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ABSTRACT Repetitive exposure to short laser pulses is
shown to cause seective damage to absorbing structures (cells,
organles, or enzymes) with pulse energies below the treshold
energy for single-pulse damag. Detly adjacent strucures
are spared in Wvo. Additvity of (presummbly nonphotochem-
ical) subthreshold effects b demonstrated. Selective damage to
the reinal pigment epithelium with sparing ofthe neural retina
l shown (514 nm, 5 ps, 1-500 pulses at 500 Hz, 2- to lO-pj
pulse energy). A melan granule model has been developed
and applied to the experimental ituation. ilbtoloical results
as well as the basic mechanism for these effects ared d.

Depending on the type of tissue and the wavelength used,
laser light can be absorbed by uniformly distributed chro-
mophores and water or by discrete pigment granules. For
many applications, laser light energy is transformed into
inner energy (heat) of the absorbing structures. Thermal
effects prevail at exposure times > 1 ms (1, 2). Depending on
the exposure time, these effects may not be confined to the
absorbing structures. During and after exposure, heat dissi-
pates out of the absorbing volume, causing a substantial
temperature increase in the surrounding tissue and undesir-
able side effects. In clinical retinal photocoagulation, for
example, with exposure times of several hundred millisec-
onds, the nonabsorbing neural retina is thermally damaged
because it is directly adjacent to the absorbing retinal pigment
epithelium (RPE). However, in several diseases only the
destruction of the RPE, a single cell layer, is required (3-5).
Such confined effects require the use ofpulses shorter than

the thermal relaxation time of the target structure (adiabatic
heating) (6). Thermal effects are temperature- and time-
dependent and highly nonlinear (1, 6-8). As the exposure time
and therefore the time of increased temperature becomes
shorter, higher temperatures are necessary to achieve a given
effect. Ifthe energy is deposited in a very short time (typically
microseconds or less), large spatial and temporal temperature
gradients result, inducing mechanical effects such as microex-
plosions, displacement of absorbing structures (e.g., melanin
granules), or hemorrhage (9-12). Such gross mechanical ef-
fects are often not tolerable in clinical applications. This paper
discusses the concept of inducing tissue damage by repetitive
short subthreshold pulses, each too small in energy to cause
tissue damage by itself, in order to circumvent this limitation.
Additivity has been demonstrated for multiple 40-p,s pulses at
488 nm and 647 nm on the retina (13) and for multiple 9-ms CO2
laser pulses on the cornea (14).
As an experimental model for such a selective damage

mechanism, the rabbit retina has been chosen. The goal of
this study was to destroy selectively the RPE cell monolayer
by using multiple subthreshold effects with minimal damage
to the directly adjacent photoreceptors in the neural retina.
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Concept

The transition from localized to more widespread thermal
damage occurs as the exposure duration exceeds the thermal
relaxation time (tr) ofthe target structure. For a thermal point
source tr = r2/6k, where k is the thermal diffusivity (1.5 x 10-3
cm2-s-1 for water) (1, 15). tr is defined as the time at which the
temperature at a point at distance r from the source has its
maximum temperature. During exposure to long pulses (p >>
tr), heat transfer occurs and the adjacent tissue is heated
relatively uniformly, causing nonspecific necrosis.

If the pulse duration is well below the thermal relaxation
time (p << tr), spatial confinement can be achieved because
the temperature rise outside the target structure of a chosen
volume of radius r is too small to cause any significant
collateral damage. For short pulses, however, high temper-
atures in the target structure are necessary to produce
damage. When higher temperature gradients are induced,
thermomechanical mechanisms such as explosive effects
increasingly compete with pure thermally mediated ones.
We propose a concept based on the delivery of multiple

short pulses. A specific combination of pulse duration, pulse
energy, repetition rate, and number of pulses fractionally
produces enough cumulative thermal load in the target struc-
tures to cause the desired tissue effect. Two assumptions are
basic to the concept. (i) Each single pulse will induce a short,
large temperature rise leading to thermal damage in the
absorbing structure. The temperature decays quickly to
almost body temperature during the interpulse time. Heat
diffusion smooths out this strong temporal temperature mod-
ulation, and outside the absorbing volume a temperature
increase with very limited modulation depth remains. If the
relevant exposure parameters are chosen properly, the short
strong temperature excursions in the target structure will
cause an overall damage to the structure after application of
a suitable number of subthreshold pulses. In contrast the
small, smooth temperature rise in the surrounding tissue will
not produce damage. (ii) Even though localized thermome-
chanical effects cannot be excluded, the thermal gradient
induced by each single exposure stays below the threshold
for undesirable gross mechanical damage.

Materials and Methods

An external acousto-optical modulator was used to chop a
continuous-wave argon-ion laser beam (514 nm). The mod-
ulated argon laser beam was coupled to a laser slit lamp,
which provided observation ofthe fundus and focusing of the
laser beam onto the retina. The spot size at the neural retina
was about 110 ,um in diameter (l/e2).
The retinas of Chinchilla rabbits were exposed to trains of

short laser pulses or to single long exposures, longer than tr
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of the RPE. For short pulse exposure the pulse duration was
always S jus. The pulse energy was varied in the range of 2,
3, 6, and 10 ,uJ. Trains of 1, 25, 100, and 500 pulses were used.
The repetition rate was 500 Hz. The exposure times of the
long control pulses were 100 ms, 500 ms, and 1 s with powers
between 5 and 50 mW.
Animal care and anesthesia were in accordance with the

institutional guidelines. A total of 800 short pulse exposures
and 400 long pulse exposures in 40 eyes of 25 gray Chinchilla
rabbits were performed. Both for short and for long pulses,
the effect was assessed by fluorescein angiography about 2 hr
and 1 day after exposure. Fluorescein, a fluorescent dye,
leaks out of the choroid into the neural retina if the gap
junctions between the RPE cells are broken. Fluorescein
angiography is known as the most sensitive in vivo criterion
for RPE alterations (16, 17). Statistical evaluation of all test
exposures led to a quantitative definition of threshold pa-
rameters. Representative short- and long-pulse lesions were
prepared for analysis by transmission electron microscopy
(TEM) or light microscopy (LM) 2 hr and 1 day after
exposure. Lesions at 2 hr: 20 oulsed lesions (100 pulses with
each pulse 3 and 6 jJ; 500 pulses with each pulse 3 pJ and 6
/uJ) were examined by TEM and LM; 16 continuous-wave
lesions [10 of50-ms exposure (35-45 mW)], 6 of 1-s exposure
(10-16 mW) were examined by LM. Lesions at 1 day: 24
pulsed lesions (100 pulses of 3 pJ and 6 pJ) (20 by TEM and
4 by LM) and 24 continuous-wave lesions (20 by TEM and 4
by LM) were examined.

Results

Fig. 1 shows a probability plot of the lesions produced by
repetitive short (5-.*s) pulses. The incidence of damage
visible by fluorescein angiography is plotted versus pulse
energy for various numbers ofpulses. The lines represent the
linear regression curves. The threshold energy ED50 is the
per-pulse energy necessary to achieve 50%6 probability of
damage visible by fluorescein angiography. Fig. 1 indicates
that ED5o decreases with increasing number of pulses, indi-
cating some degree of additivity.
The results of the statistical evaluation of damage tests for

single 1-s pulse exposures were analogously analyzed in a
probit plot. The necessary power for 5% probability of
fluorescein-visible RPE damage was 6 mW and that for 90%o
probability 17.5 mW. The threshold ED50 power at 1-s
exposure time was -11 mW. The threshold powers for
shorter continuous-wave exposure times were higher (e.g.,
16.3 mW at 100-ms exposure times).
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FIG. 1. Probability plot for a fluorescein angiographic visible
damage in rabbit eyes after exposure to 1 (e), 25 (v), 100 (v), or 500
(o) short argon-laser pulses (514 am) as a function of the energy per
pulse at the cornea. Pulse duration, 5 ,us; frequency, 500 Hz; laser
spot diameter (d), 110 ,um.

Histology of a typical lesion, irradiated with 500 short
(5-ps) pulses at a frequency of 500 Hz (total exposure time,
1 s) is shown in Fig. 2. The pulse energy of 3 pJ was twice the
ED50 value (Fig. 1). Histology oftypical long pulse exposures
(1 s with the ED50 power) is shown in Fig. 3. In both cases the
target structure, the RPE, is heavily damaged with no rec-
ognizable cell processes left. The RPE shows disruption of
individual cells, loss of cell membrane integrity, and conden-
sation of cytoplasmic proteins. No cell borders can be seen.
In both cases the melanin granules appear ultrastructurally
normal and show no sign of displacement. Major differences
appear in the damage of the directly adjacent tissues. After
irradiation with repetitive short pulses the photoreceptor
cells are aligned normally and most of them seem to be
undamaged. The choriocapillaries are functionally patent and
intact erythrocytes can be found. After long pulse irradiation
all photoreceptor cells are uniformly destroyed. Erythro-
cytes in the choriocapillaries are clotted. Fig. 4 shows
sections oflesions prepared 1 day after exposure to repetitive
short laser pulses and after exposure to a single long (100-ms)
continuous wave pulse. As in the sections prepared imme-
diately after exposure, no outer segment damage is notable
after exposure to repeated laser pulses. After a single 100-ms
pulse with a power level only 20%6o above the angiographic
threshold, all the outer and inner segments are damaged.

Thermal Modeling and Its Predictions

Light of 514 nm transmitted through the transparent medium
and neural retina impinges on the RPE. A substantial amount
ofvisible light is absorbed in the RPE (18, 19), directly adjacent
to the neural retina. The RPE is a 10-pm thick monolayer of
epithelial cells, heavily loaded with melanin granules, about
0.6 pm in diameter (20) as the only absorbers. In the rabbit
RPE these granules are randomly distributed in the apical 4pm
of the RPE at an average spacing of about 1.2 pm (21).

Several thermal models have been developed to calculate the
retinal temperature response due to laser exposure (1, 15,
22-25). In all these models, either the RPE is treated as a
uniformly absorbing layer or the spacing of the granules is

FiG. 2. Electron micrograph ofa lesion 2 hr after exposure to 500
short pulses (5 ,us, 500 Hz, 3 uJ, 514 am, d = 110 mW), showing
damage to the RPE (R) with sparing of the outer segments (0) ofthe
photoreceptors and endothelium of the choriocapillaris (C). Melanin
granules (arrows) appear ultrastructurally normal. (Bar = 2 pm.)
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Fio. 3. Electron micrograph showing a lesion 2 hr after exposure
to a long pulse (1 s, 10 mW, d = 110 pm). The RPE (R) and outer
segments (0) of the photoreceptors show loss of cellular integrity.
Note the endothelium in the choriocapillaris (C) is damaged and the
presence of a leukocyte (asterisk). The damage to the RPE (R) is
morphologically similar to the damage following pulsed irradiation.
(Bar = 2 pm.)

assumed to be sufficiently wide so that the temperature at the
boundary of one granule is independent of heat flow from
neighboring granules (25). Both assumptions are not strictly
valid and may lead to wrong results for short exposures. In this
case the granularity of the absorber influences the microstruc-
ture ofthe temperature field. Two relaxation times (tr) must be
considered in the RPE. The tr for a single granule is about 100
ns. The trforthe heat flow out ofthe melanin-loaded 4-pm-thick
homogeneous apical part of the RPE is about 5 ps.
The calculations of the model presented here are based on

a homogeneous distribution of granules at an average dis-
tance of 1.2 Sm. Each melanin granule was modeled as a
cylinder with a radius of 0.3 pm and a length of 0.6 ,um,
oriented along the laser beam axis. A uniform distribution of
6620 continuous point sources ofequal strength (26) was used
to calculate the temperature profile inside and outside the
melanin grnule. Each point source releases heat at a pre-
scribed rate. The numerical error ofthe solution in the center
of a melanin granule, where an analytical solution is avail-
able, is <2% (15).
The solution for the spatial and temporal temperature

variation, T(r, t), after exposure toN. pulses is obtained as
the linear superposition of the contribution from i point
sources to

T(r, t) = 4 =1 r7n [erfc({4,4 -(nri)AtD1/2)

- erfc({1 - n -pI}/)

where k is thermal diffusivity (m2Is1), A is thermal conduc-
tivity (W*K-1-m-1), p is exposure time (s), At is the period of
pulsing (1/frequency) (s), n is the pulse number, ri is the
distance to point source i (m), Q is power (J s-1), and t is time
(s). The fraction of the incident laser light (514 nm) that is
absorbed by a single melanin granule was assumed to be 63%,

FiG. 4. (Upper) Light micrograph taken 24 hr after irradiation
with repetitive pulsed laser (100 pulses, 6 pJ, 500 Hz, d = 110 pm).
The retina shows little damage. RPE cells have covered Brch's
membrane under debris (D), which remains in the subretinal space.
Note hypertrophic RPE cells (arrowhead). N, outer nuclear layer; I,
inner segments; 0, outer segments; R, RPE. (Bar = 10 pm.) (Lower)
Light micrograph taken 24 hr after 100 ms of continuous irradiation
(20 mW, d = 110 pm). The retina remains severely damaged. Most
nuclei are pyknotic; outer segments (0), inner segments (I), and RPE
(R) are damaged. Adjacent RPE shows a cytoplasmic extension
under the debris (arrow). (Bar = 10 pm.)
which is in accord with the experimentally measured total
absorption in the RPE of about 50% at 514 nm (18, 19).
Shielding effects and light scattering in the RPE were ne-
glected. Thermal properties of water were assumed (p = 1
g.Cm3, c = 4.19 Jg-1K-1, a = 1.5 x 10-3 cm2s1). A
Gaussian laser-beam profile with a diameter d (l/e2) of 110
,um was used. The transmission from the cornea to the RPE
was taken to be 93% (1).
The model has been tested by comparing its solutions with

those of a homogeneous single-layer model (1), which is also
experimentally well tested (21). For long pulse exposures the
two models yield exactly the same results.
For pulse durations approaching the tr for the RPE, the

differences between a homogeneous layer model and a dis-
crete absorber model become increasingly more pronounced.
The temperature modulation in space between single melanin
granules inside the RPE starts to appear as the pulse duration
approaches tr. In Fig. 5 the axial temperature profile at the
center of the laser beam across the thickness of the RPE and
into the neural retina is plotted for a single 5-p,s exposure of
5.5-p.J pulse energy (EDso threshold energy for a single 5-p,s
pulse) and for a 1-s pulse exposure of 11-mW (ED5o threshold
power) for various times after exposure. A sharp temperature
gradient at the border between the RPE and neural retina can
be seen after a 5-,us pulse, in contrast to the gradient after the
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FiG. 5. Spatial temperature profile of the RPE and the neural
retina in the laserbeam axis after irradiation with a 5.5-pJ short (S-ps)
laser pulse (threshold of single pulse). Dashed line shows the
temperature profile after a long (1-s) pulse at threshold power (11
mW). Arrowhead indicates the location of the "reference point" as
described in the text. A sharp temperature gradient is observed at the
end of a short pulse. The short-pulse temperature profile is repeti-
tively built up every 2 ms.

1-s exposure. This gradient is not significantly different for a
1-s and a 100-ms exposure (data not shown). In Fig. 6 the
temperature time dependence at the reference point inside
the RPE (arrowhead in Fig. 5) is plotted. At the end of a 5-ps
pulse a maximum temperature increase of 5.5°C/pJ of pulse
energy can be calculated at the reference point (Fig. 5). Fig.
6 shows the corresponding temperature time dependence in
the neural retina 5 pm away from the RPE. The temporal
temperature modulation at the reference point in the RPE is
roughly 10 times that in the neural retina, only 5 ,um away
from the RPE. The average temperatures at the two sites
(Fig. 6, smooth lines in RPE and neural retina) differ by only
20%6, however. Nowhere does the difference exceed 7rC.

In contrast, for long pulse exposures of 100-ms, 500-ms,
and 1-s duration and ED5o power the maximum temperatures
at the reference point inside the RPE (reached at the end of
the exposures) are calculated to be 35C, 29°C, and 25°C,
respectively.

Dicussion

The morphological results clearly show the fundamental
differences between the two photocoagulation concepts. The
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FiG. 6. Temperature time course in the RPE (between two
melanin granules) and in the neural retina exposed to irradiation with
repetitive short pulses of argon laser light (5 ,us, 500 Hz, 5.5 pJ, 514
nm, d = 110 um). In the target structure (RPE) the temperature
increase is about 10 times higher than in the adjacent structure
(neural retina).

effects in the target structure, the RPE, morphologically look
very similar. The striking difference is the damage to the
adjacent structures. The results show that there is some
additivity of the light-induced effects for repetitive laser
pulses. The relationship between the number of pulses de-
livered (N) and the per-pulse energy (EN) necessary to
produce angiographically visible damage of the RPE is
roughly EN/ES = N-1/4 where ES is the threshold energy for
a single pulse exposure ofequal damage. This is in agreement
with other studies (13, 14, 27).
The effects cannot be attributed to the average power ofthe

pulse train, since the average power of the pulsed irradiation
was only 1-5 mW. At these average power levels irradiation
with long pulses did not produce a fluorescein-angiographi-
cally visible damage to the RPE, even for a 1-s exposure time.
The total exposure time ofthe pulse train (2.5 ms, 3 mJ) seems
unlikely to have caused the damage. The exposure time is
about 500 times the thermal relaxation time. With 3-ms
exposure times to 3 mJ from an argon laser and 500 pm spot
sizes, the histological appearance is similar to that following
conventional, continuous-wave photocoagulation, and either
no blanching or hemorrhage is observed (28). In our exper-
iments neither blanching nor bleeding has been observed.
The energy differences for single long exposures and for
repetitively short pulsed exposures also do not support a
photochemical mechanism (29). Typical signs of acoustome-
chanical damage-e.g., bleeding, disruption of granules, dis-
placement of melanin granules-were not observed in our
study (Fig. 2). On the contrary, they have been found at
energy densities typically 2-4 orders of magnitude above the
20-100 mJ/cm2 used by us (10-12).
These findings strongly support the notion that thermal

interaction mechanisms are mainly responsible for the RPE
damage. With repetitively applied short laser pulses the
adjacent structure, the neural retina, is spared because ofthe
sharp temperature gradient at the border between RPE and
retina. Each laser pulse leads to a short temperature increase
in the target structure, the RPE. Before the next laser pulse
is delivered, heat dissipates and the RPE has cooled to about
10%o ofthe peak temperature (°C). The heat dissipation out of
the RPE after each laser pulse leads to only a nonsignificant
average temperature increase of <0.9°C/pJ of pulse energy
inside the adjacent structure, the neural retina (5 pm from the
RPE). This means that for the extreme case of 500 laser
pulses of5.5-pJ energy each, the peak temperature 5,um from
the RPE increases by <7°C. The average temperature rise at
steady state, reached after roughly 5 pulses, is even smaller
(about 5°C). As the long-pulse-exposure experiments show,
RPE and neural retina damage occurs at a much greater
temperature increase, about 25°C for a 1-s exposure.
The findings reported here suggest that the RPE damage

observable after the train of repetitive 5-ps pulses is domi-
nated by the temperature peaks inside the RPE. Highest
temperatures occur inside the melanin granules. For thresh-
old exposure with a single 5-,us pulse the temperature in-
crease in a melanin granule can be calculated to be 40°C, only
5°C above the temperature increase of a 100-ms threshold
exposure. This is a surprisingly small temperature difference
considering the difference in time duration and assuming a
first-order rate process for thermal damage. If more pulses
are delivered less energy per pulse is necessary. This results
in an even lower peak temperature. If, for example, 500
pulses at threshold are applied (time of pulse train, 1 s) the
peak temperature increase inside the melanin granules is
about 12.5°C, compared with that necessary for a continuous
temperature rise (about 25°C) generated by a 1-s threshold
exposure. Both iradiation modalities, however, produce the
same morphological effect. A consistent first-order rate pro-
cess model for damage (1, 2, 7) would require a temperature

I
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rise in the melanin granules during pulsed irradiation much in
excess of that needed for continuous irradiation.

This disagreement with the generally assumed thermal
denaturation kinetics could mean that the damage mechanism
is in reality not purely thermal but partly supported by
thermomechanical effects. Such mechanical damage should
have a very limited subcellar damage range and may not be
detectable by electron microscopy. Such effects could in-
clude, for example, microvibrations of the melanin granules
or increased pressure in the immediate neighborhood of the
granules.
For short pulse durations, however, predictions ofthe peak

temperature inside the melanin granules depend strongly on
the actual geometry and the thermal properties of the gran-
ules. Such microstructure effects are negligible as long as the
pulse duration exceeds the thermal relaxation time by several
orders of magnitude and heat diffusion is dominatng. For
computational reasons our model is based on a cylindrical
geometry of melanin granules. A spherical geometry leads to
about 20%o higher increase in temperatures (SC) in the center
of the granules (15). In addition our model assumes that the
granules have the thermal properties of water. The knowl-
edge of thermal properties of natural melanin is incomplete
(30). The heat capacity per unit volume for melanin is
supposed to be smaller than that of water [3.44 J K-1 cm_3
(31); 3.82J*KLcm3 (32)], whereas the thermal conductivity
(6.3 x 10-3 Jcm-LK-1 s-1) and the thermal diffusivity (1.65
X 10-3 cm2.s1) are similar to the values for water (32). A
smaller heat capacity of melanin again results in higher peak
temperatures. Biophysical implications ofthermal properties
and absorption coefficients changing gradually during expo-
sures are not counted in our model but could be important in
repetitive photocoagulation. The absorption coefficient of
synthetic melanin is strongly dependent on the redox poten-
tial and on the pH (32). All these uncertainties could result in
higher peak temperatures inside the melanin granule.
Experiments performed on the microvasculature of ham-

ster cheek pouches, where the occlusion of vessels with a
single pulse and 100 short pulses (each 160 ,ls) were studied
(33), support the generality of the concept reported here.
We have demonstrated the concept of in vivo selective

photocoagulation by repetitive pulsed exposure in retinal
structures, where we were able to damage a monocellular
layer. The concept should be applicable to several other
clinically interesting target tissues, such as the microvascu-
lature, pigmented skin lesions, and, possibly, structures as
small as single cells and molecules to which suitable chro-
mophores have been linked.
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