equidistant transversal plane slices of the temperature field in
the eye and a temperature distribution on the anterior part of the lens tissue.

3.3 Parameter analysis

The following is the analysis of various parameters on the calculated
temperature distribution. Tables 2—4 depict the effect of the beam diameter on
the cornea, pupillary opening and ambient temperature, on temperature rise on
nodes number 3, 290, 1925, 26589, 26925 and 27245, situated on the corneo-

WIT Transactions on Engineering Sciences, Vol 68, © 2010 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advanced Computational Methods and Experiments in Heat Transfer XI 309
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Figure 4: Temperature field distribution in the eye. Horizontal and vertical slice
along pupillary axis.
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Figure 5: Detail of the temperature field on the posterior part of the eye.

aqueous, aqueous-lens, lens-vitreous, vitreo-retinal, retina-choroid, and choroid-
sclera boundary, respectively.

One can note that the laser beam diameter on the cornea has a significant effect
on the temperature obtained, as previously reported by [2]. The reason for this
is the fact that the same amount of laser energy concentrated on a smaller spot
surface, results in a more absorbed power, and hence higher temperatures.
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Figure 6: Transversal plane slices of the temperature field in the eye and tempera-
ture distribution on the anterior part of the lens tissue.

Analysis on the pupillary opening showed that a wider pupil results in a higher
temperatures. This was expected since the pupillary opening controls the total
amount of light entering the eye.

Finally, Table 4 shows that the ambient temperature has some effect on the ante-
rior parts of the eye, while almost none has a direct effect on the posterior parts.
This is the same as according to [16].

Table 2: The effect of the beam diameter on the cornea on the temperature distri-
bution on the selected nodes in the eye.

d. (mm) | Node3 Node290 Node 1925 Node 26589 Node 26925 Node 27245  Max. Temp.

8 84.78 62.28 74.94 87.3 339 38.58 106.56
6 122.5 82.44 104.8 126.6 31.71 40.03 161.04
4 | 2304 140 190.2 239.1 25.46 44.18 316.68
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Table 3: The effect of the pupillary opening on the temperature distribution on the
selected nodes in the eye.

dp (mm) | Node3 Node290 Node 1925 Node 26589  Node 26925  Node 27245  Max. Temp.

8 105.5 73.47 91.81 106.9 32.78 39.39 137.36
7.3 | 84.78 62.28 74.94 87.3 33.9 38.58 106.56
4 | 40.71 38.91 40.1 42.05 36.43 36.88 42.966

Table 4: The effect of the ambient temperature on the temperature distribution on
the selected nodes in the eye.

Tamb | Node3 Node 200 Node 1925  Node 26589  Node 26925  Node 27245  Max. Temp.
(°C)
20 | 84.54 62.1 74.83 87.25 33.86 38.54 106.44
25 84.78 62.28 74.94 87.3 339 38.58 106.56
30 | 85.02 62.46 75.05 87.34 33.94 38.62 106.68

4 Conclusion

Temperature distribution analysis of the human eye exposed to radiation by a 694.3
nm Ruby laser has been made. A 3D model was developed in order to give a more
realistic representation of the human eye. Pennes’ bioheat equation extended with
the term representing the heat generated inside the tissue due to laser radiation is
solved using the Finite Element Method. Results gave a temperature of 87.3°C on
the retina, while a maximum temperature was achieved in the lens tissue, different
from the previous model. Therefore, further validation is necessary, since low val-
ues of absorption coefficient of the lens for this wavelength should suggest much
lower temperatures. Also, analysis has confirmed that the pupillary opening sig-
nificantly affects the maximum temperature achieved in the eye, as is the case for
the corneal beam diameter. On the other hand, an ambient temperature seems to
have a negligible effect.
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