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a b s t r a c t

The application of laser in ophthalmology and eye surgery is so widespread that hardly can anyone deny
its importance. On the other hand, since the human eye is an organ susceptible to external factors such as
heat waves, laser radiation rapidly increases the temperature of the eye and therefore the study of
temperature distribution inside the eye under laser irradiation is crucial; but the use of experimental and
invasive methods for measuring the temperature inside the eye is typically high-risk and hazardous. In
this paper, using the three-dimensional finite element method, the distribution of heat transfer inside
the eye under transient condition was studied through three different lasers named Nd:Yag, Nd:Yap and
ArF. Considering the metabolic heat and blood perfusion rate in various regions of the eye, numerical
solution of space–time dependant Pennes bioheat transfer equation has been applied in this study.
Lambert–Beer's law has been used to model the absorption of laser energy inside the eye tissues. It
should also be mentioned that the effect of the ambient temperature, tear evaporation rate, laser power
and the pupil diameter on the temperature distribution have been studied. Also, temperature distribu-
tion inside the eye after applying each laser and temperature variations of six optional regions as
functions of time have been investigated. The results show that these radiations cause temperature rise
in various regions, which will in turn causes serious damages to the eye tissues. Investigating the
temperature distribution inside the eye under the laser irradiation can be a useful tool to study and
predict the thermal effects of laser radiation on the human eye and evaluate the risk involved in per-
forming laser surgery.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Since the invention of the first laser by Maiman in 1960, re-
searchers have studied the miscellaneous applications of lasers in
various fields. Laser surgery is definitely one the most important of
these applications which is regarded as one of the most significant
developments in the medicine of the present century. In fact, it can
be claimed that different types of lasers have been proposed as
unrivalled tools in modern medicine.

Laser systems have been divided into two categories: con-
tinuous wave lasers and pulsed lasers. Most gas lasers and some
solid-state lasers belong to the first group, whereas pulsed lasers
family mainly include dye lasers.

Medical lasers have important parameters. The time duration
of laser radiation is a serious parameter for the interaction of laser
with biological tissue. The second important parameter is the
wavelength of the laser which defines the penetration depth of the
laser into the tissue. The third parameter, which is the density of
laser energy, is also significant. The fourth parameter that should
be taken into account is the intensity of radiation, which by defi-
nition is the ratio of energy density to the pulse width.

Today, a variety of lasers are used to treat and diagnose diseases
in ophthalmology. Since the use of laser in treatment of retinal
detachment disease, this type of surgery is known as a common
approach. Other applications of laser in this field include glaucoma
and cataracts treatment (Niemz, 2007).

Numerical simulation of laser irradiation is a fast and easy as-
sessment to predict the temperature distribution in the eye
without the need for invasive tests. Taflove and Brodwin (1975)
showed temperature distribution in the eye by a finite difference
model. Using Pennes bioheat equation and invasive tests, Priebe
et al. (1975) and Emery et al. (1975) proposed one of the first these
computer models for temperature distribution inside rabbit eye.
Lagendijk (1982) presented different mathematical eye models for

www.sciencedirect.com/science/journal/03064565
www.elsevier.com/locate/jtherbio
http://dx.doi.org/10.1016/j.jtherbio.2015.02.004
http://dx.doi.org/10.1016/j.jtherbio.2015.02.004
http://dx.doi.org/10.1016/j.jtherbio.2015.02.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2015.02.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2015.02.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2015.02.004&domain=pdf
mailto:a_joukar@sut.ac.ir
mailto:e_nammakie@sut.ac.ir
http://dx.doi.org/10.1016/j.jtherbio.2015.02.004


A. Joukar et al. / Journal of Thermal Biology 49-50 (2015) 74–81 75
humans and rabbits in 1982 before Scott developed a FEM-model
of the human eye in 1988. Based on these works, many different
eye models have been developed until today. Ng and Ooi (2006)
solved the temperature distribution inside the eye under steady
state condition. In his model, three layers of retina, sclera and
choroid were considered as a single layer. In previous works
mentioned earlier, the effect of laser on the eye tissue was not
investigated and the models only included the simplifying of the
eye. On the other hand, numerical simulation of laser surgery has
been performed by various scientists. Applying finite volume
method, Narasimhan et al. (2010) numerically studied the two-
dimensional transient heat transfer in laser surgery. Taking into
account all the layers of the eye, the blood perfusion and metabolic
heat in ciliary body and retina, Cvetkovic ́ et al. (2008) analysed the
effect of the Nd:Yag laser for the surgery of cornea. In his model,
the effect of the blood perfusion and metabolic heat inside the
choroid was not considered. Mirnezami et al. (2013) used his
model to assess the irradiation of the whole eye, using only the
scleral heat transfer and they did not consider all parts of eye in
their model. Heussner et al. (2014) presented a three-dimensional
thermo-dynamic model of the human eye for the prediction of
temperatures and damage thresholds under irradiation and they
consider blood flow in their simulation.

In this paper, the distribution of heat transfer inside the eye
under transient condition was studied through three different la-
sers and the effect of the ambient temperature, tear evaporation
rate, laser power and the pupil diameter on the temperature dis-
tribution have been studied. Finally, temperature distribution in-
side the eye after applying each laser and temperature variations
of six optional regions as functions of time have been investigated.
2. Theoretical background

2.1. Anatomy

The eye is not shaped like a perfect sphere, rather it is a fused
two-piece unit. The smaller frontal unit, more curved, called the
cornea is linked to the larger unit called the sclera. Light enters the
cornea from outside and after passing through the pupil reaches
the lens. The lens focuses light precisely on the retina so that a
clear image on the retina is created. Irradiation targets in laser
treatment divide the eye into two anterior and posterior parts. The
anterior part of the eye includes the cornea, iris and the ciliary
body, while the posterior part of the eye is composed of lens,
vitreous and retina. A schematic of the human eye can be seen in
Fig. 1. (Niemz, 2007).
Fig. 1. A schematic of the human eye (Narasimhan et al., 2010).
2.2. Governing equations

2.2.1. Heat transfer equations
The governing equation in this simulation is the Pennes bioheat

equation and its general form is as follows (Pennes, 1948).
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In this equation ρis density, Cp is the specific heat, ωb is the rate
of blood perfusion, k is the thermal conductivity and Qmet is the
metabolic flux. These values for each tissue can be seen in Table 1.
Moreover, Tb is the blood temperature, Cb is the specific heat of
blood and ρb is the density of blood which are equal to 37 °C,
3594 J/kg °C and 1060 kg/m3, respectively.

Pennes bioheat equation is used due to the presence of blood
perfusion and metabolic heat flux terms in this equation.

2.2.2. Laser equations
When modelling the laser source, one can use a simplifying fact

that many laser beams are of a Gaussian profile. This consideration
is valid when the beam divergence is very small as is the case for a
laser. Thus, the solutions for the the intensity can be represented
in the form of a Gaussian function. Beer–Lambert equation is used
for applying the effect of laser. Energy density (Q(r,z,t)) absorbed
by the tissues of the eye is defined using the following
equation (Narasimhan and Jha, 2012).
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Where α is the laser wavelength, which depends on the ab-
sorption coefficient of the tissue. Absorption coefficients of each
tissue are shown in Table 2 for all three lasers.

In Eq. (2), I is the intensity of the Laser which is defined as
follows (Narasimhan and Jha, 2012).
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In this equation, I0 is the initial intensity of the laser, w is the
diameter of the laser (0.5 mm) and τ is the pulse duration of the
laser which are equal to 100 ns, 10 ms and 1 ms for Argon, Nd:Yag
and Nd:Yap lasers, respectively. The most crucial characteristic of
the eye tissues is the absorption coefficient resulting from its
drastic dependence on the wavelength of the laser. Therefore, for
different tissues of the eye, the absorption occurs at specific
wavelengths.
3. Material and methods

In this paper, we used the three-dimensional finite element
method, the distribution of heat transfer inside the eye under
transient condition was studied through three different lasers
named Neodymium-Doped Yttrium Aluminium Garnet (Nd:Yag),
Neodymium-Doped Yttrium Aluminium Perovskite (Nd:Yap)and
Argon Fluoride (ArF)with wavelengths of 1340, 1064 and 193 nm,
respectively. Considering the metabolic heat and blood perfusion
rate in various regions of the eye, numerical solution of space–
time dependant Pennes bioheat transfer equation has been ap-
plied in this study. Lambert–Beer's law has been used to model the
absorption of laser energy inside the eye tissues. It should also be
mentioned that the effect of the ambient temperature, tear eva-
poration rate, laser power and the pupil diameter on the tem-
perature distribution have been studied. Finally, temperature dis-
tribution inside the eye after applying each laser and temperature
variations of six optional regions as functions of time have been
investigated.



Table 1
Characteristics of different tissues of the eye, (Gokul et al., 2013; DeMarco et al., 2003)

Tissue Rate of blood perfusion (1/s) Metabolic flux (W/m3) Thermal conductivity (W/m °C) Specific heat (J/kg °C) Density (kg/m3)

Vitreous humour 0 0 0.594 3997 1000
Lens 0 0 0.4 3000 1050
Aqueous humour 0 0 0.578 3997 996
Cornea 0 0 0.580 4178 1050
Sclera 0 0 0.58 4178 1100
Iris 0.0027 690 0.498 3340 1100
Choroid 0.021 1000 0.53 3840 1100
Retina 0.035 10000 0.565 3680 992

Table 2
Absorption coefficients of each tissue and laser parameters, (Cvetkovic ́ et al., 2008;
Jelinkova et al., 2004)

Ar laser (193
nm)

Nd:Yag laser
(1064 nm)

Nd:Yap laser
(1340 nm)

Vitreous humour 542.7 20 224
Lens 2558 43.5 235
Aqueous humour 2228 35 222
Cornea 270000 113 240
Sclera 28800 634.8 340
Iris 2228 42.5 222
Choroid 48475 6615 222
Retina 6526 10000 1150
Wave Length 193 nm 1064 nm 1340 nm
Pulse Duration 140 ns 10 ms 1 ms
w(Beam Diameter of
Laser)

0.5 mm

Laser Power 0.1, 0.15, 0.2 W

Fig. 2. Different parts of human eye anatomy in three dimensions.

Table 3
Geometrical values used in this work, (Ng and Ooi,
2006; Narasimhan et al., 2010)

Tissue Parameter (mm)

Cornea Thickness: 0.6
Height: 12

Lens Thickness: 4
Height: 10.5

Aqueous humour Length: 3.5
Iris Thickness: 0.35
Vitreous humour Length: 16.5
Retina Thickness: 0.2
Choroid Thickness: 0.3
Sclera Thickness: 0.5

Height: 22

Fig. 3. Tetrahedral mesh for various parts of eye anatomy.

Fig. 4. Optional points (cornea, aqueous humour, lens, retina, choroid, sclera) for
temperature distribution analysis.
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3.1. Geometry

The model considered for the present paper and its dimensions
are shown in : Fig. 2 and Table 3, respectively. As can be seen in the
this figure, the three-dimensional model consists of eight different
layers of the eye containing the aqueous humour, lens, vitreous,
cornea, sclera, iris, retina and choroid. In some laser modelling
(Chua et al., 2005; Ooi et al., 2007; Jelinkova et al., 2004), the re-
tina and the choroid layers have been considered as a homo-
geneous layer with sclera. However, studies suggest a dramatic
difference among these three layers in terms of absorption coef-
ficient. Therefore, in order to increase the accuracy of modelling,
each of these layers has been separately simulated and also their



Fig. 5. Temperature distribution inside the eye under steady conditions by taking
the values of Table 1.
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absorption coefficients have been defined individually.
Using Comsol 4.4 software, finite element method has been

applied in this simulation. Mesh generation of the model is de-
picted in Fig. 3 and 109907 tetrahedral elements have been used.

3.2. Boundary conditions

Boundary conditions are defined as follows:
1. In the back of the eye, heat is transferred from the blood in

the arteries of the retina to the sclera:

k
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In the above equation, n is the normal direction to the
boundary surface, hbl is the heat transfer coefficient between the
blood and the eye (65 W/m2 K) and Tbl is the temperature of the
blood (37 °C).

2. In cornea, heat loss occurs through convection, radiation and
evaporation of tear;
Fig. 6. Temperature distribution under steady condition for four differe
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In this equation, hamb is the heat transfer coefficient between
the eye and air, Tamb is the ambient temperature (25 °C), s is the
Stefan–Boltzmann constant (5.67E�08 W/m2 K4), ε is the emis-
sivity of the retina and E is the tear evaporation rate of the eye
(40 W/m2) (Scott, 1988; Gokul et al., 2013).
4. Results

In this section, the effect of the lasers mentioned earlier on the
designed model will be discussed separately. First, we will present
the temperature distributions under steady conditions. The ob-
tained results then will be used as the initial conditions for the
transient solutions. Meanwhile, the temperature variations of the
six optional points on the central axis of the eye (Fig. 4) at the
exposure time of the lasers and shortly thereafter will be dis-
cussed, separately. In addition to this, the effects of important
parameters such as the diameter of pupillary opening and power
of laser will be studied.

4.1. Steady state condition results

Temperature distribution under steady conditions is presented
in Fig. 5. Furthermore, the temperature distributions along the
pupillary axis for four various ambient temperatures (cold to
warm) and four different tear evaporation rates are shown in
Figs. 6 and 8. Fig. 7 shows that how temperature distribution
under ambient temperature of 25 °C obtained from our results is
validated with other works.

4.2. Transient condition results

The results of the steady state solutions will now be used as the
initial conditions for applying three different lasers under tran-
sient conditions.

Nd:Yag laser: Fig. 9 presents the temperature distribution in-
side the eye after applying this laser. The temperature variations of
six optional points can be seen in Fig. 10 The effects of the pupil
diameter and the laser power on the temperature of retina are also
so pivotal which can be hardly neglected. These effects have been
depicted in Figs. 11 and 12 respectively.

Nd:Yap laser: Fig. 13 shows the temperature distribution inside
the eye after applying this laser. Moreover, Fig. 14 indicates the
nt ambient temperatures (0, 10, 25 and 35 C° ) along pupillary axis.



Fig. 8. Temperature distribution under steady condition for four different tear evaporation rates (20, 40, 100 and 180 W/m2) along pupillary axis.

Fig. 7. Comparison of the temperature distribution for ambient temperature 25 °C with values from other models.

Fig. 9. Transient-state temperature distribution in human eye under Nd:Yag laser
radiation.
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temperature variations of six optional points as functions of
time.

Argon laser: LASIK or surgery of cornea is one of the applica-
tions of this laser. The results show high temperature increase in
frontal part of the eye, particularly inside the cornea. This is a
precious finding, since this type of laser is used specially for cor-
neal surgery with photoablation process.

Fig. 15 shows the temperature distribution inside the eye after
applying this laser. The temperature variations of six optional
points can be seen in Fig. 16
5. Discussion

5.1. Steady state condition results

In this case, there has not been any trace of the laser and
temperature distribution under steady conditions is presented. As
can be seen, the highest temperatures are inside the distal regions
of the eye (retina, sclera, vitreous humour and choroid), while
frontal regions (cornea and iris) have got lower temperatures. It is
worth mentioning that these results are in good agreement with
those of previous works (Ng and Ooi, 2006; Cvetkovic et al. 2011;
Forushani et al., 2012) (Fig. 7).



Fig. 10. Temperature variations of optional points (cornea, aqueous humour, lens, retina, choroid, sclera) after applying Nd:Yag laser radiation.

Fig. 11. The effect of the variation of the pupil diameter (5, 6, 7 and 7.8 mm) on point No. 4 (retina).

Fig. 12. The effect of the variation of the laser power (0,1, 0,15 and 0.2 W) on point No. 4 (retina).
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5.2. Transient condition results

Nd:Yag laser: This laser is mostly used for the surgery of the
distal regions of the eye like sclera and retina. Nd:Yag laser is
applied for retinal photocoagulation, retinotomy for internal
drainage of subretinal fluid and transscleral retinal photo-
coagulation. The wavelength of this laser is 1064 nm and has been
applied for 10 ms. In Fig. 9, As seen and as we expected, the
maximum temperature occurs in retina (110 °C). Moreover, sclera
and choroid regions have relatively high temperatures, though
with more limited domains. On the other hand, the other regions
are exposed to temperatures lower than 40 °C which are crystal
clear in Figs. 9 and 10. Another important fact to be fully taken into
account is that the temperature of the retina is increased with
increasing the exposure time and this increase is not ceased until
switching off the laser. By the moment the laser is turned off, the



Fig. 13. Transient-state temperature distribution in human eye under Nd:Yap laser
radiation.

Fig. 15. Transient-state temperature distribution in human eye under Argon laser
radiation.
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temperature decreases with high speed which is due to blood
perfusion. The pupil diameter ranges from 5 to 7.8 mm which is
influenced by the amount of the environmental light. The max-
imum temperature that occurs inside the eye increases with the
increasing of the laser power and the pupil diameter.

The results of this laser simulation are in decent agreement
with the results of Narasimhan and Jha (2012) and Cvetkovic ́ et al.
(2008). It is also important to mention that the maximum tem-
perature causes significant damage to the eye tissue.

Nd:Yap laser: This laser is most commonly used in retinal sur-
gery. The wavelength of this laser is 1340 nm and has been applied
for 1 ms. The maximum temperature of 49 °C occurs in retina and
partially in aqueous humour and lens. The temperature of the
centreline of the eye is increased with increasing the exposure time
and this increase continues until the laser is turned off.

The difference between this laser and the two other lasers is
the uniform temperature distribution along the centreline of the
eye, which is due to the equivalence of absorption coefficients of
aqueous humour and iris for this laser (Table 2). The results of this
laser simulation are in decent agreement with the results of Mir-
nezami et al. (2013).

Argon laser: LASIK or surgery of cornea is one of the applica-
tions of this laser. The results show high temperature increase in
Fig. 14. Temperature variations of optional points (cornea, aqueous humo
frontal part of the eye, particularly inside the cornea. This is a
precious finding, since this type of laser is used specially for cor-
neal surgery with photoablation process.

The wavelength of this laser is 193 nm and has been applied for
100 ns. The maximum temperature occurs in cornea which is
equal to 207 °C which has a good agreement with the calculated
temperature in Cvetkovic ́ et al. (2008).

Our results support the fact that Lens acts as an optical filter for
UV radiations. While the temperature of the cornea rises rapidly,
Lens prevents the temperature rise of the dorsal areas of the eye.
This increasing of temperature has got another reason that is the
high absorption coefficient of cornea which absorbs almost all UV
radiation.

After applying this laser, no significant temperature changes
are seen in other parts of the eye.
6. Conclusions

In this paper, numerical simulations have been conducted to
evaluate the effects of three different lasers namely Nd:Yag, Nd:Yap
and Argon with wavelengths of respectively 1340, 1064 and 193 nm
on the human eye. The maximum temperature under Nd:Yag laser
equals to 110 °C which occurs in retina. On the other hand, the max-
imum temperatures under Nd:Yap and Argon lasers are 49 °C and
ur, lens, retina, choroid, sclera) after applying Nd:Yap laser radiation.



Fig. 16. Temperature variations of optional points (cornea, aqueous humour, lens, retina, choroid, sclera) after applying Argon laser radiation.
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207 °C which occurs in retina and cornea, respectively. Furthermore,
the effects of power of laser and the diameter of pupil have also been
studied which have dramatic impact on the temperature of retina. In
addition, as in this model, unlike the earlier studies, most of the de-
terminant factors in bioheat transfer analysis such as blood perfusions
of different regions of the eye tissue have been taken into account, the
authors believe that this procedure is a reliable method for de-
termining the maximum temperature and temperature distribution in
the human eye under different lasers duration of applying each laser.
This simulation shows that after switching off the laser, blood perfu-
sion cools down the eye faster.

It should be noted that in this study the fluid characteristics of
the aqueous humour of the eye have not been investigated.
Therefore, a more careful scrutiny at the boundary conditions of
this simulation can be a significant challenge in this field.
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