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Background and Objective: Selective photodamage of the retinal pig-
ment epithelium (RPE) is a new technique to treat a variety of retinal
diseases without causing adverse effects to surrounding tissues such as
the neural retina including the photoreceptors and the choroid. In this
study, the mechanism of cell damage after laser irradiation was inves-
tigated.
Study Design/Materials and Methods: Single porcine RPE-melanosomes
and RPE cells were irradiated with a Nd:YLF laser (wavelength l = 527
nm, adjustable pulse duration t = 250 nsec-3 msec) and a Nd:YAG laser
(l = 532 nm, t = 8 nsec). Fast flash photography was applied to observe
vaporization at melanosomes in suspension. A fluorescence viability
assay was used to probe the cells vitality.
Results: The threshold radiant exposures for vaporization around in-
dividual melanosomes and for ED50 cell damage are similar at 8-nsec
pulse duration. Both thresholds increase with pulse duration; however,
the ED50 cell damage radiant exposure is 40% lower at 3msec. Tempera-
ture calculations to model the onset of vaporization around the mela-
nosomes are in good agreement with the experimental results when
assuming a surface temperature of 150°C to initiate vaporization and a
homogeneous melanosome absorption coefficient of 8,000 cm−1. In-
creasing the number of pulses delivered to RPE cells at a repetition
rate of 500 Hz, the ED50 value decreases for all pulse durations. How-
ever, the behavior does not obey scaling laws such as the N1/4 equation.
Conclusion: The origin of RPE cell damage for single pulse irradiation
up to pulse durations of 3 msec can be described by a damage mecha-
nism in which microbubbles around the melanosomes cause a rupture
of the cell structure. The threshold radiant exposure for RPE damage
decreases with increasing number of pulses applied. Lasers Surg. Med.
27:451–464, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

A variety of retinal diseases such as diabetic
macular edema, drusen, and central serous reti-
nopathy are thought to be associated with a de-
creased function of retinal pigment epithelial cells
(RPE cells). A method for selective destruction of
these cells without causing adverse effects to ad-
jacent tissue, especially to the neural retina, the
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photoreceptors and the choroid, seems to be an
appropriate method of treatment [1], presuming
that the damaged cells will be replaced by prolif-
eration or migration of neighboring intact RPE
cells.

The selective damage of the RPE has first
been demonstrated by Roider et al. in rabbits by
using 5-msec Argon-ion laser pulses at 514 nm at
a repetition rate of 500 Hz [2]. Fluorescein angi-
ography was applied to visualize the ophthalmo-
scopically invisible effects. The selectivity of the
damage to RPE cells, sparing the photoreceptors
was demonstrated by histologic examinations at
different times after treatment. Two weeks after
laser exposure, the lesions were covered by a new
population of RPE cells. Four weeks after treat-
ment, a morphologically completely restored RPE
barrier showing normal RPE cells was found [2].

A first clinical trial has already proved the
concept of selective RPE destruction with a train
of microsecond laser pulses and demonstrated the
clinical potential of this technique [3,4]. Micro-
perimetry, as tested with the threshold stimulus,
showed no loss of retinal function in the follow-up
period of one year and demonstrated the selectiv-
ity of this technique[5,6].

For visible light, the main chromophores in
the fundus are melanosomes inside the RPE cells
(Fig. 1) [7], which absorb approximately 50% of
the incident light [8]. When the fundus is irradi-
ated with laser pulses at a pulse duration below 5
msec, high temperatures are mainly confined to
the RPE cells and only a low sublethal tempera-
ture increase in the adjacent tissue structures is
obtained [1].

According to the model of Arrhenius [9], the
rate of thermal damage to tissue increases
strongly with temperature. By using single pulses
of few microseconds in duration, significant ther-
mal damage is only caused in the regions of very
high temperatures, which may lead to photodis-
ruptive effects such as choroidal bleeding. To
avoid high peak temperatures, multiple pulses
were used in preclinical and clinical studies to
reduce the peak temperatures by using the addi-
tivity of thermal effects. The mechanism of the
selective photocoagulation, therefore, was
thought to be thermal necrosis of the cell.

Apart from a primary thermal effect as pos-
tulated by Roider et al. [1], thermomechanical
damage of the cells has to be taken into account:
Lin and Kelly heated microabsorbers in suspen-
sion with picosecond and nanosecond laser pulses
and demonstrated vaporization around the par-

ticles [10]. A threshold radiant exposure for mi-
crobubble formation around bovine melanosomes
was found to be 55 mJ/cm2 at a wavelength of 532
nm. Irradiating RPE cells at the same radiant
exposure, nonviable cells were only found, when
intracellular bubble formation occurred [11]. It
was concluded that cell death is caused by ther-
momechanical disruption of the cell structure due
to the significantly increased cell volume during
bubble life time.

RPE cell damage caused by stress waves was
investigated in vitro by Douki et al. They found
that cell damage is rather dependent on the stress
rise time as on the peak stress and requires stress
transients around 70 bar/nsec [12]. In selective
RPE photocoagulation in vivo, Roider et al. also
postulated a mechanical effect to cause RPE cell
damage when repetitively applying a train of 200-
nsec pulses to rabbit eyes [13]. An excellent re-
view article summarizing laser-induced thermal
damage mechanisms in the retina and discussing
different melanin granule models is given by
Thompson et al. [14].

The objective of this study was to investigate
whether a thermomechanical mechanism might
be responsible for selective RPE cell damage
when laser pulse durations up to several micro-
seconds are used. Therefore, the vaporization
threshold radiant exposure around single melano-

Fig. 1. Transmission electron microscopy (TEM) of a normal
human pigment epithelium [7]. bm, Bruch’s membrane; zk,
cell nucleus; pg, melanosomes; as, outer side of photorecep-
tors.

452 Brinkmann et al.



somes and the ED50 threshold to cause RPE-cell
damage after laser irradiation was investigated
by fast flash photography and a cell viability as-
say, respectively. To investigate the range of
pulse durations between nanoseconds and micro-
seconds, two laser systems were used: A Q-
switched, pulse-stretched Nd:YLF laser with ad-
justable pulse duration between 250 nsec and 3
msec at a wavelength of 527 nm and a Q-switched,
frequency doubled Nd:YAG laser at a wavelength
of 532 nm and 8-nsec exposure time. As a model
system, porcine and bovine melanosomes in sus-
pension and porcine RPE cell layers were used.
The melanosomes were irradiated with single
pulses to probe vaporization while the RPE-cells
were irradiated with single and multiple pulses at
a repetition rate of 500 Hz. To analyze the results,
temperature increase during and after irradiation
in the surroundings of melanosomes was calcu-
lated. Cell damage as an effect of bubble forma-
tion in this pulse regimen is discussed extensively
and is analyzed with respect to a pure thermally
and a stress wave-induced damage.

MATERIALS AND METHODS
Laser Systems

An arc-lamp excited, intracavity frequency
doubled Nd:YLF laser (Quantronix, Inc., model
527DP-H) was modified with an active feedback
electro-optical Q-switched system to generate
pulse durations up to several microseconds at a
wavelength of 527 nm. Operating the system in
the normal Q-switched mode, the laser emits
pulses of typically 250 nsec in duration with pulse
energies of several millijoules at a repetition rate
of 500 Hz. To extend the pulse duration, a tran-
sient high voltage course was applied to the Pock-
el’s-cell to increase cavity losses during pulse
emission. A more detailed description of the con-
figuration used for pulse-stretching can be find
elsewhere [15]. The energy was transmitted by a
105-mm core diameter fiber (Ceram Optec GmbH,
Optran UV-A 105/125/250, NA 4 0.22). The
length of the fiber was 200 m to minimize spatial
and temporal intensity modulation at the distal
fiber tip. Pulse durations of 8 nsec were generated
with a flashlamp pumped Q-switched and fre-
quency doubled Nd:YAG laser (Spectron Inc.) at a
wavelength of 532 nm. An experiment to probe
the threshold for bubble formation on bovine me-
lanosomes was performed with a Nd:YAG laser
which emits pulse durations of 20 nsec at a wave-
length of 532 nm (SEO 123 - Nd:YAG).

Experimental Setup

The experimental setup to irradiate the
samples, either melanosomes in suspension or
complete RPE cell layers, is shown in Figure 2. By
imaging the distal fiber tip to the object plane, a
circular spot of 47 mm diameter was irradiated.
The deviation of the radiant exposure from a con-
stant top hat beam profile was below 10% across
the spot. The suspension of melanosomes was col-
linearly illuminated with a N2-pumped dye laser
(Laser Science, Inc., VSL-337ND) (670 nm, 1
nsec) to probe vaporization occurring around the
melanosomes during irradiation. A variable elec-
tronic delay was used to trigger the N2 laser with
the Nd:YLF or Nd:YAG laser, allowing to shift the
probe pulse relative to the irradiation laser pulse.
The images were recorded with a standard CCD-
camera and a frame grabber. A photo diode
(EG&G, FND 100) with a current integrating cir-
cuit, which was calibrated against a pyroelectric
energy meter (DigiRad R-752 / P-444), was used to
determine the pulse energy.

Porcine Eye Model, Viability Assay, and
Threshold Irradiances

RPE tissue samples and melanosomes were
harvested from freshly enucleated porcine eyes.
Figure 3 shows a TEM picture, cut parallel to the
porcine RPE cell layer. RPE cell samples were
prepared by taking circular section of 1 cm2 from
the fundus of the eye including retina, sclera, and
choroid. The neural retina was carefully pealed
off. Marker lesions that used pulse energies far
above damage threshold were placed on the
samples. In several rows and columns, the sample
was irradiated between the marker lesions with
the different exposure parameters. RPE cell vital-
ity was probed by the fluorescent dye marker Cal-
cein-AM (Molecular Probes, Inc.), which tags liv-
ing cells. In living cells, Calcein-AM is transformed
to Calcein by esterases. Calcein can be excited
with blue light (excitation maximum at 490 nm)
to fluoresce in the green spectral region. Calcein-
AM was used in a phosphate buffer solution at a
concentration of 2mg/ml. Twenty milliliters were
dropped onto the RPE cell layer directly after
irradiation. The sample was covered with a mi-
croscope cover slide to prevent desiccation. The
nonfluorescing cells were counted under a fluores-
cence microscope 30 minutes after irradiation.

For all parameter sets, samples from 10 dif-
ferent eyes have been used, except for the experi-
ment with the 3-msec, 50 pulses, the data were
derived from four different eyes only. Several
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spots of approximately 10 RPE cells were irradi-
ated at three to six different energy levels. A total
of approximately 1,000 cells per data point has
been used to calculate the ED50 and the fiducial
limits at 95% confidence levels by using the probit
analysis [16].

Bubble Formation Thresholds at
Single Melanosomes

Melanosomes were extracted from RPE cells
and suspended in distilled water. Several drops
were placed on standard microscope slides, cov-
ered with cover slips, which were sealed to pre-
vent evaporation of water. The vaporization
threshold radiant exposure on single melano-
somes was determined by varying the pulse en-
ergy with a variable attenuator (Fig. 2) and the
probe flash delay relative to the laser pulse until
minimal visible bubbles of approximately 2 mm in
diameter occurred. The reported threshold radi-
ant exposures are the mean of 10 melanosomes
per eye from six different eyes. The error bar in-
dicates the standard deviation between the mean
values of each eye.

To further elucidate the mechanism of
bubble formation, particle suspensions of melano-
somes were preequilibrated at various tempera-
tures Teq between 25 and 80°C, and the threshold

Fig. 2. Experimental setup to irradiate melanosomes in suspension and RPE-cell samples
with the Nd:YLF or Nd:YAG laser. The N2-pumped dye laser is used to probe vaporization
around melanosomes in suspension. A typical photograph of microbubbles is shown on the
monitor, the radiant exposure was two times above threshold.

Fig. 3. Transmission electron microscopy (TEM) of a porcine
retinal pigment epithelium (RPE) cell layer. The cell layer is
cut nearly parallel to Bruch’s membrane. The left upper cor-
ner shows the melanosome distribution in the upper parts of
a cell, whereas the deeper lying nucleus in the lower cell part
is shown in the right bottom corner.
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radiant exposure Fth for bubble formation was de-
termined for each Teq by using the time-resolved
imaging technique. The threshold temperature
for bubble formation Tth is related to the radiant
exposure Fth by the equation.

Tth − Teq =
ma

cp ? r
? Fth

where ma is the absorption coefficient, r the den-
sity, and cp the specific heat of the particles.

Temperature Calculations

Temperature distributions in and around
the melanosomes were calculated by using an
analytical solution of the equation for heat diffu-
sion for a spherical particle [17]. This model was
described in detail by Thompson et al. [14]. In
short, single melanosomes are modeled by
spheres with a diameter of 1 mm, having the ther-
mal properties of water. For the surrounding tis-
sue, the heat capacity and the diffusivity of water
were used as well. Inside the sphere, heat is pro-
duced spatially homogeneously throughout the
volume at constant rate during the laser pulse.
The optical energy, which is absorbed by a mela-
nosome during irradiation, was calculated by as-
suming a homogeneously absorbing macroscopic
sphere with a certain absorption coefficient [18].
Corrections for the higher index of refraction of
melanin and coherent effects due to the small size
of the particles were not made. The threshold for
bubble formation was calculated for different
pulse durations from the radiant exposure, which
is needed to generate a certain threshold tem-
perature at the surface of a melanosome.

Temperature distributions inside the RPE
layer were calculated by superposition of the tem-
perature distributions of a large number of indi-
vidual melanosomes, which were placed on a
regular rectangular grid in a cylindrical volume.
The linearity of the heat diffusion equation justi-
fies this simple approach for calculating tempera-
ture in a medium, which is homogeneous except
for its absorption. To speed up the calculation
time, the temperature distribution of more dis-
tant melanosomes was calculated from the tem-
perature at a thermal point source. Screening of
deeper lying melanosomes to the incoming irra-
diation was not taken into account.

For a calculation of the average RPE-
temperature, which builds up during the irradia-
tion with multiple pulses, a simple thermal model
can be used. During the 2 msec, which separates

the pulses, the temperature is equalized by heat
diffusion over a distance of approximately 100
mm. In this case, the granular structure of the
absorbing melanosomes can be neglected and the
thickness of the RPE does not influence the back-
ground temperature. Therefore, the irradiated
area was modeled by a homogeneously absorbing
disk with a thickness of 5 mm corresponding to the
thickness of the melanosome layer, and a diam-
eter of 50 mm. The temperature in the center of
this disk was calculated for pulsed and continu-
ous irradiation by an analytical solution of the
heat diffusion equation [19]. The absorption in the
choroid was neglected. All calculations were per-
formed on PC by using Mathematica 3.0.

RESULTS

Pulse Stretched Nd:YLF Laser

Typical pulse shapes achieved with the
Nd:YLF laser system are shown in Figure 4 by
using constant pump conditions at a pulse repeti-
tion rate of 500 Hz. In the normal Q-switched op-
eration, pulse durations of typically 250-nsec full
width at half maximum (FWHM) are emitted. Ex-
tending the laser pulses at constant pump condi-
tions unavoidably leads to a reduced pulse energy
because increased cavity losses result in an in-
creased final population inversion density of the
laser medium [15,20]. Starting with a pulse en-
ergy of 2 mJ at a pulse duration of 250 nsec, typi-
cally 60% of the energy is achieved at a pulse du-
ration of 1 msec, which is further reduced to
approximately 25% of the initial value at a pulse
duration of 3 msec.

Temperature Dependence of the Bubble
Formation Thresholds at Single Melanosomes

Figure 5 shows the temperature dependence
of bubble formation threshold for bovine melano-
somes suspended in water, when irradiated with
532 nm, 20-nsec laser pulses. Experimentally
measured values of Fth plotted against Teq gave a
straight regression line. By extrapolating the lin-
ear regression to the horizontal axis, a threshold
temperature Tth of approximately 150°C can be
read at the intercept. An absorption coefficient of
ma 4 9,900 cm−1 can be calculated from the slope
of the linear fit by using equation (1).

Near threshold, a bubble can be repeatedly
produced around a melanosome after each pulse,
without destroying the particle, suggesting that
the observed bubble is a “vapor blanket” rather
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than a vaporized core. At high radiant exposures
(e.g., > 5× threshold), the particles are fragmented
after a single or a few laser pulses.

Bubble Formation Thresholds at Single
Melanosomes and ED 50 Damage Threshold of
RPE Cells With Single Pulses

Figure 6 depicts the threshold radiant expo-
sures for bubble formation around single melano-

somes and the ED50 value of RPE cell damage at
different pulse durations when irradiated with
one single laser pulse. Applying 8-nsec pulses, the
threshold radiant exposure for melanosomes and
RPE cells is similar at 90 and 84 mJ/cm2, respec-
tively. The threshold for bubble formation at
single melanosomes increases by nearly a factor
of 2 at a pulse duration of 250 nsec and further
increases almost linearly with pulse duration up
to 552 mJ/cm2 at 3 msec. The threshold for RPE
cell damage also increases with pulse duration.
However, for longer pulses the threshold is sig-
nificantly lower as the bubble formation threshold
at single melanosomes. At a pulse duration of 3
msec, only 40% of the energy is needed for 50% cell
damage.

RPE Damage Threshold for Irradiation With
Multiple Pulses

When the RPE is irradiated with a train of
pulses at a pulse repetition rate of 500 Hz, a de-
crease of the threshold radiant exposure for cell
damage is observed as shown in Figure 7. With
50% at 104 pulses, the decrease is most pro-
nounced at a pulse width of 3 msec. The threshold
is mostly reduced during the first 500 pulses. By

Fig. 4. Typical pulse shapes achieved with the pulse stretched Nd:YLF laser under constant
pump conditions at a wavelength of 527 nm and pulse repetition rate of 500 Hz. The plots
show pulse durations of 250 nsec, 1.1 msec, 1.7 msec, and 3.1 msec full width at half maximum
with the corresponding pulse energies.

Fig. 5. Temperature dependence of the vaporization thresh-
old for bovine melanosomes suspended in water, after 532-nm
20-nsec pulses.

456 Brinkmann et al.



using longer pulse series, the damage threshold
does only decrease slightly.

The solid line in Figure 7 shows a fit accord-
ing to a commonly used empirical law scaling
damage of tissue when regarding the accumula-
tive effect of N pulses. According to this relation,
ED50 (N) 4 ED50 (1) * N1/4, the solid line repre-
sents the expected threshold decrease, exemplary
shown for the pulse duration of 1 msec. It shows a
monotonously decreasing curve starting from the

initial value of 140 mJ/cm2, without showing any
saturation at higher number of pulses.

Temperature calculations at single melanosomes,
a grid of melanosomes, and the RPE layer

To understand the increase of the bubble for-
mation threshold for longer pulse durations as
shown in Figure 6, the threshold radiant exposure
to initiate vaporization was calculated: From the
extrapolation shown in Figure 5, the threshold
temperature for vaporization at the surface of a
melanosome was assumed to be 150°C. The ab-
sorption coefficient of the melanosomes was fitted
to match the measured threshold values for mi-
crobubble formation at single particles in Figure
6. In all cases, a homogeneous energy uptake
within the melanosome was assumed and an ap-
propriate homogeneous absorption coefficient was
used.

The temperature evolution at and around a
single melanosome after applying a single laser
pulse is shown in Figure 8. With a pulse duration
of 8 nsec, the thermal energy is confined to a 1-mm
melanosome during the irradiation. At the end of
the laser pulse, when the highest temperature on
the surface is reached, a nearly rectangular tem-
perature distribution results between particle
and the surrounding (Fig. 8). Assuming an ab-

Fig. 6. Threshold radiant exposures as a function of pulse
duration for bubble formation around single melanosomes in
suspension (squares) and ED50 damage of retinal pigment
epithelium (RPE) cells (dots). The solid lines represent the
calculated threshold radiant exposure assuming vaporization
is initiated at a surface temperature of 150°C. Absorption
coefficients of 8,000 and 13,000 cm−1 were used.

Fig. 7. Threshold of retinal pigment epithelium (RPE) cell
damage as a function of the number of pulses applied at a
pulse repetition rate of 500 Hz. Pulse durations are 250 nsec,
1 msec, and 3 msec. The solid line represents a fit scaling
damage according to ED50(N) 4 ED50(1) × N1/4 (see text for
details).

Fig. 8. Temperature course calculated inside and around a
spherical melanosome with a diameter of 1 mm at the end of
a laser pulse, when using pulse durations of 8 nsec and 3 msec,
respectively. Radiant exposures of 140 and 580 mJ/cm2 are
needed to achieve a surface temperature of 150°C (m a 4 8000
cm±1, base temperature: 20°C). The inlay depicts the tem-
perature course at the surface of a melanosome during laser
exposure for both cases.
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sorption coefficient of 8,000 cm−1 with a radiant
exposure of 140 J/cm2, a temperature increase of
130°K is reached at the surface of the melano-
somes. With 3-msec pulse duration, a radiant ex-
posure of 580 mJ/cm2 is needed to obtain the same
surface temperature at the end of the pulse, be-
cause a considerable amount of energy diffuses
out of the melanosomes and heats the surround-
ing water during pulse emission. After the end of
the irradiation, it takes approximately 5 msec for
the melanosome to cool down (inset of Fig. 8).

Thus, the calculation predict an increase of
the threshold radiant exposure for bubble forma-
tion at single melanosomes. With a threshold
temperature of 150°C and absorption coefficient
of 8,000 cm−1, the calculated bubble formation
thresholds are in good agreement with the experi-
mental data (Fig. 6) for a pulse duration of 250
nsec and longer. For the 8-nsec pulse, the calcu-
lated value is higher by 40%. By using an absorp-
tion coefficient of 13,000 cm−1, the threshold ra-
diant exposure for an 8-nsec pulse is matched;
however, by using this absorption coefficient for
longer pulse durations, the calculated thresholds
are below the experimental data.

In the RPE, neighboring melanosomes of dif-
ferent size and shape are separated by random
distances, which vary between contact and a few
hundred nanometers as shown in Figures 1 and 3.
Therefore, individual melanosomes are also
heated by their neighbors if the pulse duration is
long enough to allow heat flow over these dis-
tances. This behavior is principally demonstrated
in Figure 9, which shows the temperature in-
crease at the surface of a single central melano-
some of 1 mm in diameter, embedded between
multiple melanosomes in a cylindrical volume of a
height of 10 mm and a diameter of 50 mm. Tem-
perature courses were calculated for a radiant ex-
posure of 100 mJ/cm2 at four different pulse du-
ration (250 nsec, 1, 3, and 5 msec) and for different
particle distances. In the calculations, the grid of
the melanosomes was constructed with a separa-
tion of the particle surfaces of 0.25, 0.5, and 1.5
mm. An absorption coefficient of 104 cm−1 was as-
sumed for a single melanosome. Each tempera-
ture curve shows an increase of the temperature
during the laser pulse and a cooling within a few
microseconds, which leads to an elevated average
temperature of the RPE layer. The cooling time
for the whole RPE layer is in the order of a few
hundred microseconds. The difference of the
maximal temperature for nano- and microsecond
pulses is lower as the melanosomes are packed

more densely. For 1.5-mm distance between the
surfaces, a 250-nsec pulse generates a peak 3×
higher than a 5-msec pulse, whereas for 0.25-mm
separation those temperatures vary only by a fac-
tor of 1.3. Thus, these calculations show that the
melanosome separation is very critical with re-
spect to the surface temperature at a melanosome
for microsecond pulse durations. For a small ab-
sorber distance and microsecond pulse durations,
much lower radiant exposures are needed for the
same surface temperature when compared with
single melanosomes.

Irradiating with multiple pulses, the in-
crease of the background temperature during ir-
radiation, defined as the residual temperature
just before the next pulse, has to be considered.
This process was modeled with a homogeneously
absorbing layer of 5 mm in thickness and 50 mm in
diameter, which absorbs 100% of the incoming la-
ser energy. The background temperature was cal-
culated at the center of the disk for a pulsed irra-
diation (pulse duration, 1 msec) with a radiant
exposure of 200 mJ/cm2 and a repetition rate of
500 Hz, the result is shown in Figure 10. A tem-
perature increase up to 10°C after 1,000 pulses,
which is equivalent to an application time of 2
seconds was calculated. For these laser param-
eters, the average irradiance is 100 W/cm2. If this
irradiance is continuously applied by a continu-
ous wave laser, the background temperature in-
creases to nearly 20°C after 2 seconds. The radi-
ant exposure for RPE damage at a pulse duration

Fig. 9. Temperature at the surface of a melanosome in the
center of a cylindrical field of melanosomes. The plots depict
the time course of the surface temperature for different pulse
durations and spacing between adjacent absorbers in the
mash. To resemble the situation, the thickness of the field
was 10 mm with a diameter of 50 mm. A radiant exposure of
100 mJ/cm2 was assumed with an absorption coefficient of
10,000 cm±1 per particle.
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of 1 msec is 95 mJ/cm2 for 500 pulses. In this case,
a residual temperature of 4.5°C is build up within
the RPE at the end of the pulse series.

DISCUSSION

The threshold for microbubble formation
around single porcine and bovine melanosomes in
suspension and the threshold for RPE cell dam-
age have been investigated. The specimen were
irradiated with single and multiple pulses by us-
ing pulse durations ranging from the nanoseconds
to the microsecond time regimen. Temperature
calculations have been performed to analyze the
experimental results.

RPE Absorption and Thermal Modeling

Thermal models for the retina, which take a
granular structure of the absorption in the mela-
nosomes into account, have already been pub-
lished by different groups: Heated by melano-
somes, which were modeled by cylinders,
temperatures in the RPE and neural retina were
calculated to understand the selective RPE pho-
tocoagulation [1,21]. Thompson et al. used a
model with a random distribution of spheres to
calculate temperatures around melanosomes [14].

This was used in combination with a second
model to calculate the extend of the laser-induced
microbubbles around the absorbers to predict the
mechanism for retinal damage in the picosecond
and nanosecond time regimen [18]. Furthermore,
numerical models were established to calculate
protein denaturation adjacent to melanosomes
[14,21].

The most important parameter in tempera-
ture calculations around melanosomes is their ab-
sorption coefficient. Measuring the absorption of
melanin particles and determining their absorp-
tion coefficient is difficult, because of varying
properties of different melanins and because of
light scattering (Mie-scattering) by the particles,
which strongly influences the measurements. By
measuring the temperature dependence of the
threshold of bubble formation similar to the ex-
periments shown in Figure 5, an absorption coef-
ficients of 180–1,500 cm−1 and 2,400 cm−1 was
calculated for melanosomes in skin and from the
retina, respectively [22,23]. Nearly 1 order in
magnitude higher values in the range of 16,000
cm−1 were calculated from absorption measure-
ments of human retina and RPE layers [7]. Cal-
culations of shock waves around melanosomes
only agree with experimental data if an absorp-
tion coefficient between 6,000 cm−1 and 8,000
cm−1 was assumed for the melanosomes [24].
These high absorption coefficients are in close
agreement to our experimental results (Fig. 5).

Irradiation of Single Melanosomes With
Nanosecond Pulses

Vaporization around bovine melanosomes
was observed at a threshold radiant exposure of
55 mJ/cm2 for 20-nsec pulses at a wavelength of
532 nm. The same threshold radiant exposure
was found when using 30-psec laser [10,25]. This
result was expected because the thermal relax-
ation time tR 4 r2/4k for a particle of radius r 4
0.5 mm yields tR ≈ 420 nsec, by using the thermal
diffusivity of water, k 4 1.5 × 105 mm2/sec.

The linear dependence of the threshold radi-
ant exposure on the ambient temperature allows
one to determine the absorption coefficient and
the vaporization temperature of microscopic par-
ticles. This method was used for example to de-
termine the absorption of melanosomes in the
skin [22,23]. In our experiments, a boiling tem-
perature of 150°C at the surface of bovine mela-
nosomes is calculated by extrapolating the
threshold data. This high temperature indicates
that local superheating occurs in the fluid layer

Fig. 10. Calculated increase of the equilibrium temperature
increase in the center of a homogeneously absorbing layer 5
mm in thickness with a spot diameter of 50 mm. A radiant
exposure of 200 mJ/cm2 at a pulse repetition rate of 500 Hz
was used, assuming 100% absorption within the layer. The
lower line represents the temperature increase before the
next pulse, respectively. The upper line shows the tempera-
ture increase for a continuous exposure by using 100 W/cm2.
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surrounding the particles at the onset of bubble
growth. Superheating is needed to overcome sur-
face tension when creating a new interface deep
in the liquid (homogeneous nucleation) or for
bubble growth from a preexisting cavity (hetero-
geneous nucleation). Bubble growth around a
heated particle is most likely a heterogeneous
nucleation process, with the particle acting both
as a heat source and as a nucleation site. For a
bubble to grow from an initial diameter of ap-
proximately 1 mm, the vapor pressure must over-
come the hydrostatic and the surface pressure,
the latter has to be taken into account for par-
ticles on the micrometer scale. The pressure Psur
associated with the surface tension s is inversely
proportional to the bubble radius r according to
Psur 4 2s/r. With increasing pressure P 4 Phydro
+ Psur, the boiling temperature of water is el-
evated. Assuming an initial bubble diameter of 1
mm, an internal pressure of P 4 3.35 bar can be
calculated for s 100°C 4 58.9 mN/m, neglecting its
small temperature dependence [26]. The boiling
temperature of water at a pressure of 3.35 bar is
137°C. A further increase of the pressure as a con-
sequence of the fast heating does not occur, be-
cause heating does not take place under stress
confinement conditions, thus, the heating time is
much slower than the thermoelastic expansion of
water.

The threshold radiant exposure for bubble
formation at porcine melanosomes with nanosec-
ond pulses is 1.6 × higher than at bovine melano-
somes for nanosecond pulses. When comparing
these thresholds, one has to consider size and the
absorption coefficient of the different melano-
somes, which are of cylindrical shape with the
long axis in the order of 1 mm for porcine and 2.5
mm for bovine melanosomes. The reduced thresh-
old of bovine melanosomes may either indicate a
slightly higher absorption coefficient or, when as-
suming similar optical and thermal properties, a
lower boiling temperature at the surface due to
the smaller surface tension at the larger bovine
melanosomes.

With a threshold radiant exposure of 90 mJ/
cm2, a vaporization threshold temperature Tth of
150°C (Fig. 5) at the surface of a melanosome can
only be calculated for nanosecond exposure by as-
suming an absorption coefficient around 13,000
cm±1 (Fig. 6), by using the thermal properties of
water. However, the absorption coefficient ma, the
heat capacity cp, and the density r of the melano-
somes contribute to the threshold temperature
and cannot be separated because the threshold

radiant exposure Fth depends on a ratio of these
quantities as shown in equation (1). For melanin,
the product of cp § is reported to be approximately
20% smaller than that of water [27]. Even if these
data will be considered and the absorption coeffi-
cient is reduced by 20%, it is still in the regimen of
104 cm−1.

Irradiation of Single Melanosomes With
Microsecond Pulses

By using the Nd:YLF laser, we found a va-
porization threshold radiant exposure that in-
creases with pulse duration. This behavior is ex-
pected, because the pulse durations are larger
than the thermal relaxation time of single mela-
nosomes; thus, significant heat diffusion takes
place during pulse duration. To analyze the ex-
perimental data, temperatures were calculated
inside and in the surroundings of the irradiated
melanosomes.

Calculating the temperature increase for
pulses in the microsecond time regimen, the heat
conductivity has to be considered. For pressed
natural melanin, the thermal diffusivity was
found to be close to the water value; thus, devia-
tions can be neglected for temperature calcula-
tions [28]. If a vaporization threshold tempera-
ture of 150°C is assumed at the surface of a
melanosome, the experimental data fit quite well
for pulse durations from 250 nsec to 3 msec when
assuming an absorption coefficient of 8,000 cm−1

(Fig. 6). However, for an 8-nsec pulse, a radiant
exposure of 140 mJ/cm2 is calculated with this
absorption coefficient, which is 55% higher than
the experimental value. For the nanosecond
pulses, an absorption coefficient as high as 13,000
cm−1 has to be assumed to correctly predict the
experimental data. The different wavelengths of
both systems are not responsible for these differ-
ences, because changes of the RPE absorption in
this wavelength regimen is below 1% [7].

A possible explanation for this discrepancy
might be that the assumption of homogeneously
heating the melanosome due to heat diffusion in-
side the particle is not fulfilled when using very
short exposure times. Thus, the surface tempera-
ture of the melanosome on the illuminated front
side of the particles should be higher than on the
back side, and vaporization should first start on
the particles front side. If Beer’s law of absorption
is applied to a spherical particle of 1 mm in diam-
eter with an absorption coefficient of 13,000 cm−1,
then the total absorbed energy of the particle is
the same as when calculating with a homoge-
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neous energy uptake within the whole absorber
with a homogeneous absorption coefficient of
8,000 cm−1 [14]. Thus, for pulse durations longer
than the internal heat dissipation time, a higher
radiant exposure to initiate vaporization is ex-
pected, because the vaporization temperature has
to be reached at the whole surface of the melano-
some instead just at the front side. This might
explain the strong threshold radiant exposure in-
crease of a factor of two at 250 nsec compared with
8-nsec exposure (Fig. 6).

Mechanisms of Cell Damage

By short-pulsed laser irradiation, RPE cells
may either be damaged thermally as it takes
place for millisecond irradiation, or by thermome-
chanical effects causing a disintegration of the
cell structure. In the latter case, either pressure
or shock waves, emitted due to the fast heating
and expansion of the melanosomes, or intracellu-
lar microbubble formation around the melano-
somes may be responsible for the damage.

Thermal damage of cells is commonly de-
scribed with the theory of Arrhenius [9], relating
the damage to exposure time and temperature.
The activation energy and entropy serve as pa-
rameters to calculate a damage integral for the
damage criteria, which shall be described. Be-
cause of the inhomogeneous temperature distri-
bution with high peak temperatures around the
melanosomes within the cell, the damage integral
strongly depends on the location within the cell,
which is taken into account. Birngruber et al. cal-
culated Arrhenius parameters for threshold data
on minimal visible retinal damage in the millisec-
ond to second time range [29]. By using these data
for our results, the course of the cell damage ra-
diant exposure with pulse duration according to
Figure 6 can only be calculated at locations
directly at the surface of the absorbers. Even be-
tween the melanosomes or at, e.g., the cell mem-
brane, the calculated damage is nearly indepen-
dent of the pulse durations because heat diffusion
significantly reduces the peak temperatures,
which dominate the damage integral. The impact
of high temperatures at selected locations, such as
the surface of the melanosomes, on the cell vital-
ity is unknown; however, we believe that the
rapid cell death for single laser pulse exposure as
observed here is not caused by a purely thermal
mechanism.

The effect of stress waves on biological tissue
has been investigated by different groups, a sum-
mary is given by Doukas and Flotte [30]. Lin and

Kelly found shock waves around melanosomes
when irradiating with pulse durations of 30 psec
[10,31]. Douki et al. applied stress waves to cul-
tured human RPE cells and found that cell dam-
age is rather related to the stress gradient than to
the peak stress. A damage threshold of 70 bar/
nsec was determined [12]. However, high peak
stress can only occur if the pulse duration t is in
the order or below the acoustic transient time ta of
the absorber, which is defined as the time, an
acoustic wave needs to travel through the absorb-
ing structure. The acoustic transit time for mela-
nosomes is below 1 nsec. Treating the RPE as a
homogeneously absorbing layer, the peak stress
can be estimated according to the formulas given,
e.g., by Sigrist [32]. If the laser pulse duration t is
longer than the acoustic transit time ta, t/ ta > > 1,
the peak stress decreases proportional to 1/t. Ac-
cording to these formulas, peak compressive
stress gradients at the RPE of around 20, 2 × 10−2

and 2.5 × 10−4 bar/nsec were calculated for pulse
durations of 8, 250 and 3,000 nsec, respectively,
when irradiating the melanosomes with a radiant
exposure of 200 mJ/cm2. The observed cell dam-
age thresholds do not increase with pulse dura-
tion, as it should be expected to compensate for
the peak pressure decrease according to 1/t and
the pressure gradient proportional to 1/t 2. Thus,
cell damage caused by strong pressure or pressure
gradients is unlikely. Furthermore, strong pres-
sure transients or RPE cell death have never been
observed below the threshold for microbubble for-
mation, even when 30-psec pulse durations are
used, which are far below the acoustic transit
time of the absorber [31].

With respect to a mechanically induced cell
damage, also tensile stress waves have to be con-
sidered. They occur by reflections of the compres-
sive wave at boundaries such as the cover slide.
Because of the small irradiated spot size of 47 mm,
a nearly spherical wave is emitted and reflected
at a distance of approximately 1 mm at the cover
slide. Thus, its amplitude is significantly lower
when it hits the cells again. With respect to its
damage potential, Bailey et al. found similar
thresholds to kill Drosophila larvae with pure
positive or pure negative pressure peaks of
around 1 msec in duration [33]. In conclusion, cell
damage caused by stress waves cannot be totally
excluded, but it is very unlikely in the regimen of
pulse durations investigated here, especially for
microsecond pulses.

The most probable mechanism of cell dam-
age is the formation of transient microbubbles
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arising more or less simultaneously around all
melanosomes after the boiling temperature of the
intracellular plasma at the surface of the melano-
somes is reached. Subsequently, the cell volume
significantly increases transiently, which leads to
mechanically disruption of cell structures. Lin et
al. demonstrated microbubble-induced selective
cell killing in pigmented cells [34]. Kelly and Lin
showed bubble formation inside bovine RPE cells
and found that the threshold radiant exposures
for bubble formation and for cell death are similar
for single picosecond laser pulses [11].

RPE Cell Damage With Single Pulse Irradiation

For pulse durations of 8 nsec, the vaporiza-
tion threshold and threshold for cell damage are
close. However, the cell damage threshold is sig-
nificantly lower at pulse durations in the micro-
second time regimen. Assuming bubble formation
as the primary mechanism to induce cell damage,
the lower threshold radiant exposures on RPE
cells compared with single melanosomes can be
explained by the heat contribution of surrounding
melanosomes to the surface temperature of a
given melanosome. From the thermal calculation
(Fig. 9) it can be seen that the peak surface tem-
perature at a single melanosome increases with
decreasing spacing between the absorbers and
with higher pulse durations. The experiments
show that the RPE damage threshold increases by
a factor of 2 when going from 250 nsec to 3 msec.
This factor is also found in temperature calcula-
tions when a surface distance of 0.5 mm between
the melanosomes is assumed (Fig. 9). In general,
a decrease of the threshold radiant exposure for
bubble formation in the RPE cell compared with
single melanosomes can always be expected, if the
ratio of laser pulse duration to the thermal diffu-
sion time tL/tdiff > 1 and the ratio of the spacing
between individual melanosomes to the thermal
diffusion length smel/sdiff < 1.

Transmission electron microscopy (Figs. 1, 3)
shows that the distance between the individual
melanosomes in human and porcine RPE cells is
not regular and varies between almost zero and a
few micrometers. Thus microbubble formation
will probably take place first at two very close
melanosomes when pulse durations are used
which allow at least a little thermal diffusion dur-
ing exposure. In this case, the temperature be-
tween the melanosomes is doubled and bubble for-
mation radiant exposures are expected to be
reduced up to 50% of the value for single melano-
somes. This fact may explain the reduced thresh-

old for RPE damage as shown in Figure 6. In sum-
mary, the RPE damage thresholds for single pulse
application as observed in the experiments can
very well be explained with microbubble forma-
tion as the primary origin of cell damage for pulse
durations up to 3 msec.

RPE Cell Damage With Multiple Pulse Irradiation

A decrease of the thresholds for RPE damage
is expected when applying multiple pulses. For a
variety of pulse durations, pulse numbers, and
wavelengths, it is shown that the damage thresh-
old scales with N1/4, when N pulses are applied
[35]. This empirical functional dependence has
been verified by several studies on retinal laser
damage thresholds [36,37]. This relation is also
used by the ANSI standards for laser safety to
describe the reduction of threshold exposure for
minimal visible lesions of the eye [35], even for
pulse durations at which thermal denaturation is
unlikely. At 532 nm and a pulse duration of 5
msec, Roider et al. observed a reduction of the
threshold for angiographic visibility of RPE le-
sions, which closely fit the N1/4 law, when apply-
ing a train of up to 500 pulses at a repetition rate
of 500 Hz [13]. Griess et al. reported of a cumula-
tive effect for pulse durations of 16 nsec when
applying between 1 and 100 pulses with 10 Hz
[38]. Bruckner et al. [39] reported a comparable
dependence for picoseconds, and Stolarski et al.
[40] for 130 femtosecond pulse durations.

The experiments in this study revealed a
strong decrease of the threshold radiant exposure
up to 500 pulses. However, applying more pulses
only a very slightly further decrease is observed.
This behavior is not in accordance with the em-
pirical N1/4 law. Assuming a thermal damage
mechanism, a monotonic decrease of the thresh-
old radiant exposure is expected and can be cal-
culated with the Arrhenius formalism [9]. Be-
cause of the unknown activation energy and
entropy, predictions are highly uncertain. How-
ever, we did not find an appropriate parameter
set to describe the decrease of the cell damage
over the number of applied pulses with the Arrhe-
nius formalism.

With respect to microbubble formation as the
primary mechanism for cell damage, it can be ex-
cluded that an increase of the residual tempera-
ture before the next pulse reduces the threshold
radiant exposure with pulse number: Tempera-
ture calculations showed that for a spot diameter
of 50 mm, a radiant exposure of 200 mJ/cm2 does
only result in a temperature increase of approxi-

462 Brinkmann et al.



mately 10°K in the RPE cell (Fig. 10), nearly in-
dependent on the number of pulses.

A more reasonable explanation might be the
statistical behavior of bubble formation at thresh-
old during the pulse train. A thermomechanical
effect as a small increase in cell volume and sub-
sequent minimal cell rupture may to some extend
be also cumulative. Small but multiple over-
stretching of the cell membrane due to micro-
bubbles at only a few sites (e.g., at very close me-
lanosomes) may also cause an irreversible lethal
defect. Also for picosecond [38] and femtosecond
pulses [40], at which thermomechanics should be
responsible for retinal damage, an additivity of
multiple exposures was observed.

CONCLUSION

It was shown by fast flash photography that
the vaporization threshold radiant exposure
around single porcine melanosomes increases al-
most linearly with pulse duration from 250 nsec
up to 3 msec. Assuming a certain, constant surface
temperature of 150°C at the melanosome to be
required to initiate bubble formation, calculations
of the threshold radiant exposures are in good
agreement with the experimental findings when
using a melanosome absorption coefficient as high
as 13,000 cm−1, which corresponds to a homoge-
neous absorption coefficient of 8,000 cm−1.

Irradiating RPE cells in an ex vivo retina
model with 8-nsec pulse duration, the damage
threshold coincides with the threshold for bubble
formation at single melanosomes. When increas-
ing the pulse duration, the threshold radiant ex-
posure increases, however, less than for single
particles. Assuming bubble formation as the pri-
mary mechanism of damage, these findings can be
explained by heat diffusion from surrounding me-
lanosomes, which significantly contributes to the
surface temperature of an individual granula.
Thus, vaporization around the melanosomes and
subsequent disruption of the cell structure as the
primary damage mechanism can explain the in-
crease of the RPE damage radiant exposure with
pulse duration for single pulse exposure.

By using a series of pulses, a further de-
crease of the damage threshold was observed.
However, although thermal coagulation cannot be
excluded to be responsible for cell damage, at
least for a high number of pulses, it is unlikely
because the thresholds for bubble formation at
melanosomes are very close to the damage thresh-
olds found for RPE cells. However, in the regimen

of microsecond pulse durations, a transition from
mechanical to thermal damage is expected [14].
The complexity of the system and uncertainties in
optical and thermal parameters do not allow to
infer the damage mechanism from the observed
damage threshold radiant exposures at different
irradiation parameters. Therefore, further stud-
ies, which directly observe the mechanisms lead-
ing to the cell damage, are needed, e.g., bubble
formation during irradiation of vital RPE cells.
Furthermore, in vivo studies must be carried out
to determine the relationship between the in vitro
RPE cell damage and the in vivo RPE defect,
which is so far observed by using fluorescein an-
giography after laser treatment. Independent
measurement of the absorption and the thermal
properties of melanosomes would be useful to im-
prove the accuracy and reliability of thermal mod-
eling of the retina.
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