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Computer model to investigate the effect of eye
movements on retinal heating during long-duration
fixation on a laser source

Brian J. Lund
Northrop Grumman IT
4241 Woodcock Drive Suite B100
San Antonio, Texas 78228
E-mail: brian.lund@brooks.af.mil

Abstract. A computer simulation called RHME (Retinal Heating in
Moving Eye) is developed to simulate the heating pattern that occurs
in the retina during a long-duration exposure to a continuous wave
laser beam. The simulation takes into account eye movements that
occur during a deliberate fixation. Due to the rapid (millisecond) ther-
mal time scale for heating and cooling, only the area of the retina
directly exposed to the laser sustains an increased temperature. Once
the laser spot is removed from a particular location of the retina (be-
cause of eye movements) that location quickly cools. Points of the
retina will therefore have a complex thermal history during a long-
duration exposure. Simulation results for a minimal retinal spot size
indicate that subjects staring at a helium-neon laser (l5632.8 nm)
beam producing the small-source maximum permissible exposure
(MPE) level corneal irradiance of 1 mW cm22 (.10-s exposure) will
experience a maximum although transient temperature increase in the
retina of less than 2°C during a 50-s fixation trial. The large increase
in the International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) and ANSI Z136.1 safety limits for a long-duration small-
source exposure to visible continuous wave lasers that was adopted in
2000 therefore appears appropriate. © 2004 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.1783355]

Keywords: laser; retina; eye movement; maximum permissible exposure; thermal
damage; computer model.
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1 Introduction
In 2000, the maximum permissible exposure~MPE! safe limit
for long-duration exposure to laser radiation was amended.1,2

This change resulted in a significant increase in the small
source MPE over that defined by the previous3 safety standard
of 1993. Figure 1 compares the current and previous MPE
values for an 8-h exposure in the visible wavelength region
(l5400 to 700 nm!. The increase in the MPE values is two
to three orders of magnitude over most of the visible wave
lengths.

One of the factors contributing to the decision to raise the
MPE limits was a study of eye movements during fixation
performed by Ness et al.4 Eye ~and head! movements affect
the distribution of energy deposited in the retina. It was found
that, for a 100-s fixation trial, the peak radiant exposure at th
retina might be reduced to;1/5 the peak radiant exposure
that would be experienced in a completely stationary eye.

Ness et al.,4 recorded the small-scale eye movements of
volunteers fixating on effectively a point source produced by a
light-emitting diode~LED!. The diode was very dim—each
volunteer’s eye was subject to a corneal irradiance o
;1 pW cm22. Lund et al.5 extended the study to higher in-
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Journal of B
tensity sources by replacing the diode with a helium-ne
~HeNe! laser (l5632.8 nm). Attenuators were used so tha
the fixation source produced corneal irradiance values in
range0.6 pW cm22 to 6 mW cm22. No significant change in
the tightness of the fixation pattern was observed as the so
intensity increased.

From the eye movement data and reasonable assump
about the laser beam’s irradiance profile, the distribution
the radiant exposure at the retina can be determined.4 This
knowledge is adequate to predict the retinal damage th
from long-duration exposure to shorter wavelengths(l
,540 nm), where the damage process is usually photoche
cal in nature.6 For photochemical damage, a constant do
~retinal radiant exposure! is required to elicit a damage re
sponse. However, for longer wavelengths(540 nm,l
,1400 nm), the damage mechanism is predominantly t
thermal denaturization of proteins.6 The rate of this denatur-
ization reaction is strongly temperature dependent,7 and there-
fore detailed information about the thermal history of t
retina is required to predict the onset of injury.

Although centrally peaked, the eye movement pattern d
ing a 50-s fixation trial will typically move the retinal imag
of the laser source over a region that is greater than 300mm in
extent.5 For retinal laser spot sizes on the order of 10s
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Fig. 1 Change in the MPE for long-duration (.104 s) viewing of a
continuous wave laser source. The plot shows the MPE values for
exposure to a small (minimum angular subtense) source (from Refs. 1,
2, and 3).
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micrometers in diameter, the eye movements are large enoug
that a particular location on the retina will experience periods
in which it is directly irradiated by the beam, and will there-
fore be heated. The same location will also experience period
when it is not directly illuminated by the beam, and will have
an opportunity to cool.

Previous analytical and computational models of heating in
the retina during a laser exposure~e.g., Refs. 8, 9, 10, and 11!
have treated the retina as stationary, and using cylindrica
symmetry, have reduced the problem to two spatial dimen
sions. This treatment is reasonable for short-duration expo
sures, i.e., single pulses, but not for the long-duration expo
sures of concern here. For the long-duration exposures,
detailed study of the effect of the eye movements on the ther
mal history of the retina is necessary.

A computer program called RHME~Retinal Heating in
Moving Eye! was developed to simulate the heating in the
retina during a long-duration fixation on a laser source. The
primary goal of RHME is to compare the retinal thermal his-
tory in a moving eye to the heating pattern that would be
experienced by a stationary eye. The program is also require
to have a reasonable execution time(;few hours! on a desk-
top computer. Thus, simplifying assumptions were made
about the geometry as well as the thermal and light-absorbin
properties near the retina. The light source is also treated in
simple manner. Emphasis was placed on handling a sourc
that is being moved about the retina due to eye movements

Simulation results are presented for a small-source MPE
level exposure. Extended-source exposures will be examine
in future work.

2 Model
The geometry of the RHME simulation is illustrated in Fig. 2.
In this model, the eye is crudely separated into three regions
The retinal pigment epithelium~RPE! is modeled as a flat slab
10 mm thick centered on thez50 plane. The semi-infinite
volume above the RPE represents the interior media of th
eye through which light passes on the way from the cornea t
the retina. The semi-infinite volume below the RPE represent
post-RPE tissue, such as the choroid, sclera, etc.
1094 Journal of Biomedical Optics d September/October 2004 d Vol. 9
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Light-absorbing melanin is12 concentrated in the RPE. T
simplify the calculations, light absorption is assumed to ta
place only in the RPE layer; heating due to light absorption
the pre- and post-RPE tissue is considered negligible in
model. Contributions to heating due to light scattered from
main light beam~large-angle scattering! are ignored. Al-
though the primary location for light absorption is the melan
granules, the long exposure duration and low power of c
cern here mean that the RPE can be treated as a homoge
material.

The ocular media in the model are assumed to have
density, specific heat, and thermal conductivity of water~see
Table 1!. These properties are taken to be homogeneous
isotropic. Light transmission and absorption characteris
are wavelength dependent and are extracted from
literature.12,13

A circular laser beam having a uniform irradiance profi
~‘‘top hat’’ beam profile! is incident on the RPE. The center o
this beam spot traces out a path@x(t),y(t)# in accordance
with eye movement data recorded during fixation.5 Light is
absorbed within a cylindrical volume as the beam pas
through the RPE layer. The height of this absorbing volume
equal to the thickness of the RPE layer, while the diamete
equal to the diameter of the incident beam. The thicknes

Fig. 2 Geometry of the RHME model; the z50 plane bisects the RPE
slab.

Table 1 Parameters used in the simulation.

Properties of Medium

Thermal conductivity k50.0063 J cm21 s21°C21

Specific heat C54.184 J g21°C21

Density r51.0 g cm23

Thermal diffusivity a5k/Cr50.0015 cm2 s21

RPE thickness h510 mm

Beam Properties

Irradiance at corneaa 1.0 mW cm22

Ocular transmittance at l5632.8 nm 0.65

Absorption in RPE at l5632.8 nm 0.29

Power absorbed in RPE 72.5 mW

Beam radius at RPE a512.5 mm (d525 mm)
a Averaged over a 7-mm-diam pupil.
No. 5
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Computer model to investigate the effect . . .
the RPE is taken to be 10mm, as has been customary in
previous models.6–11Energy absorbed is converted to heat and
used as the source term in the heat conduction equation~see
later!. Note that the energy deposition is assumed to be uni
form throughout the thickness of the RPE layer—there is no
Beer’s law attenuation calculation.

The uniform energy deposition, coupled with the simpli-
fied geometry of the simulation, means there is a symmetr
about thez50 plane in this model. This symmetry is ex-
ploited in the computer program to reduce the memory and
computational requirements.

Temperature increase throughout the model space is calc
lated by solving the standard heat conduction equation for a
isotropic, homogeneous medium:14

rC
]u

]t
2k¹2u~x,y,z,t !5Q~x,y,z,t !. ~1!

Hereu is the temperature increase in degrees centigrade,r is
the density ing cm23, C is the specific heat inJ g21°C21,
and k is the thermal conductivity inJ cm21 s21°C21. The
heat source termQ (J cm23 s21) represents the cylindrical
absorbing volume in the RPE—its magnitude is constant, bu
its position traces out a path determined by eye movement
RHME imposes the boundary conditionu(ur u,t)50 as ur u
→`.

The heat conduction equation is solved numerically using
the 3-D finite element method.15–17 The temperature rise dis-
tribution is expanded using linear interpolating functions over
a 3-D spatial mesh. The finite elements defined on this mes
are regular rectangular solids. An implicit time-stepping pro-
cedure is used to calculate the time evolution of the tempera
ture rise distribution from the initial conditionsu(x,y,z,t
50)50. The inputs to the program include the density, spe-
cific heat, and thermal conductivity of the model eye medium;
the diameter of the beam spot at the RPE; the total powe
deposited into the RPE~given in watts!; and the path of the
source about the plane of the RPE@x(t),y(t)#. The latter is
extracted from experimentally recorded fixation data.5 The
output of the program is the temperature riseu(x,y,z) at
specified time intervals; the maximum temperature rise
umax(x,y,z) observed throughout the trial simulation

umax~x,y,z!5max$u~x,y,z,t !;0<t<t trial%, ~2!

and the time-averaged temperature rise,

uavg~x,y,z!5
1

t trial
E

0

t trial
u~x,y,z,t8! dt8. ~3!

2.1 Parameters
The parameters used for the simulation results presented
this paper are listed in Table 1.

In current safety standards,1,2 the MPE for a long-duration
small-source ocular exposure to a continuous wave laser
1 mW cm22 for visible wavelengths. The MPE value is de-
fined as the corneal irradiance averaged over a 7-mm-diam
pupil. An MPE-level exposure therefore admits a total in-
terocular power ~TIP! of (1 mW cm22) @p(0.7 cm/2)2#
5385mW.
Journal of B
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At the wavelengthl5632.8 nm~such as from the HeNe
laser used by Lund et al.5!, the direct transmittance throug
the ocular medium to the RPE is13 ;65%. Absorption in the
RPE at this wavelength is12 ;29%. Therefore, the power
absorbed in the RPE during exposure to a1 mW cm22 cor-
neal irradiance beam atl5632.8 nmis approximatelyPRPE
5(385mW)(0.65)(0.29)572.5mW. For the simulation re-
sults presented here, a value ofPRPE572.5mW is used.

A beam spot diameter of 25mm is used for all results
presented here. This retinal spot diameter corresponds
visual angle of 1.5 mrad, which is equal toamin , the limiting
angular subtense separating a small source from exten
source viewing in the safety standards.1,2

3 Results
3.1 Stationary Source
For a stationary cylindrical heat source, an analytical solut
of Eq. ~1! can be obtained.18 This solution is in terms of a
double integral over the radial distance from the cylinder ax
and the exposure duration. In thez50 plane, the solution
reduces to

u~r ,z50,t !5
Q0

2a E
0

t exp~2r 2/4at8!

t8
E

0

a

expS 2r 82

4at8 D
3I 0S rr 8

2at8
D erfS l

2Aat8
D r 8 dr 8 dt8, ~4!

wherer 5(x21y2)1/2 is the radial distance from the cylinde
axis (z axis!, a is the cylinder radius,2l is the cylinder
height,a5k/rC is the thermal diffusivity,Q0 is the strength
of the heat source, andI 0 is a modified Bessel function. A
r 50, the preceding equation reduces to

u~r 50,z50,t !5Q0E
0

tF12expS 2a2

4at8D GerfS l

2Aat8
D dt8.

~5!

Equations~4! and~5! can be integrated numerically to provid
checks on the performance of the simulation.

The results of running RHME for a small-diameter statio
ary source@no eye movements,x(t)5y(t)50] for a 50-s
exposure are shown in Figs. 3 and 4. Note that the peak t
perature rise in the plane atz50, 5, and 10mm was 1.14,
0.93, and0.61°C, respectively. Figure 3~a! shows the maxi-
mum temperature riseu(x,y,z50,t550 s) in the planez
50. Due to the symmetry of the simulation geometry, t
plane z50 is where the greatest temperature increase w
occur. As expected from the cylindrical symmetry of this pa
ticular situation, the temperature contours are circular a
symmetric about the location of the source(x50, y50).

The temperature rise in thez55 mm plane is shown in
Fig. 3~b!. This is the extent in thez direction of the cylindrical
absorption region of the RPE model(thickness510mm).
Figure 3~c! is the temperature rise in thez510mm plane,
which is outside the light-absorbing volume. It is therefo
only indirectly heated through thermal diffusion from the a
sorbing cylindrical volume.
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1095
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Fig. 3 Temperature increase, in degrees centigrade, after a 50-s exposure for a stationary small source. Source characteristics are listed in Table 2
in Sec. 3.2. The horizontal axis in the figures represents the nasal/temporal (horizontal) position on the retina, in micrometers. The vertical axis
represents the superior/inferior (vertical) position.

Fig. 6 Response of the temperature in the retina (z50 plane) to source movement, with eye movement data from subject 6 of Lund et al.5 [Fig.
5(c)], during a microsaccade (flick).
1096 Journal of Biomedical Optics d September/October 2004 d Vol. 9 No. 5



Computer model to investigate the effect . . .
Fig. 5 Eye movement visitation plots illustrating the extent of eye movements during the fixation task. Minimum contour in these plots
50.001 s. Note the time scales are different for each figure. 300 mm on the retina corresponds to ;1 deg in the field of view. (a) Subject 1, fixate
for 50 s on HeNe source producing a corneal irradiance of 0.6 pW cm22; (b) subject 4, 50 s, 60 pW cm22; and (c) subject 6, 45 s, 6 mW cm22.
(Data from Lund et al.5)
Journal of Biomedical Optics d September/October 2004 d Vol. 9 No. 5 1097
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Fig. 4 Comparision of the RHME simulation and the analytical solu-
tion for a stationary small source centered at the retinal position (x
50 mm, y50 mm, z50 mm). (a) temperature rise versus time at the
retinal location (x50, y50, z50). RHME underpredicts the analyti-
cal solution by about 6%. At 10 ms, uRHME51.03°C, 90% of its value
at 0.5 s @uRHME(0.5 s)51.13°C#. (b) RHME simulation for a stationary
source that is turned on at t50 s and turned off at t51.0 s. (c) Tem-
perature rise versus radial distance in the z50 plane at t550 s. The
dashed line indicates the edge of the source volume.
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Figure 4~a! shows the temperature rise during the first 1 s
of exposure at the center of the cylindrical absorbing volume
(x50, y50, z50). The results of the RHME simulation are
compared to the analytical solution at this point@Eq. ~5!#. The
computer simulation underpredicts the analytical solution by
;6%.

The rapid temperature increase observed in Fig. 4 is im
portant. Within about 10 ms, the temperature at this centra
point has risen to within 90% of the final temperature it will
attain after a 50-s exposure@uRHME(0.01 s)51.03°C,
uRHME(50 s)51.14°C]. This means that once a particular lo-
cation on the retina becomes directly exposed to the beam,
will rapidly heat to a temperature near the maximum it would
reach if continuously and constantly exposed. Cooling once
1098 Journal of Biomedical Optics d September/October 2004 d Vol. 9
t

the source is removed from a location~or the laser beam
moves away due to eye movements! is also rapid, as can be
seen in Fig. 4~b!. This figure is again a plot of the temperatu
rise at the point(x50, y50, z50). The heat source~i.e., the
laser! is turned on at timet50 s, and turned off att51.0 s.

Figure 4~c! shows the radial distribution of the temperatu
rise in thez50 plane after a 50-s exposure to a stationa
source. The RHME model is seen to underpredict the ana
cal solution for a stationary source@Eq. ~4!#. It was expected
that there would be a limit on the accuracy of th
simulation—the use of linear interpolation functions on a
practical ~i.e., reasonable run time! mesh cannot accuratel
represent the temperature distribution in the regions near
boundary of the heat source~absorbing volume in the RPE!.
The heat source, by its definition in this model, has an infin
slope at its boundary. However, the accuracy attained
deemed sufficient for the goals of the simulation—to inves
gate how eye movements affect the thermal history of
retina during a long-duration exposure to continuous la
light.

3.2 Eye Movement Data
Source movement data input into the simulation are ta
from the fixation study of Lund et al.5 Volunteers deliberately
fixated on a spot produced by a HeNe laser(l5632.8 nm)
for 50 s. This fixation target produced corneal irradiance v
ues in the range0.6 pW cm22 to 6 mW cm22. The head was
stabilized using a forehead/chin rest combination. The d
recording rate was 1000 Hz. The eye movement data w
expressed in terms of retinal coordinates and were interpr
in terms of the path that the laser spot would follow as it w
moved about the retina by eye movements. As such, th
data could be directly inserted into the thermal model.

Figure 5 shows the eye movement patterns for which r
nal heating simulation results are presented below. Th
‘‘visitation plots’’ show the accumulated time, during a 50
fixation trial, that eye movements would have placed the c
ter of the laser beam at each point of the retina. The mo
ment patterns are characterized by a ‘‘fixation ellipse’’ that
derived from the standard deviations of the nasal-tempo
and superior-inferior eye movement data.5 The area of the
fixation ellipse gives a measure of the tightness of fixat
during a given trial. Fixation ellipse areas are listed in Table
The eye movement patterns used here are examples o
loosest@subject 1, Fig. 5~a!# and tightest@subject 4, Fig. 5~b!#
eye movement patterns observed.5 The eye movement patter

Table 2 Comparison of simulation results for small-source exposure.

Fixation Ellipse Area
(mm2)

Peak umax
(°C)

Peak uavg
(°C)

Stationary 0.0 1.14 1.14

Subject 1 6552 1.23 0.24

Subject 4 951 1.21 0.42

Subject 6 4033 1.15 0.25
No. 5



o
i

t

-

-

t

e
a

r
,

s

is
d
s
e
e

e
t

n

-

e

, the

0,
r an
a
e is
en-
ed
cal-

alue
em-
the

e. A
ra-
eye
o-
ur.
ra-

ated

ex-

-
oes
.
re-
he
t of
0

for
The
ig-
the

r
lar

e
-
urce
han

at

l

-

Computer model to investigate the effect . . .
of subject 6@Fig. 5~c!# exhibited unusually frequent and pro-
nounced nasal-temporal microsaccades~flicks! during the trial
shown here.

3.3 Simulations with Moving Eye
Figure 6 is a time sequence showing the simulation of the
thermal response of the retina using the eye movement data
subject 6. These nine frames capture the temperature rise
thez50 plane during a microsaccade~flick! which moved the
laser spot a distance of;230mm on the retina in 40 to 50ms.
Because of the rapid thermal response times~of the order of
10 ms, Fig. 4!, only the region of the retina directly irradiated
by the laser beam attains a significant temperature rise. Onc
the beam moves away from a particular point of the retina, i
rapidly cools. In Fig. 6, it is easy to identify the location of the
beam in each of the frames.

During relatively quiescent times in the eye movement pat
tern, such as just before@Fig. 6~a!# and just after@Fig. 6~i!# the
microsaccade, the temperature rise distribution is nearly cir
cular, similar to that obtained for a stationary source~Fig. 3!.
Only during periods of rapid and large-scale eye movemen
does the temperature rise pattern show an asymmetry@Figs.
6~c! to 6~g!#.

Because of the rapid thermal response, all points of the
retina directly exposed to the beam~due to the eye move-
ments! will, at some time during the fixation period, be heated
to a temperature near that of the maximum temperatur
reached for the stationary source. Thus, it is expected that
plot of the maximum temperature rise distribution@Eq. ~2!#
for, say, thez50 plane, will be a plateau or mesa having
roughly the same shape as the overall eye movement patte
~Fig. 5!. This is indeed the case, as illustrated in Figs. 7, 8
and 9. In Figs. 7~a!, 8~a!, and 9~a! the contour lines of the
visitation time~eye movement! distributions of Fig. 5 are su-
perimposed on the maximum temperature rise distribution
for each of the three subjects considered.

Another consequence of the rapid thermal response time
that the time-averaged temperature rise distribution, define
by Eq.~3!, should reflect the eye movements. Once again, thi
is clearly seen to be the case in Figs. 7, 8, and 9, where th
peaks of the average temperature rise distribution mimic th
peaks in the visitation time plots. Note that subject 4~Fig. 8!,
whose eye movement pattern is the tightest, reaches a high
peak average temperature rise than do the other two subjec

Table 2 lists the peak value in theumax anduavg distribu-
tions in thez50 plane for the stationary source and the three
sets of eye movement data. Also listed is the area of the fixa
tion ellipse for each data set. The peak of theuavg distribution
is seen to have a strong and inverse relation with the fixatio
ellipse area. The peak of theumax distribution is relatively
insensitive to the nature of the eye movements.~The variation
here may be another indication of the accuracy of the simu
lation.!

The smoothness of the average temperature rise plots hid
the complex thermal history of a given point of the retina. The
temperature rise at the location of the peak value ofuavg is
plotted as a function of time in Fig. 10 for the three eye
movement data sets. These traces clearly exhibit the period
of higher temperature when the particular retinal location is
directly exposed~or nearly so! to the laser. The lower tem-
Journal of B
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perature regions occur when, due to the eye movements
laser spot is moved some distance away.

4 Discussion
It is the complicated thermal history, as illustrated in Fig. 1
that must be analyzed when trying to understand whethe
individual is at risk of receiving a thermal injury to the retin
during a long-duration exposure to a laser. Thermal damag
understood to be the result of protein denaturization and
zyme deactivation.6 This damage process is usually model
as a first-order rate process, which can be quantified by
culating the parameterV from an Arrhenius integral:7

V~r ,t !5AE
0

t

exp@2Ea /RT~r ,t8!# dt8. ~6!

In Eq. ~6!, A is a frequency factor in inverse seconds,t is the
total exposure time,Ea is the energy of activation(J mole21),
R is the universal gas constant(8.32 J mole21 K21), and
T(r ,t) is the ~time-dependent! absolute temperature in
Kelvins at the pointr . The parametersA, Ea , andR are often
determined by fits to damage threshold data so that the v
V51 indicates irreversible damage. The presence of the t
perature in the exponent of the integrand indicates that
thermal damage process is very sensitive to temperatur
particular retinal location attains the same maximum tempe
ture in the stationary and moving eyes. However, because
movements will remove the retinal location from direct exp
sure to the beam, cooling of the particular spot will occ
Therefore, it can be expected that a significantly longer du
tion exposure is needed in the moving eye before accumul
thermal damage becomes permanent and irreversible.

The temperature increases calculated for an MPE-level
posure to light from a HeNe laser(l5632.8 nm) are fairly
small,umax;1.2°C. This result is desirable for exposure lev
els that are deemed safe. The current version of RHME d
not incorporate a damage assessment model, such as Eq~6!.
A detailed investigation of thermal damage thresholds
quires either the addition of such a model to RHME, or t
development of a model that can make use of the outpu
RHME ~say, e.g., the temperature-time curves of Fig. 1!.
Work in this direction is currently in progress.

The simulation results presented here were calculated
an MPE-level exposure to a continuous wave HeNe laser.
program itself does no beam transport calculations and is
norant of any wavelength dependencies. To determine
power deposited in the model RPE~in this case, 72.5mW!,
ocular transmission and RPE absorption coefficients fol
5632.8 nmwere used. Figure 11 is a plot of the direct ocu
transmission coefficient13 Tocular and the RPE absorption
coefficient12 ARPE for the visible wavelength region. Th
productARPE3Tocular gives the fraction of the TIP that is ab
sorbed by the RPE, and therefore the strength of the so
term used in the RHME model. For wavelengths greater t
500 nm ~where the MPE is1 mW cm22, see Fig. 1!, ARPE
3Tocular is nearly linearly decreasing from a value of 0.29
l5550 nmdown to a value of 0.15 atl5700 nm.~Note that
ARPE3Tocular50.19 at l5632.8 nm.) Because the therma
diffusion equation is linear in the source termQ as well as the
temperature increaseu, an estimate of the temperature in
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1099
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Fig. 7 Eye movement pattern [visitation time contour plot, Fig. 5(a)]
superimposed over (a) maximum temperature increase and (b) time-
averaged temperature increase in the z50 plane, for subject 1 of
Lund et al.5 Calculations are for a MPE-level exposure (see Table 1).
1100 Journal of Biomedical Optics d September/October 2004 d Vol. 9
Fig. 8 Eye movement pattern [Fig. 5(b)] superimposed over (a) maxi-
mum temperature increase and (b) time-averaged temperature in-
crease in the z50 plane, for subject 4.
Fig. 9 Eye movement pattern [Fig. 5(c)] superimposed over (a) maximum temperature increase and (b) time-averaged temperature increase in the
z50 plane, for subject 6.
No. 5
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Computer model to investigate the effect . . .
Fig. 10 Temperature increase versus time at the location of the peak
of the time-averaged temperature rise distributions in the z50 plane
for (a) subject 1, 50 s, umax51.14°C, uavg50.24°C; (b) subject 4, 50 s,
umax51.13°C, uavg50.42°C; and (c) subject 6, 45 s, umax51.13°C,
uavg50.25 K.
a

f

lts
than

re-

of
ed

the
x-

urce

10
crease that would occur during1 mW cm22 corneal irradi-
ance exposures to other wavelengths can be obtained by sc
ing the results from thel5632.8 nmcalculations. The slow
variation of ARPE3Tocular with wavelength indicates that the
maximum temperature increase will be of the same order o
magnitude as that calculated atl5632.8 nm. Specifically,
umax(l5500 nm)'(0.29/0.19)•1.2°C51.8°C for an expo-
sure which produces a corneal irradiance of1 mW cm22.
Similarly, umax(l5700 nm)'0.95°C.

The RHME program was written to examine the effect eye
movements have on the retinal heating pattern during a long
duration exposure. The model has been kept simple to reduc
computational effort, and thus the time required for the pro-
gram to run. All absorption leading to a significant tempera-
Journal of B
l-

-
e

ture increase is assumed to take place within the RPE. En
absorption within the choroid, which does contain some me
nin, was neglected. While the absorption at a given wa
length by the RPE and the choroid are comparable,19 the chor-
oid is of the order of 10 times thicker than the RPE. T
density of energy deposited per unit time(J cm23 s21) is thus
an order of magnitude smaller in the choroid than in the R
~see also Ref. 10!. Temperature increase in the retina is the
fore dominated by energy absorption within and diffusion
heat from the RPE.

Welch et al.20 and Birngruber9 developed a simple mode
to investigate the significance of choroidal blood flow on te
perature calculations for laser-irradiated tissue. Their res
indicate that blood flow will have a negligible effect on th
simulation results presented here~50-s exposure to a mini-
mum spot size beam!. For large spot sizes or much longe
duration exposures, heat transport due to blood flow w
lower the temperature below that predicted by the sim
RHME model. In this sense, the RHME model can be cons
ered conservative in that it overestimates the potential
thermal damage to occur.

The eye movement data used for the simulation res
presented here represent a ‘‘worst-case’’ scenario from a l
perspective—subjects, with fixed head position, deliberat
staring into a laser beam. Yet the RHME simulation resu
indicate that the maximum temperature increase is less
2°C when experiencing an exposure to a~visible wavelength!
small source producing a corneal irradiance of1 mW cm22.
This is an extremely bright light source. For comparison,
call that the eye movement data for Subject 6@Fig. 5~c!# was
recorded while that individual stared at a source
6 mW cm22 corneal irradiance. The experience was liken
to staring at the high beams of an oncoming vehicle.5

The relatively low temperature increases calculated by
RHME simulation seem to indicate that the long-duration e
posure limits for a continuous wave laser3 were indeed overly
conservative, and the greatly increased current small-so
exposure limits1,2 will be effective in preventing~thermal! in-
jury, which requires6–11 a temperature increase of at least
to 20°C.

Fig. 11 RPE absorption coefficient ARPE and direct ocular transmission
coefficient Tocular as a function of wavelength for visible light. The
product of these two coefficients gives the percentage of the TIP that is
absorbed in the RPE (ARPE absorption from Gabel et al.,12 Tocular from
Boettner and Wolter13).
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1101
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5 Conclusion
The computer program RHME was developed to investigate
the effect of eye movements on the thermal history of the
retina during a long-duration exposure to a continuous lase
source. For a small-source exposure, the results of the sim
lation indicate that the maximum temperature reached in th
retina is independent of the eye movement pattern, but de
pends only on the source characteristics. The time-average
temperature, however, is strongly determined by the ey
movement pattern, as is the thermal history of a particula
location in the retina.

The thermal history for a particular retinal location may be
complex, as the location heats when directly exposed to th
laser beam, and cools when eye movements shift the las
spot to a new retinal location. This complex thermal history
must be examined to determine the likelihood of receiving
thermal damage during a long-duration exposure to continu
ous wave laser light.

For an MPE to a HeNe laser(1 mW cm22 corneal irradi-
ance,l5632.8 nm)producing a minimal retinal spot of 25
mm in diameter, RHME estimates a maximum temperature
increase of;1.2°C in areas of the retina directly irradiated
by the laser beam. This maximum temperature increase
sustained for only brief periods of time, until eye movements
move the image of the laser to a different location on the
retina. The wavelength dependence of the ocular transmissio
and RPE absorption coefficients indicate that the maximum
temperature increase will be less than2°C for MPE-level
exposures to visible wavelengths. This relatively small tem-
perature increase calculated for such a bright source indicate
that the increase in long-duration exposure limits for smal
sources that occurred1,2 in 2000 was justified.
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