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ABSTRACT

Selective retina therapy (SRT) is a new laser procedure for retinal diseases that are thought to be associ-
ated with a degradation of the retinal pigment epithelium (RPE). The aim of the irradiation is to selectively
damage the RPE without affecting the neural retina, the photoreceptors and the choroid. Goal of the treat-
ment is to stimulate RPE cell migration and proliferation into the irradiated areas in order to improve the
metabolism at the diseased retinal sites. In a pilot study more than 150 patients with soft drusen, retino-
pathia centralis serosa (RCS) and macular edema were treated. The first 3-center international trial targets
diabetic macular edema and branch vein occlusion.

In this review, selective RPE effects are motivated and two modalities to achieve selective RPE effects will
be introduced: a pulsed and a continuous wave scanning mode. The mechanism behind selective RPE-ef-
fects will be discussed reviewing in vitro results and temperature calculations. So far clinical SRT is per-
formed by applying trains of 30 laser pulses from a Nd:YLF-Laser (527 nm, 1.7 us, 100 Hz) to the dis-
eased fundus areas. In the range of 450-800 mJ/cm? per pulse, RPE-defects in patients were proved
angiographically by fluorescein or ICG-leakage. The selectivity with respect to surrounding highly sensitive
tissue and the safety range of the treatment will be reviewed. With the laser parameters used neither bleed-
ing nor scotoma, proved by microperimetry, were observed thus demonstrating no adverse effects to the
choroid and the photoreceptors, respectively.

During and after irradiation, it shows that the irradiated locations are ophthalmoscopically invisible, since
the effects are very limited and confined to the RPE, thus a dosimetry control is demanded. We report on
a non-invasive opto-acoustic on-line technique to monitor successful RPE-irradiation and compare the data
to those achieved with standard angiography one-hour post treatment.
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RESUME

La thérapie rétinienne sélective (TRS) est un nouveau procédé laser pour les maladies rétiniennes que I'on
suppose étre liées a une dégradation de I'épithélium pigmentaire rétinien (EPR). Le but de I'irradiation est
d’endommager sélectivement I'EPR sans affecter la rétine neurale, les photorécepteurs et la choroide.
L'objectif du traitement est de stimuler la migration et la prolifération des cellules de I'EPR dans les zones
irradiées en vue d’améliorer le métabolisme au niveau des sites rétiniens affectés. Dans une étude pilote,
plus de 150 patients atteints d’un épaississement diffus, de rétinopathie séreuse centrale (RSC) et d’'cedéme
maculaire ont été traités. Le premier essai international tricentrique vise I'cedéme maculaire diabétique et
I'occlusion des branches veineuses.
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Dans ce compte-rendu, des effets sélectifs de I'EPR sont mentionnés et deux procédures permettant d’obtenir
des effets sélectifs de I'EPR seront introduits: un mode de balayage a ondes pulsées et un mode de balay-
age a ondes continues. Le mécanisme provoquant les effets sélectifs de I'EPR sera décrit en examinant les
résultats in vitro et les calculs de température. Ainsi une TRS clinique est menée en appliquant des trains
de 30 impulsions laser a partir d'un laser Nd:YLF (527 nm, 1.7 us, 100 Hz) au niveau des zones affectées.
Dans la gamme de 450 a 800 mJ/cm? par impulsion, des anomalies de I'EPR ont été constatées de manigére
angiographique par une fuite de la fluorescéine ou du vert d’indocyanine. La sélectivité par rapport aux
tissus adjacents hautement sensibles et 'intervalle de sécurité du traitement seront examinés. Avec les
parameétres laser utilisés, ni saignement ni scotome, ceci prouvé par micropérimétrie, n’ont été observés,
ce qui indique ainsi I'absence d’effets indésirables sur la choroide et les photorécepteurs, respectivement.
Pendant et aprés I'irradiation, il est démontré que les locations irradiées sont invisibles d’un point de vue
ophtalmoscopique, les effets étant tres limités et confinés a I'EPR, ainsi un contréle de la dosimétrie est
requis. Nous décrivons une technique optoacoustique non invasive en ligne permettant de controler I'irradiation
réussie de I'EPR et de comparer les données avec celles obtenues avec une angiographie standard une
heure apres le traitement.

MOTS-CLES
Traitement sélectif, EPR, impulsions us, dosimétrie en ligne, scanner laser, DMLA
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INTRODUCTION

Laser photocoagulation of the retina has been performed for more than 30 years and is well
established for various retinal diseases. Most commonly used are laser wavelengths in the green
spectral range (Ar*-Laser: 514 nm, Nd-Laser: 532 nm), however, also red and near IR-wave-
lengths are customary. Irradiation is performed typically with a power of 50-300 mW applied
over a time 50-300 ms per treated area/spot. The main absorber of the light at the fundus is the
retinal pigment epithelium (RPE), which is heavily loaded with strong light absorbing melano-
somes (Fig. 1). With the irradiation parameters irreversible thermal denaturation is induced to
the RPE 3°¢ and owing to heat flow from the RPE into the surroundings also to the choroid and
the inner and outer segments of the retina.®® The power and time of the laser irradiation is ad-
justed by the ophthalmologist to produce a gray or whitish retinal lesion, originating from in-
creased light scattering indicating tissue denaturation at the irradiation site. The grayish lesions
are also regarded as a visible endpoint of a successful photocoagulation and thus serve as a
dosimetry control.

Following laser photocoagulation, the targeted tissue undergoes a healing process. Typically, the
tissue in the target area will be replaced by proliferating glial tissue originating from the sur-
rounding retina and choroid. RPE cells also contribute significantly to this healing process.®® It
has been shown in animal experiments that the RPE responds in several ways after injury. RPE
cells adjacent to the irradiation site may spread out and cover the defect by hypertrophy of neigh-
boring RPE cells.?*3 The division of RPE cells has also been shown after photocoagulation in
rabbits,?* in monkeys after retinal detachment,?* and in rabbits after surgicallg induced RPE
defects.?3 The outer blood retinal barrier is normally restored after about 7 days.2® Further, Gla-
ser has shown that RPE cells produce inhibitors for neovascularization, suggesting that these
cells may play a role in the regulation of new vessel growth.2° In addition, Boulton et al. found
significant change of growth factors in the vitreous after panretinal photocoagulation.* Yoshimu-
ra et al. showed that photocoagulated RPE cells produce inhibitors of endothelial cells.®! The
molecular and immunologic characteristics of these inhibitors correlate with the TGF-B,. Regen-
erating RPE cells are known to produce more TGF-B, compared to normal RPE cells.®*

The benefit of retinal laser photocoagulation in various diseases has traditionally been attributed
to the destruction of retinal tissue. However, the exact biological effect and the physiological

Fig. 1. Transmission electron microscopy (TEM) of a human RPE cell in its environment.'8
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improvement leading to the desired therapeutic effect after this locally severe retinal damage is
poorly understood.

In the treatment of diabetic macular edema, the beneficial effect is thought to be mediated by
the restoration of a new RPE barrier.® A similar effect can be postulated in the treatment of drus-
en which are located within Bruch’s membrane or beneath the RPE and often disappear after
photocoagulation of the nearby tissues, eventually likely as a byproduct of surrounding phago-
cytosis. The efficacy of drusen treatment was studied by several investigators.'*'1® However, since
the drusen are located below the retina, there is no clear rationale to routinely include the neural
retina in the photocoagulation. The same arguments may count generally in the treatment of
macular edema. For instance, in central serous retinopathy (CSR) the rationale of therapy is the
photocoagulation and subsequent formation of a new metabolically improved RPE barrier. Here,
the simultaneous destruction of the photoreceptors can be regarded as an unwanted side effect.
The most common explanation for the beneficial effect of photocoagulation in diabetic retinop-
athy is the destruction of oxygen consuming photoreceptors.®® However, another theory sug-
gests that the beneficial effect results from the restoration of a new RPE barrier. The subsequent
production of a variety of growth factors 336061 results in an improved RPE metabolism and
improved pump function to resolve the edema.

CONCEPT OF SELECTIVE RETINA TREATMENT
(SRT)

For a variety of retinal diseases, especially those which are thought to be associated with a deg-
radation of the RPE, it might be sufficient to selectively damage the RPE while the adjacent
photoreceptors, the neural retina and the choroid can be spared and thus scotoma be avoided.**
This is especially useful and demanded within the macular area. If the damaged RPE is rejuve-
nated in the healing process due to migration and proliferation of the adjoining RPE, such a
minimal destructive selective RPE treatment might be optimal for therapy.

The question arises if and how selective RPE effects can be performed. The concept of selective
targeting of naturally or artificially pigmented cells or organelles in less strong absorbing sur-
roundings was introduced by Anderson and Parrish 138 and led to a variety of applications in
ophthalmology 2943 and dermatology 38 using pulsed laser radiation. Selective cell effects are
most interesting in cases where highly sensitive cells, which have to be preserved, are close to
the target cells. In this case, a basis for selective RPE damage can be found in the strong light
absorbing melanosomes inside the RPE cells, which absorb about 50 % of the incident light in
the green spectral range *° and thus are the dominant chromophores within the fundus of the
eye. If laser pulses are applied with pulse durations shorter then the time needed for the pro-
duced heat to diffuse, locally confined high temperatures can be obtained at the absorber site.
The so-called thermal relaxation time 1 can be estimated for a spherical particle of radius r and
the thermal diffusivity x to T = r?/4x. For a melanosome of a radius r = 0.5 um, the thermal
relaxation time TR(gel) is calculated to tgr(me = 420 ns using the thermal diffusivity of water,
kK = 1.5 x 10% um?/s. In order to confine high temperatures to the whole RPE cell with a thick-
ness of approximately 5 um, tgrgpg) = 10 us is estimated.

In order to verify such rough estimations for an RPE cell containing multiple discrete absorbers,
mathematical models have been developed allowing a more detailed analysis of the spatial and
temporal temperature distribution at the fundus of the eye.?:22:49-41.44 Figyre 2 gives the calcu-
lated temperature profile inside the RPE and in 5 um distance at the photoreceptor level. It shows
the temporal temperature profile as calculated after a laser exposure with an argon laser, a rep-
etition rate of 500 Hz with single pulse durations of 5 us.** It is conceivable that most of the
heat is now concentrated within the RPE at the end of the laser pulse. High temperature peaks
only occur within the RPE, highest temperatures are found at and around the single melanin
granules. The peak temperature increases proportional with the pulse energy. Due to heat dif-
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Fig. 2. Transient temperature profile within the RPE and at the photoreceptors (5 um distance) when applying a train of
us-laser pulses with a repetition rate of 500 Hz, after Roider.**

fusion from volumetrically small particles, the peaks are almost cancelled out at just 5 um dis-
tance.** On the other hand, the average or background temperature increase at the retina is
almost as high as in the RPE. Generally the background temperature depends on the pulse en-
ergy and repetition rate, thus the average laser power, and on the overall dimensions of the irra-
diated area. The ratio of peak to average temperature can be maximized if repetitive short laser
pulses are applied in such a manner that the following laser pulse is applied only after the retinal
tissue has had sufficient time to completely cool down to baseline. If the peak temperature
achieved by one or multiple pulses is high enough to cause damage inside the RPE and the aver-
age temperature is low enough to avoid retinal photocoagulation, selective RPE effects should
be possible.

APPLICATION MODES FOR SRT

The easiest approach to achieve high peak temperatures is to apply appropriate laser pulses via
a commonly available laser slit lamp to the retina. However, if the selective effects in the RPE
only rely on these local high temperatures within the RPE cells,® this goal should also be obtain-
able when rapidly scanning a continuous wave (cw) laser beam across the fundus. An arbitrary
irradiation pattern can be either generated with one pulse (or repetitive pulses) of a certain pulse
duration or it can be obtained by scanning a small laser spot once (or repetitively) across the
same area with such a speed, that each point is illuminated for the same time as in the pulsed
mode.

In figure 3, the two possible application modalities are sketched exemplary for circular spots
assuming an illumination time of 1.7 us. A pulse duration of 1.7 us in the pulsed mode corre-
sponds to an application with a scanned 18 um spot using a speed of 10.6 m/s. For this illumi-
nation time, a temperature increase of 100 °C at the surface of a RPE-melanosome requires a
radiant exposure of about 310 mJ/cm?. This corresponds to a pulse energy of 62 uJ for a 160 um
spot or a laser power of 460 mW for an 18 um spot scanned across the fundus, respectively.’
Advantages and disadvantages as well as details for both SRT techniques and application mo-
dalities (slit lamp vs. fundus camera) are extensively discussed in the literature.® In general, the
higher flexibility of the scanning approach to easily generate arbitrary pattern geometries com-
petes with its more complicated set-up and application.

THRESHOLD IRRADIATION FOR RPE CELL DAMAGE

In order to investigate thresholds of RPE damage in the range of pulse durations within the ther-
mal relaxation time of the RPE, two different laser systems in the ns to us time regimen were
used for the pulsed mode: a Q-switched, pulse-stretched Nd:YLF laser with adjustable pulse
duration between 250 ns and 3 us at a wavelength of 527 nm and a Q-switched, frequency
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Fig. 3. Possible application modes to achieve us-laser exposure:” either applying laser pulses to a large area with a
certain pulse duration (e.g. 1.7 us) or scanning a continuous wave laser beam across the target area (e.g. 18 um in
diameter with a speed of 10.6 m/s, which gives the same exposure time to each point on the target).

doubled Nd:YAG laser at a wavelength of 532 nm and 8 ns exposure time.® For the scanning
mode, the beam of an Ar*-laser was scanned across the probes.® Freshly harvested porcine RPE
samples served as model. RPE cell vitality prior and after irradiation was probed by the fluores-
cent dye marker Calcein-AM (Molecular Probes Inc.).®

Figure 4 shows the equivalent dose for 50 % cell damage (ED5) radiant exposure for different
repetitive exposures to the RPE in the pulsed and scanned mode. When the RPE is irradiated
with a train of us-pulses at a pulse repetition rate of 500 Hz, a decrease of the threshold radiant
exposure with the number of pulses applied is observed. With a 40 % drop at 100 pulses, the
decrease is most pronounced at a pulse width of 3 us. The threshold is mostly reduced during
the first 500 pulses. Using longer pulse series, the damage threshold almost remains constant.
Applying 10 scanned exposures, a threshold power of Péh = 569 mW was found, which results
in an EDg, radiant exposure of Hy, = 297 mJ/cm?.® The threshold strongly decreases to
Hy, = 131 mJ/cm? when applying 500 scans, while a higher number of scans does not lead to
a further threshold decrease in accordance with the pulsed application mode. It shows that the
threshold radiant exposure is generally higher in the scanning mode, depending on the number
of repetitive exposure. Possible reasons for these slight deviations are extensively discussed in
the literature.® Anyway, both modes show a saturation with higher number of exposures.

ORIGIN OF CELL DAMAGE

The origin of RPE cell damage for repetitive us laser pulse exposure has extensively been inves-
tigated and shall briefly be reviewed. The idea of selective RPE damage has been published by
Roider assuming a pure thermal cell damage.** It refers to cell and protein denaturation and
thus cell necrosis due to the high temperature peaks within the RPE-cell as shown in figure 2.
According to the thermal damage model of Arrhenius 2 the rate of damage increases linearly
with time and exponential with temperature and is additive for repetitive temperature increase,
thus repetitive exposure should be favorable. Further, according to a thermal model, us-pulse
durations in the range of the thermal relaxation time allow to obtain a certain temperature in-
crease for a long time while still having strong temperature decrease towards the retina. How-
ever, with respect to the experimental results, the saturation of the threshold radiant exposure as
shown in figure 4 is in contradiction to a pure thermal damage, which predicts a continuous
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Fig. 4. RPE EDg, radiant exposures as a function of number of exposures for the scanned mode (upper curve) ® and the
pulsed mode with pulse durations of 0.25, 1 and 3 us according to Brinkmann,® respectively.

decrease towards higher pulse numbers. Further, a strong dependence of the threshold radiant
exposure on the pulse duration below or close to thermal confinement does only exist at the
melanosomes directly. Already at small distances apart, the temperature profile does mostly re-
flect the energy absorbed but less the pulse duration. Thus, at least for the immediate cell dam-
age observed here or in angiography, other mechanisms have to be taken into account. RPE cell
damage due to stress waves was investigated in vitro by Douki et al. They found that cell dam-
age is rather dependent on the stress rise time, as on the peak stress, and requires stress tran-
sients around 70 bar/ns.'° However, these pressure gradients can only be achieved with pulse
durations close to acoustic confinement conditions, which is below 1 ns for melanosomes.
Apart from these effects, a thermo-mechanical damage of the cells has to be taken into account:
Lin and Kelly heated micro absorbers in suspension with ps and ns laser pulses and demon-
strated vaporization around the particles.3! A threshold radiant exposure for micro bubble for-
mation around bovine melanosomes was found to be 55 mJ/cm? at a wavelength of 532 nm.
Irradiating RPE cells with the same radiant exposure, non-viable cells were only found, when
intracellular bubble formation occurred.?® It was concluded that cell death is caused by thermo-
mechanical disruption of the cell structure due to the significantly increased cell volume during
bubble lifetime. However, in the highly sensitive retina, strong photo disruptive effects have to
be avoided in order to absolutely prevent choroidal disruption, which might lead to bleeding.
We investigated micro bubble formation around isolated porcine melanosomes by fast flash pho-
tography as shown in figure 5 and found threshold radiant exposures for bubble formation and
cell death to be very close.®3® Further both thresholds increase with pulse durations up to 3 us.
Experiments and calculations showed that the temperature for the onset of vaporization at the
surface of isolated melanosomes is around 140 °C.° This vaporization temperature is higher then
the boiling temperature of water under normal conditions, since the formation of micro bubbles
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Fig. 5. Fast flash photographs of a melanosome before irradiation (left) and at the half of the bubble lifetime (right,
bubble boundary is marked by white arrows). Irradiation with a 12 ns laser pulse (532 nm) at 369 mJ/cm? (right) 3.

at or around the melanosomes requires to overcome the surface tension of the bubble, which
corresponds to a pressure of approximately 3 bars for a diameter of 1 um.®2”

In another study, we investigated RPE cell damage with a vitality stain up to pulse durations of
3 ms while simultaneously observing microvaporisation.®3 It shows that pressure waves gener-
ated by micro bubble formation can very well be measured with hydrophones. Analyzing the
acoustic transients allows distinguishing between pressure waves induced by micro bubble for-
mation and by thermo-elastic expansion. This further allows using this opto-acoustic approach
as an on-line dosimetry control for SRT as discussed below.

Summarizing, the most probable effect for cell damage up to pulse durations of 50 us is micro
bubble induced photo disruption. When laser pulses with appropriate energy are applied to RPE
cells, highest temperatures are induced in and around the melanosomes. If the vaporization tem-
perature of the intracellular plasma is reached, which takes place first at the surface of the mel-
anosomes, micro bubbles begin to form here. Due to the simultaneous growth of a high number
of micro bubbles, the cell volume transiently increases, most likely disrupting the cell structure.
Using 6 us pulses, Roegener et al. observed RPE micro bubbles by reflectometry and demon-
strated cell damage occurring only if at least in one pulse out of the whole pulse train bubbles
were induced.*?

SUITABLE LASER PARAMETER FOR SRT

Assuming micro bubble formation as the predominant damage mechanism in the ns to us time
regimen, the question arises for the most suitable pulse duration for SRT. For selective RPE da-
mage one has to be also concerned about safety of the highly sensitive photoreceptors and neu-
ral retina at the one and the choroid on the other side. Both should neither be harmed by heat
nor by photo disruption such as bubble and pressure effects. In order to prove the extension of
the thermo mechanical effects with pulse energy and duration we observed bubble lifetime and
growth with an interferometer setup.3® Porcine RPE melanosomes in suspension were irradiated
with ns and us pulses of frequency doubled, Q-switched Nd:YAG and Nd:YLF lasers, respec-
tively. Simultaneously, bubble lifetime was observed by continuous wave HeNe probe laser light
(633 nm) deflected by the bubbles and bubble dynamics with an interferometer setup. Exem-
plary bubble extension was recorded by fast flash photography with a N,-Dye laser pulse (< 4
ns) and a video microscope.

In the case of ns irradiation the bubble size increases with radiant exposure (Fig. 6, on the left).
In the case of 1.8 us pulses, increasing radiant exposure leads to an earlier onset of bubble for-
mation relative to the laser pulse, whereas the lifetime of the bubble remains nearly constant
(Fig. 6, on the right). Further, bubble oscillation is observed and the number of bubbles during
the pulse increases. Between two bubbles an off time can be observed.

Analyzing the results more closely, a linear relationship between bubble size, observed by flash
photography, and lifetime is obtained for both pulse durations used in this experiment. All data
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Fig. 6. Time plot of bubble induced deflection of probe laser light for pulse durations of 12 ns (left) and 1.8 us (right)
with increasing radiant exposure (top to bottom). The green pulses show the laser pulse. The duration of dips in the
transmitted probe intensity refer to the lifetime of the bubble.3®

fit the Rayleigh equation, which is known from inertia limited bubble growth,3® within an inter-
val of £ 20 %. Bubble lifetimes of 250 and 500 ns correspond to a maximum bubble diameter
of 1 and 2 um, respectively. The mean threshold radiant exposures for bubble nucleation are
Hisne = 120 + 28 mJ/ecm? and Hy gus = 620 = 159 mJ/cm?. All data were collected from
many individual melanosomes. For the ns-exposure, the maximum bubble size correlates with
the pulse energy, while for us-exposure the onset of bubble formation depends on the pulse ener-
gy, its dynamics on the pulse duration.

For SRT, it is recommended to use us-laser pulses close to threshold in order to keep the selec-
tivity and to avoid the formation of large bubbles and thus the risk of photo disruption of the
retina (scotoma) or the choroid (bleeding). Repetitive pulse application is recommended since
the threshold radiant exposure for cell damage decreases as shown in figure 4, and thus the
pulse energy can be reduced.

SELECTIVITY OF TREATMENT

The questions arise, if such selective RPE damage without harming the photoreceptors and the
choroid can be achieved in vivo, and how large the safety regime is with respect to pulse energy
until adverse tissue effects occur. The selective damage of the RPE in vivo has first been demon-
strated by Roider in rabbits by using 10-500 Ar*-laser pulses of 5 us in duration at a repetition
rate of 500 Hz.*3 Fluorescein angiography was accomplished to visualize RPE defects. It shows
that the treated areas close above threshold for fluorescein leakage were ophthalmoscopically
invisible directly after treatment as well as in the follow up period. Two weeks after treatment
the lesions were recovered by RPE. Four weeks post treatment a morphologically completely
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Fig. 7. Angiographic and ophthalmoscopic damage probability for Nd:YLF-laser exposure (wavelength: 527 nm, 100
pulses applied with a repetition rate of 500 Hz) in rabbits with a pulse duration of 1.7 us on a retinal spot of 102 um
in diameter'®. Laser irrdiation was performed in five eyes with completely 137 spots. From the linear fit, the 50 %
probabilities are obtained: EDgq opne. = 391 mJ/cm?, EDgg ang. = 113 mJ/em?.

restored RPE barrier showing normal RPE cells was found.*3 The selectivity of damage to RPE
cells sparing the photoreceptors was demonstrated by histological examinations at different times
after treatment.

Further in vivo experiments were conducted to explore the angiographic and oghthalmoscopic
EDs, threshold radiant exposures over pulse duration in rabbits in more detail.*® First of all, we
explored the thresholds by means of a commonly used Argon*-laser with an
irradiation time of 200 ms. Angiographic and ophthalmoscopic thresholds were obtained at
165 W/cm? and 205 W/cm?, respectively. Thus, a small window to achieve solely RPE damage
seemed feasible. However, Roider also found different ophthalmoscopic and angiographic thresh-
olds, which differed by a factor of 2 for long pulse irradiation with a 514 nm argon laser (50 ms,
100 ms, 500 ms and 1 s), but histological findings nevertheless revealed destruction of the chor-
oid and the photoreceptors.*3

With respect to us exposure times, Fig. 7 shows exemplary the probabilities of angiographic and
ophthalmoscopic damage for a pulse duration of 1.7 us over the peak radiant exposure in rab-
bits. The angiograghic threshold decreases towards shorter pulse duration from 189 mJ/cm? (5
us) to 143 mJ/ecm? (1,7 us) and 97 mJ/ecm? (200 ns), respectively. A comparable decrease over
pulse duration was also found for RPE damage in vitro using a vitality stain to prove cell dam-
age, as shown in figure 4.° The threshold decrease is expected and can be explained with heat
diffusion during irradiation towards longer pulses, since thermal confinement is lost and thus
higher pulse energy is needed to reach the vaporization threshold.

The described monotonic increase of the angiographic threshold with pulse duration was not
observed for the ophthalmoscopic thresholds. The EDg,-thresholds ranged from 478 mJ/cm?
(1,7 us), 362 mJ/cm? (5 us) to 438 mJ/cm? (200 ns) showing no significant correlation with
the pulse duration. A reason could be a higher inaccuracy to determine the whitening of the
retina. It is also known that during the first hour after irradiation a biological enhancement of the
laser effect, e.g. due to occurrence of an intra- or intercellular edema appears.32 This might lead
to difficulties to judge an opthalmoscopically visible laser lesion, especially for lesions applied
with just small energies.

For SRT it is important to have an adequate threshold radiant exposure ratio between ophthal-
moscopic and angiographic thresholds, so called "selective window” to prevent surrounding tis-
sue damage. Because of the intra- as well as the inter individual pigmentation, which varies by
a factor of 2 in healthy humans '° and most likely more in diseased areas, a factor of at least 2
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must be ensured for safe clinically treatment without dosimetry control. Damage of Bruch’s mem-
brane by short pulses should also be avoided because it is known that new vessel formation can
be promoted.!!3°

Referring to the rabbit data we found a decreasing threshold ratio with increasing pulse duration
as expected. The ED5, threshold ratio for a pulse duration of 1.7 us is 3.3.'° However, this ratio
is reduced to a factor of about 2 when taking into account the safety ratio between the EDgq
angiographic and ED; ophthalmoscopic threshold. For all parameters used we never found rup-
tures or hemorrhages below the EDgg ophthalmoscopic threshold. However, histological evalu-
ations have to prove whether no extensive mechanical rupture, due to fast bubble extension,
lead to a photoreceptor damage. Such damage might not necessarily be ophthalmoscopically
visible. The data give a fundamental basis towards appropriate settings for selective RPE treat-
ment, however, the threshold data and ratios for selectivity in rabbits can not simply be trans-
ferred to the human retina. Thus, careful clinical investigations were needed as discussed in the
following paragraph.

SELECTIVITY OF SRT WITH RESPECT TO AVOID
SCOTOMA

In the pilot study, test laser lesions were used to investigate whether sparing of the retina was
possible in the human retina.*® To investigate whether the RPE effects were really selective,
microperimetry was performed on 17 patients operating the Nd:YLF laser (527 nm) with a pulse
duration of 1.7 us and a repetition rate of 500 Hz, either applying 100 or 500 pulses per trea-
tment spot. Out of 179 test lesions, 73 were followed at various time steps up to one year follow
up by performing microperimetry directly on top of the laser lesions. For testing, the laser lesions
threshold stimuli were determined before laser exposure. The threshold sensitivity values were
defined as the minimal contrast at which a response was obtained. This threshold value was
used for evaluating the test lesions in the follow-up period.

None of the laser effects were visible by ophthalmoscopy during or directly after SRT, while fluo-
rescein angiography clearly demarked the lesions. One day after treatment, retinal defects could
be detected in up to 73 % of the patients treated with 500 pulses at 100 uJ. Most of these
defects were no longer detectable after three months. After exposure with 100 pulses no defects
could be found with 70 and 100 uJ after one day and the neural retina remained undamaged in
the follow-up period.#648

The onset of thermal damage after applying 500 pulses with 500 Hz can be attributed to a strong
increasing background temperature, which does not only depend on the pulse energy, it also
increases with higher pulse repetition rate and larger spot diameter due to reduced heat diffu-
sion.? In order to avoid high average temperature increase during irradiation, we irradiated all
patients, apart from the very first ones, with just 100 pulses at a repetition rate of 500 Hz on a
retinal spot of 160 um. In the ongoing multicenter trial we slightly increased the spot diameter
to 200 um, but therefore reduced the pulse repetition rate to 100 Hz. In order to avoid eye mo-
vements during treatment, the irradiation time was limited to 300 ms, referring to 30 pulses per
spot.

The microperimetry findings impressively demonstrate the selectivity after SRT in contrast to
conventional laser photocoagulation. Laser photocoagulation is associated with thermal damage
of the outer and inner nuclear layer and replacement by scar tissue.#®"57-58 |t is not surprising
that such lesions lead to absolute scotoma on microperimetry, which can be detected over each
argon laser exposure. If such lesions are located temporal to the fovea the patient might become
reading problems, despite a good visual acuity.
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Fig. 8. Fundus picture (A) and fluorescein angiogram (B) of an CRS patient. SRT lesions clearly show up in angiograp-
hy.5° Test lesions for dosimetry were performed in the arcades, only highest pulse energies lead to a slightly visible
effect. Treatment was performed in the macular area with pulse energies leading just to an angiographically visible ef-
fect. For comparison to standard photocoagulation, (C) shows a fundus appearance after panretinal photocoagulation.?!

FIRST CLINICAL RESULTS

A salient question is whether and in which diseases selective RPE treatment might lead to a
positive therapeutic effect. In a first clinical study we focused on three pathological conditions:
diabetic macular edema, central serous retinopathy, and drusen in age related macular degene-
ration (AMD). Twelve patients with diabetic maculopathy (group I), ten with soft drusen (group
[I) and four with central serous retinopathy (CSR) (group Ill) were treated and followed up for
one year.*’

SRT was performed with a self developed frequency doubled, pulse stretched Nd:YLF laser (wa-
velength 527 nm, pulse duration 1.7 us).® Either 30 laser pulses per area with a repetition rate
of 100 Hz or 100 pulses at 500 Hz, respectively, were applied on a spot diameter of 160 um.
Angiographically visible lowest radiant exposures were found between 350-500 mJ/cm? per pul-
se in test expositions at the arcades to Erove for individual dosimetry among different patients.
For the treatment typically 650 mJ/cm* were used, in order to compensate for the variation in
pigmentation and ocular transmission.

Patients were examined at various times after treatment by ophthalmoscopy, fluorescein- and
ICG angiography as well as infrared imaging. After six months in group | hard exsudates disap-
peared in 6 out of 9, and leakage disappeared in 6 out of 12 diabetic patients. In group Il drusen
were less in 7 out of 10 patients. In group Il serous detachment disappeared in 3 out of 4 cases.
Visual acuity was stable in all cases.

SRT MULTICENTER TRIAL

Because of the promising pilot study results, an international SRT multicenter trial has been start-
ed to evaluate the therapeutic effect of SRT in patients with diabetic maculopathy and in pa-
tients with macular edema after venous branch or central venous occlusion. Further few patients
with geographic atrophy secondary to AMD and patients with occult CNV secondary to AMD are
treated at single locations. Study centers are at the university eye clinics in Lilbeck and Kiel and
the St. Thomas Hospital in London.

So far, more than 60 patients with diabetic maculopathy were treated and controlled 6 months
after treatment. In 95 % of the patients the visual acuity was improved or stable at the 6 month
follow-up control. The angiographic results with respect to leakage areas and Optical Coherence
Tomography (OCT) data with respect to edema size and thickness however don’t show fully con-
sistent with respect to the visual acuity.

Further remarkable are the treatment of 10 patients with central serous rethinopathy (CSR) with
a persisting edema for at least three month. For this pathology the results are very impressive.
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Fig. 9. Contact lens with integrated ultrasonic pressure wave detector, after Schiile.*®

All treated patients showed a complete disappearance of subretinal fluid after 4 weeks and 9 out
of 10 patients demonstrated a significant increase in visual acuity after 3 months. These results
suggest to change the standard recommendation for treating CSR patients. SRT offers the possi-
bility of treating CSR and DMP patients much earlier in the course of the disease.

ON-LINE DOSIMETRY

The formation of microbubbles around the strong absorbing melanosomes inside the RPE has
been identified as the leading mechanism of RPE damage during us laser pulse expo-
sure.”°3 Mechanical effects such as cell disruption from a large number of simultaneously form-
ing intracellular microbubbles most likely induce the RPE cell damage. If a correlation between
fluorescein leakage and microbubble formation can be demonstrated, than the detection of mi-
crobubbles enables an on-line dosimetry control avoiding test lesions and thus additional an-
giography.

If energy is absorbed and converted to heat, the thermoelastic expansion of the absorbing me-
dium as a matter of principle leads to the emission of a bipolar pressure wave.>*° Optoacoustic
(OA) techniques have been used in ophthalmology for imaging of the ciliary body. OA monitoring
of transscleral cyclophotocoagulation is possible in vitro.3” It can further be used to determine
the background RPE/retinal temperature increase during SRT.®! Using probe laser pulses it also
enables for the first time to determine non-invasively on-line the temperature increase during cw
photocoagulation and during transpupillary thermo therapy (TTT), which could already be dem-
onstrated in vitro. Further OA techniques are used for temperature mapping in tissue during la-
ser induced thermo therapy (LITT).!2-13. 28

Strong OA transients are also induced at the RPE during us laser irradiation.®® After exceeding
the vaporization threshold, additional transients will be emitted owing to the formation and col-
lapse of multiple microbubbles.*® Due to the us heating and cooling and to the us bubble life-
time, both thermo-elastic and bubble induced pressure transients are expected in the ultrasonic
MHz frequency range.

By use of an ultrasonic needle hydrophone, we measured pressure in vitro during us-laser expo-
sure of the RPE.*®"5! In order to non-invasively detect the acoustic transients during patient treat-
ment a standard contact lens was modified with an ultrasonic transducer, as sketched in figure
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Fig. 10. Typical pressure transients from patient treatment: 30 pulses of one pulse train super-imposed, respectively.®?
(A) Spot showing no RPE leakage, (B) Spot showing RPE leakage

9. With a transducer well adapted to the expected frequency range and amplitudes we were able
to detect pressure amplitudes on-line during SRT.

Figure 10 displays typical superpositions of the 30 OA transients from each pulse of a pulse
train as recorded with the contact lens, referring to two pulse energies and locations within one
patient’s eye. For exposures which result in no angiographic visible lesion (Fig. 10 A, 50 uJ) the
30 OA transients show a clear reproducible bipolar thermoelastic pressure transient originating
from thermal expansion of the heated RPE. The pressure amplitudes are around 0.3 mbar. At
higher exposures (Fig. 10 B, 125 uJ, spot was angiographically visible) a stronger thermoelastic
bipolar transient is measured. Moreover, small pulse-to-pulse fluctuations start after the first pres-
sure peak most likely resulting from the statistic bubble formation and expansion. The delay to
the thermoelastic wave originates from the previous heating of the tissue and corresponds to the
optically detected bubble onset delay (Fig. 6). All treatment spots were ophthalmoscopically in-
visible.

A mathematical algorithm was derived to separate the fluctuations from the thermo-elastic back-
ground.®! The algorithm gives a number which is related to the maximal pressure differences
between thermoelastic and bubble transients, the so-called OA-value. The analysis was limited
to a temporal window from 12 to 30 us. Within this time frame most fluctuations appear.

ANGIOGRAPHIC RPE LEAKAGE VERSUS
OPTOACOUSTIC ON-LINE DOSIMETRY

Roider and Birngruber introduced angiographic determined fluorescein or ICG-leakage without
ophthalmoscopically visible effects as reference for selective RPE damage. In order to prove wheth-
er the detection of microbubble formation correlates to angiographic findings, every single laser
spot was analyzed with respect to its OA-value and angiographic response. The first study was
limited to four RCS patients, because due to the diffuse FLA leakage at the fundus in patients
with diabetic maculopathy a direct comparison of every single treatment spot was not possible.
In figure 11 all analyzed OA-values of these four treatments are plotted over the pulse energy
used. The open symbols mark all angiographically visible lesions, filled gray symbols the FLA
negative and filled black symbols the data points, which were not angiographically analyzable.
A threshold for OA detectable angiographic lesion can be defined as OA = 1.96 107'% bar x s.
In case of these four treatments two out of 94 lesions were detected as false/positive and two as
false/negative. The OA threshold for an angiographic lesion during patient treatment of
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Fig. 11. OA-value over applied pulse energy of four different CRS patient treatments. The open symbols mark the FLA
positive lesions, gray symbols FLA negative and the black symbols not analyzable data points.5!

OA = 1.96 107'° bar x s is very close to the threshold of porcine RPE damage in vitro of
OA = 2.4 107! par x s.!

By carefully conducting in vitro experiments it could be demonstrated that the extracted OA-value
increased with the number of damaged cells within one spot.®? However, due to the limited opti-
cal resolution, the amount of damaged RPE cells cannot be directly analyzed in a patient. There-
fore, we plotted the OA-values measured for each spot and allocated them in figure 12. Roughly
the brightness of the spot increases with increasing OA-value, which might give a hint for an
increasing RPE damage. However, a quantitative analysis of the cell damage is impossible with
current techniques. Future investigations using ultra high-resolution OCT 17 in combination with
adaptive optics might lead to the demanded resolution to quantify RPE damage and to follow
the healing response in patients.

In summary we proved that the concept of an OA-based non-invasive online dosimetry control
for SRT is feasible. As well in vitro on porcine RPE samples as during SRT, the OA dosimetry
system enables to detect the laser induced RPE damage. The OA dosimetry system is currently
embedded in the multicenter clinical SRT study in order to control dosimetry, and is further eval-
uated with respect to angiographic correlations.
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