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The control of the temperature increase is an important
issue in retinal laser treatments. Within the fundus of the
eye heat, generated by absorption of light, is transmitted
by diffusion in the retinal pigment epithelium and in the
choroid and lost by convection due to the choroidal
blood flow. The temperature can be spatially and tempo-
rally determined by solving the heat equation. In a for-
mer analytical model this was achieved by assuming uni-
form convection for the whole fundus of the eye. A
numerical method avoiding this unrealistic assumption
by considering convective heat transfer only in the chor-
oid is used here to solve the heat equation. Numerical
results are compared with experimental results obtained
by using a novel method of noninvasive optoacoustic ret-
inal temperature measurements in rabbits. Assuming glo-
bal convection the perfusion coefficient was evaluated to
0.07 s�1, whereas a value of 0.32 s�1 – much closer to
values found in the literature (between 0.28 and 0.30 s�1)
– was obtained when choroidal convection was assumed,
showing the advantage of the numerical method. The
modelling of retinal laser treatment is thus improved and

could be considered in the future to optimize treatments
by calculating retinal temperature increases under var-
ious tissues and laser properties.
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Nomenclature

A absorption
C eye fundus specific heat [J kg�1 K�1]

d layer thickness [m]
Dt time step size [s]
eg rate of generated heat per

volume [J s�1 m�3]

# 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Journal of

BIOPHOTONICS

The control of the temperature increase is an important
issue in retinal laser treatments. Within the fundus of the
eye heat, generated by absorption of light, is transmitted
by diffusion in the retinal pigment epithelium and in the
choroid and lost by convection due to the choroidal
blood flow. The temperature can be spatially and tempo-
rally determined by solving the heat equation. In a for-
mer analytical model this was achieved by assuming uni-
form convection for the whole fundus of the eye. A
numerical method avoiding this unrealistic assumption
by considering convective heat transfer only in the chor-
oid is used here to solve the heat equation. Numerical
results are compared with experimental results obtained
by using a novel method of noninvasive optoacoustic ret-
inal temperature measurements in rabbits. Assuming glo-
bal convection the perfusion coefficient was evaluated to
0.07 s�1, whereas a value of 0.32 s�1 – much closer to
values found in the literature (between 0.28 and 0.30 s�1)
– was obtained when choroidal convection was assumed,
showing the advantage of the numerical method. The
modelling of retinal laser treatment is thus improved and

could be considered in the future to optimize treatments
by calculating retinal temperature increases under var-
ious tissues and laser properties.
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el rate of lost heat per volume [J s�1 m�3]
I laser irradiance [J s�1 m�2]
I0 incident laser irradiance [J s�1 m�2]
l eye fundus thermal

conductivity [W m�1 K�1]
ma absorption coefficient [m�1]
Nc total number of cells
P laser power [W]
Q perfusion coefficient [s�1]
(r, q, z) position vector r/cylindrical

coordinates [m]
R laser beam radius [m]
r eye fundus density [kg m�3]
t time [s]
t laser exposure time [s]
T temperature [K]
w laser beam radius at e�2

of the maximum irradiance [m]

1. Introduction

Ophthalmology is a major medical field for laser ap-
plications. Laser-mediated retinal therapies such as
photocoagulation [1], transpupillary thermotherapy
[2] (TTT) or photodynamic therapy [3] (PDT) are
based on the irradiation of the pathological area in-
ducing or avoiding temperature increase by the de-
posited laser energy on the fundus of the eye. Differ-
ences in individual physiological properties such as
light transmission in the transparent media of the eye,
pigmentation of the retinal pigment epithelium
(RPE) and the choroid and, in the case of long-term
and large-area exposures, choroidal blood flow lead
to substantial differences in correlated temperature
increases [4, 5]. Using the same exposure parameters,
effects ranging from mild coagulations to highly un-
desirable strong lesions with irreversible loss of visual
function can be unpredictably generated. Realistic
mathematical modelling of heat transfer in the fundus
of the eye allows the calculation of the time-tempera-
ture profile in this area during and after the radiation
and permits the optimization of laser treatments.

An analytical model was developed by Birngru-
ber et al. [6] 20 years ago based on the morphology
of the fundus of the eye modelled as the superposi-
tion of semi-infinite layers with defined thickness
and homogeneous absorption properties with the in-
troduction of a perfusion term in the heat equation
to model the heat loss due to choroidal blood flow
by global perfusion. In order to establish a more re-
alistic approach, a numerical method is applied to
solve the heat equation that allows the limiting of
the convective heat loss to the structure of the highly
vascularized choroid.

The objective of this study was to develop and
apply the new numerical method and to compare

the obtained temperature profiles with those of the
analytical model as well as with experimental results
obtained by using a novel method of noninvasive op-
toacoustic retinal temperature measurements.

2. Model

2.1. Morphology

The rabbit eye fundus – a classic model for many
ophthalmic laser applications – can be described as
the composition of four layers with different biologi-
cal and physical characteristics: the retina, the retinal
pigment epithelium (RPE), the choroid and the
sclera. The RPE and the choroid contain light-ab-
sorbing melanin granules. Within the RPE, these
granules form an approximately 4 mm thick strongly
absorbing layer. The choroid, the main nutrient tissue
of the eye has the highest content of blood vessels in
the whole body with an unusually strong blood perfu-
sion and also contains pigmented granules. As as-
sumed previously for the calculation of choroidal per-
fusion coefficients [7], the choroid is 200 mm thick
and composed of two sublayers: the choriocapillaris
network forming a 25 mm thick pigment-free layer
and the rest of the choroid, considered to be a
175 mm thick absorbing layer (Figure 1).

Concerning the layers, we assume that their curva-
ture can be neglected, their thicknesses are constant
and they are homogeneous solid layers with tempera-
ture-independent physical properties equal to those
of liquid water at 300 K: density, r ¼ 993 kg m�3, spe-

Figure 1 Morphometrical properties of the fundus of a
rabbit eye: two pigmented layers (the RPE and part of the
choroid) and one blood perfused layer (the choroid).

J. Sandeau et al.: Numerical modelling of heat transfers in retinal laser applications44

Journal of

BIOPHOTONICS

# 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org



cific heat capacity C ¼ 4.18 � 103 J kg�1 K�1, thermal
conductivity l ¼ 0.627 W m�1 K�1.

The position vector r is defined by cylindrical (r,
q, z) coordinates whose origin corresponds to the
point in the center of the laser beam at the junction
between the retina and the RPE (Figure 1).

2.2. Heat equation

2.2.1. Heat-diffusion equation

Within the domain, heat is transmitted by diffusion.
Temperatures are determined by solving the heat-
diffusion equation:

rC
@Tðr, tÞ
@t

¼ lDTðr, tÞ þ eðr, tÞ , ð1Þ

where e (J s�1 m�3) is the rate of heat per volume
source term.

The term e depends on the absorption properties
of the tissues and the laser-exposure parameters,
both depending on the position and time. Part of the
laser energy incident at the cornea is transmitted to
the RPE [5] and then absorbed in the pigmented
structures of the RPE and the choroid. The heat
convection due to the choroidal blood flow is mod-
elled as a heat-loss term. Thus, we can write:

eðr, tÞ ¼ egðr, tÞ þ elðr, tÞ ð2Þ

where eg is the rate of generated heat per volume
corresponding to a positive source term and el is the
rate of lost heat per volume corresponding to a ne-
gative source term.

2.2.2. Heat generation – light absorption

We model laser exposures with durations of t� 1 ms
that allows us to consider a homogeneous pigment
distribution in the absorbing layers characterized by
an absorption coefficient ma (m�1) [6]. Neglecting

light scatter in the absorbing layers, the Beer-Lam-
bert law gives the expression of the irradiance I
(J s�1 m�2) within a pigmented layer (Figure 2):

Iðr, tÞ ¼
I0ðr, tÞ
I0ðr, tÞ e�maz

I0ðr, tÞ e�mad

0

8>>><
>>>:

for z < 0 and 0 � t � t

for 0 � z � d and 0 � t � t

for d < z and 0 � t � t

otherwise:

ð3Þ

I0(r, t) is the incident laser irradiance defined by the
two herein considered laser beam profile:

I0ðr, tÞ ¼ I0 e�2 r
wð Þ2

0

for

for

0 � t � t

t < t

(

Gaussian distribution,
(4)

with I0 being the irradiance at the center of the laser
beam and w ¼ radius of beam at e�2 of the maxi-
mum irradiance.

I0ðr, tÞ ¼
I0

0

for 0 � r � R and 0 � t � t

otherwise

�
top-hat distribution,

(5)

with R being the radius of the laser beam
The rate of generated heat per volume eg

(J s�1 m�3) is then determined by eg (r, t) ¼ –@I/@z.

egðr, tÞ ¼
maI0ðx, yÞ e�maz

0

for 0 � z � d and 0 � t � t

otherwise:

�
ð6Þ

The absorption coefficients ma are calculated from
the definition [7]: 1 – A ¼ e�mad where A is the
absorption. The absorptions were determined by
Kandulla et al. [5] from extrapolations and curve
fits [8–10] for the wavelength of the laser light
used in the experiments (810 nm) to: ARPE ¼ 6.55%
and ACH ¼ 26.80% resulting in the following values
for the absorption coefficients: maRPE ¼ 16.90 mm�1

and maCH ¼ 1.80 mm�1. The absorption measure-
ments also take into account light scattering as
they were calculated from total absorption (ab-
sorption þ scattering) measurements made on pre-
parations of RPE- and choroid-layers. However, as
the diameter (� 1 mm) to thickness (4 mm and
175 mm for the RPE and the choroid, respectively)
ratio of the absorbing thickness is at least 6, ne-
glecting light scattering out of the laser beam is
justified.

Figure 2 Expression of the irradiance I in a d-thick light-
absorbing layer.
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2.2.3. Heat loss – convection

The choroidal blood flow is the source of heat con-
vection. We assume the convection can be treated
by a perfusion term representing a homogeneous
distribution of blood vessels in the perfused areas
[7]. If Tb is the temperature of the blood and T(r, t)
the temperature of the blood after perfusion, a heat
sink term can be defined for every point r at any
time t according to:

elðr, tÞ ¼ �QrCðTðr, tÞ � TbÞ
0

within the choroid
outside the choroid,

�
ð7aÞ

with Q (s�1) being the perfusion coefficient and Tb

being equal to Ti, the temperature of the domain at
t ¼ 0 s and chosen equal to 300 K.

Based on choroidal perfusion studies [11–14] in
rabbits we estimated the correlated perfusion coeffi-
cients. Values were ranging between 0.28 s�1 and
0.30 s�1 [7].

The sources terms are functions of r and z so the
problem has a cylindrical symmetry allowing us to
work in two dimensions (Figure 3).

3.3. Solution

3.3.1. Comparison between analytical
and numerical methods

Wissler [15] and Birngruber [7] analytically solved
Eq. (1), i.e. found expressions for the temporal and
spatial temperature profile. Wissler considered a
nonuniform system but only during the early stage

of the heating period, whereas Birngruber calculated
the spatial and temporal temperature increase in-
duced by light absorption in a single layer and added
the temperature for several layers according to the
superposition theorem. The main limitation of that
approach was the need to assume a global and uni-
form convection in the entire domain in order to
find an analytical solution and to keep the system
linear (necessary to apply the superposition theo-
rem). Equation (7a) was consequently rewritten into
Eq. (7b):

elðr, tÞ ¼ �QrCðTðr, tÞ � TbÞ everywhere. ð7bÞ

This simplification resulted in an overestimation of
the convectional cooling effect [7].

The finite-volume method (FVM) approximates
the solution by reformulating the problem on finite
volumes (called cells) defined from a discretization
of the domain so that Eq. (1) is locally solved for
each cell. Thus, the calculated temperature verifies
the realistic modelling of convection effects which is
formulated in Eq. (7). This method was used by
Mainster et al. [16] who solved the heat equation to
study retinal temperature increases produced by the
absorption of light without taking into account con-
vective heat transfer.

3.3.2. Numerical solution

The solution of Eq. (1) is performed by Fluent1 [17]
(ANSYS, Inc.), a commercial finite-volume method
based solver that calculates the temperatures Tc at
the cell center by taking into account heat genera-
tion and heat loss terms that we specifically devel-
oped as user-defined functions. The main steps of
such a resolution are explained below:

Figure 3 Representation of the
eye fundus modelling, the calcula-
tion domain and the mesh. A 2D
calculation domain is defined from
the 3D fundus modelling for cy-
lindrical symmetry reasons. The
mesh is refined close to the pig-
mented layer.
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Spatial discretization
In the case of two-dimensional problems, the calcula-
tion domain is a plane so the discretization of the
domain leads to the definition of surfaces as shown
in Figure 3. In this study, the domain was discretized
into a structured quadrilateral computational mesh
with the help of software Gambit1 [18] (ANSYS,
Inc.). The mesh has a higher spatial resolution close
to the pigmented layers and contains about
Nc ¼ 15 600 cells (Figure 3).

Temporal discretization
As the problem is time dependent, a temporal dis-
cretization is also needed, i.e. the continuous time
range [0, t] is divided into a discrete number of time
steps (t0 ¼ 0, t1 ¼ 1 Dt, . . ., tn ¼ n Dt, . . ., tf ¼ t) with
Dt being the time step size (s).

Finite-volume method
Equation (1) is integrated on every cell of the mesh:

Ð
S

rC
@Tðr, tÞ
@t

dS ¼
Ð
S

lDTðr, tÞdSþ
Ð
S

eðr, tÞdS , ð8Þ

with S being the cell area.
The integrals and derivatives of Eq. (8) are tem-

porally and spatially discretized defining Nc linear
equations at each time step whose unknowns are the
Nc temperatures at the cell centers. The linear sys-
tems are solved according to an iterative method, i.e.
the temperatures are calculated by successive ap-
proximations until a convergence criterion is
achieved. The initial and boundary conditions were
the following:

initial condition:

Tðr, 0Þ ¼ Ti everywhere
ð9Þ

boundary conditions:

Tðr, tÞ ¼ Ti at the wall
ð10Þ

@Tðr, tÞ
@r

¼ 0 at the symmetry axis ðOzÞ: ð11Þ

A typical run time to calculate the temperatures in
the whole mesh for all time steps was about 1 min
on a typical scientific workstation with a processor
frequency of 2.6 GHz.

Calculations were run with different time-step
sizes and different mesh refinements in order to
obtain temperatures independent of the temporal
and spatial discretizations. Simulations were also
run according to the finite-element method [19]
with the code Fidap1 [20] (ANSYS, Inc.). The rela-
tive differences between results obtained from the
two different numerical methods were below 1%
confirming the results calculated for local convec-
tion situations.

3. Validation

3.1. Comparison between numerical
and analytical solutions

In order to test the numerical method, we compared
the numerical solution with the exact solution of the
heat equation obtained from the analytical method.
This comparison of course can only be done for sit-
uations in which an analytical model exists: Figures 4
and 5 show temporal and spatial heating calculated
by the two methods with the assumption of global
convection. From the perfect fit between analytical
and numerical results, the finite-volume method was
proven to be able to solve the governing equation
without introducing numerical errors.

3.2. Comparison with experimental in-vivo
measurements

The next step of validation was to compare the re-
sults obtained from the numerical modelling with
experimental temperature measurements. The ex-
perimental results were obtained by using the new
method of noninvasive optoacoustic temperature
measurements [5, 21, 22].

3.2.1. Experimental protocol

Five in-vivo temperature measurements were per-
formed in an eye of a live rabbit irradiated by a
TTT laser (wavelength ¼ 810 nm), at the same site
of the fundus. The experiments were carried out un-
der ethical guidelines for animal treatment with per-
mission of the ethical committee of the University of
Kiel. The optoacoustic procedure quantifies the
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Figure 4 Analytical and numerical temperature–time evo-
lution at the center of the laser beam at the RPE with a
global perfusion Q ¼ 0.30 s�1 and without perfusion during
a 60 s laser irradiation with a Gaussian beam profile
(w ¼ 1 mm and P ¼ 100 mW).
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maximum temperature in the irradiated volume by
measuring the maximum amplitude of the pressure
wave caused by the thermoelastic expansion of the
heated tissue. The experimental setup is sketched in
Figure 6 and explained in detail by Kandulla et al.
[5]. Four different laser powers were applied. While
the first four measurements were performed in the
living animal with an intact choroidal blood flow, the
last temperature measurement was obtained after sa-
crificing the rabbit (Table 1). The laser beam had a
top-hat profile and a radius of 1 mm.

3.2.2. Comparison

The numerical results presented here were calcu-
lated at the point of maximum temperature increase

(in the choriocapillaris layer and at the center of the
laser beam).

As the M-5 measurement was obtained post mor-
tem, Q was set equal to 0 s�1 in this case. A first calcu-
lation with the previously described average absorp-
tion coefficients (Sect. 2.2) gave lower temperatures
than the ones measured. As the individual absorp-
tions depend on the highly variable pigmentation at
the specific exposure site, we used the pigmentation
as a fitting parameter (fluctuation of ca. 50% in
epithelial and choroidal absorption are reported in
rabbits [10]). Assuming for this eye light absorption
in the RPE and the choroid 14% higher than the
average values, and therefore, well within the indivi-
dual variations of pigmentation (maRPE ¼ 19.41 mm�1

and maCH ¼ 2.08 mm�1), the calculated and the meas-
ured temperature time curves were in good agree-
ment as seen in Figure 7. (The relatively large error
bars and the fluctuations of the measured tempera-
tures are due to experimental artifacts due to me-
chanical instabilities in the in-vivo experiments.)

By choosing a local perfusion coefficient
Q ¼ 0.32 s�1, a good fit was obtained between M-4
measurement and numerical results (Figure 8).
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Figure 5 Analytically and numeri-
cally calculated axial (a) and trans-
versal (b) temperature profile after
a 60 s laser irradiation with a
Gaussian beam profile (w ¼ 1 mm
and P ¼ 100 mW).

Figure 6 Schematic of the experimental setup for optoa-
coustic temperature measurements
daq : data acquisition, dm : dichroic mirror, cl : contact lens,
fc : fiber coupler, pc : personal computer, pd : photodiode,
sl : slitlamp and ut : ultrasonic transducer.

Table 1 Characteristics of measures.

Measure State Power applied on the
retina (mW)

M-1 alive 87
M-2 alive 129
M-3 alive 172
M-4 alive 112
M-5 dead 112
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Figure 7 Comparison between measurement M-5 and nu-
merical results calculated with mean and fitted absorption
coefficients (P ¼ 112 mW, dead rabbit).
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Keeping the assumed values for absorption and
perfusion constant, simulations run for the other ap-
plied powers also resulted in good agreements be-
tween experimental and numerical results (Figure 9).

4. Discussion

A numerical method for calculation of the tempera-
ture profile in the fundus of the eye during laser treat-
ments and taking into account spatial perfusion due
to choroidal blood flow was developed. Numerical re-
sults were compared with analytical and experimental
in-vivo data. Good agreement was obtained between
numerical, analytical and experimental results.

4.1. Calculation of perfusion coefficient Q
under global and local perfusion assumption

The local perfusion coefficient in the choroid of
the irradiated area was evaluated by curve fitting

(Sect. 3.2 and Figure 8) to a value of 0.32 s�1. As-
suming global convection as only possible in the ana-
lytical method, the perfusion coefficient would only
be 0.07 s�1 (Figure 10). The local perfusion value is
much closer to the values estimated by Birngruber
[6] from experiments (0.28 s�1 [13, 14], 0.30 s�1 [12]).

Moreover, the temperature reduction due to glo-
bal convection with a coefficient Q ¼ 0.30 s�1

reaches 37% of the temperature calculated when no
convection is considered (Q ¼ 0 s�1) whereas it is
only of 15% when a local convection with the same
coefficient is assumed. This significant difference em-
phasizes the need to locally model the convective
heat transfers if simulations are run to model realis-
tic retinal laser treatments.

4.2. Role of the choroidal circulation
in long term laser exposure

Figures 11 and 12 show the temperature-time evolu-
tion corresponding to the modelling of two different
treatments with and without choroidal circulation:
one case of photocoagulation – short-term laser ex-
posures (t ¼ 0.50 s, r ¼ 0.25 mm) – and one of TTT –
long-term laser exposure (t ¼ 60 s, r ¼ 1 mm). As-
suming a laser power of 112 mW for the two treat-
ments, a heating of 22.6 K and 8.6 K was found at
the end of the photocoagulation and TTT, respec-
tively. Nearly no cooling effect due to choroidal con-
vection was found in the photocoagulation case,
whereas for the long-term TTT exposure a marked
temperature decrease was found due to choroidal
perfusion. This led to relative differences of 2.2%
for the photocoagulation and 17.4% for the TTT.

If the impact of the choroidal blood flow seems
small for short laser exposures, it is no longer negli-
gible for long laser exposure. It was supposed by
Birngruber [7] from analytical calculations that over-
emphasized the temperature reductions due to the
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Figure 8 Comparison between measurement M-4 and nu-
merical results (P ¼ 112 mW, live rabbit, local perfusion in
the choroid of Q ¼ 0.32 s�1).
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Figure 9 Comparison between mea-
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ical results (live rabbit, local perfu-
sion in the choroid of Q ¼ 0.32 s�1).
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assumption of a global convection. This is confirmed
here and it emphasizes the stabilizer role of retinal
temperature that choroidal circulation has for large-
area and long-term external thermal impact [7].

4.3. Application to humans

The results in the validation part show a good corre-
lation between experimental and numerical results
in the case of rabbits.

In order to apply this new technique to calculate
the chorioretinal temperature profile to the human
situation it would be necessary to know position,
thickness and structure of the choroid and to charac-
terize the fundus pigmentation in an in-vivo situa-
tion.

An interesting way to noninvasively obtain mor-
phological data in human could be to use the ultra-
high-resolution ophthalmic optical coherence tomo-
graphy, a noninvasive in-vivo imaging technique
[23]. The 2–3 mm axial resolution allows the thick-
ness of the RPE, the position and the thickness of

the choriocapillaris layer and the position of the
choroid to be measured. Moreover, an estimation of
the choroid thickness would be possible if the pene-
tration depth into the highly scattering choroid could
be increased (e.g. by using longer wavelengths). This
would allow customized laser treatments to be de-
fined by laser-parameter optimization in choosing
power, radius and/or wavelength aiming to coagulate
the pathological area without destroying the non-
pathological neighboring zones.

The fundus pigmentation is also of primary im-
portance. For example, Atarashi et al. [24] found a
comparable treatment outcome in light-pigmented
patients and patients with brown retinal color only if
the dark pigmented eyes were exposed with half the
laser power energy. Moreover, Gabel and coworkers
[10, 25] measured intra- and interindividual pigment-
ation variations by a factor of more than 2 in hu-
mans. Thus, an individual measurement of the pig-
mentation at the fundus is necessary to allow the
prediction of reasonably exact temperatures.

Finally, the numerical model also allows, for the
first time, to change the thermal parameters of the
various intraocular tissues and to further assume
exogenous inhomogeneous materials like intraocular
gases, retinal implants, etc. in order to analyze their
impact on the heat absorption, conduction and con-
vection.

5. Conclusion

A numerical method for calculation of the tempera-
tures in the fundus of the eye during laser treat-
ments and taking into account local heat convection
due to choroidal blood flow was developed. Thanks
to the local formulation of the governing equation
performed in the numerical finite-volume method, a
good agreement was obtained between numerical re-
sults and experimental measurements by using rea-
listic structural and functional assumptions.
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Figure 10 Global and local perfusion in the fundus of the
eye.
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Figure 11 Calculated temperature–time evolution dur-
ing typical photocoagulation treatment (t ¼ 0.5 s,
R ¼ 0.25 mm).
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Figure 12 Calculated temperature–time evolution during
typical TTT treatment (t ¼ 60 s, R ¼ 1 mm).
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With the newly developed numerical calculation
method, the temperature-time evolution, radial and
axial temperature profiles are now available for all
situations in which morphology and laser exposure
parameters are available.
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