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Abstract: Selective retinal pigment epithelium (RPE) photodisruption requires reliable real-time
feedback dosimetry (RFD) to prevent unwanted overexposure. In this study, optical coherence
tomography (OCT) based RFD was investigated in ex vivo porcine eyes exposed to laser pulses of
8 µs duration (wavelength: 532 nm, exposure area: 90× 90 µm2, radiant exposure: 247 to 1975
mJ/µm2). For RFD, fringe washouts in time-resolved OCT M-scans (central wavelength: 870 nm,
scan rate: 85 kHz) were compared to an RPE cell viability assay. Statistical analysis revealed a
moderate correlation between RPE lesion size and applied treatment energy, suggesting RFD
adaptation to inter- and intraindividual RPE pigmentation and ocular transmission.
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1. Introduction

The retinal pigment epithelium (RPE), a highly specialized polarized monolayer between the
neuroretina and the nourishing underlying choroid, has a major impact on retinal health and dis-
eases [1–3]. It’s apical membrane faces the photoreceptor outer segments and interphotoreceptor
matrix [4], whereas the RPE’s basal lamina is part of Bruch’s membrane [1]. Furthermore,
tight junctions between neighboring RPE cells complete the outer blood-retinal barrier. This
dynamic gate regulates the extracellular milieu of the developing retina, and later of the mature
photoreceptors [5]. Some of the most important functions of the RPE cells are the regulation
of heat exchange, ion balance, light absorption (protection against photo-oxidation, as well as
increased optical quality via reduced back scatter), and active transport of molecules into, out
of, and through the RPE [6]. Furthermore, cyclic shedding of photoreceptor outer segment
material is phagocytosed by the RPE [7] and the RPE maintains the immune privilege of the
eye [8,9]. RPE cells also produce various growth factors and are considered the major source
of the vascular endothelial growth factor (VEGF) of the outer retina [10]. Therefore, it is not
surprising that an RPE dysfunction is associated with a variety of retinal diseases. Disruption of
the homeostatic balance between the choroid, RPE and neural retina causes many of the most
common retinal diseases. For example, age-related RPE changes appear to be closely associated
with the development of age-related macular degeneration (AMD) [11]. Furthermore, diseases
like central serous chorioretinopathy [12] or diabetic macular edema are associated with reduced
RPE function [13].

Fortunately, its intrinsic epithelial resilience and regenerative capacity has prompted the
development of numerous regenerative retinal laser and light therapies (RELITE) to induce a
stimulation of the photoreceptor / RPE / choroid complex without inducing functional or structural
neuroretinal and choroidal damage [14]. Thereby, the photodisruptive laser approach known
as selective retina therapy (SRT) which induces RPE rejuvenation was found to be particularly
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suitable [15]. SRT intends to selectively initiate immediate cell disruption of dysfunctional
or senescent patches of the approximately 10 µm thick RPE monolayer without scarring the
choroid and neurosensory retina, and especially sparing the non-regenerative photoreceptors, to
enable RPE-mitosis, regrowth, and uptake of physiological retinal function [15,16]. The basis for
selective laser damage is the RPE’s high melanin content in the intracellular melanosomes, which
absorb about 50% of the incident light in the green spectral range in their function as stray-light
suppressors [6,17]. Within the thermal confinement of the relatively short microsecond-long
pulses used for SRT, high peak temperatures (140 to 150 °C) at the melanosomes in the RPE
initiate intracellular, and later the coalescence microsecond-long microbubble formation (MBF)
[18–20]. Rapid mechanical expansion, and collapse of these micrometer-sized steam bubbles
successively cause RPE cell wall disruption, followed by immediate or delayed cell death [19].

Various clinical studies have already demonstrated clinical efficacy of SRT for the treatment
of RPE related retinal diseases such as macular edema (DME, macular edema secondary to
retina vein occlusion, Irvine-Gass Syndrome) [21–25]. Furthermore, clinical efficacy of SRT has
been successfully demonstrated in various clinical trials for the treatment of CSCR [12,26–31].
Recently, Kim et al. were even able to show first success by treating intermediary age-related
macular degeneration (iAMD) patients with SRT [32]. However, for a clinically successful
application of SRT there are some hurdles that have to be overcome. In detail, our target
tissue, especially pathologic but also physiologic RPE, is not uniform and partially covered by
absorbing retinal vasculature. The morphometry of RPE cells changes with age, by becoming
less dense, larger, and losing their typical hexagonal shape [33]. However, more important,
regarding laser treatment applications, is the circumstance, that RPE cells have a strongly varying
melanin concentration. On the basis of post mortem analyzed human eyes, Schmidt and Robert
showed that the concentration of melanin is the lowest within the macula [34]. Compared to
the mid-periphery, the concentration is lower by a factor of about two. In comparison to the
far-periphery, the difference is even about a factor of three. This value was partly reflected even
in single individuals where the melanin concentration within the fundus varied up to a factor of
3.2 between the macula and far-periphery. Furthermore, there is a trend of a decreasing melanin
concentration in the mid- and far-peripheral regions with age [35]. In addition, the transparency
of the human eye decreases as well by several tens of percent with age [36,37]. This leads to
strongly varying inter- and intraindividual thresholds for selective RPE cell damage. Therefore,
reliable real-time feedback dosimetry (RFD) is essential to preserve photoreceptor integrity
during the laser treatment. Hence, several approaches for real-time SRT control respectively
real-time MBF detection are under development. Delivering real-time feedback on the localized
impact is imperative for keeping the laser energy within a treatment window, at best without
additional mechanical interaction to minimize the procedure’s invasiveness. Therefore, methods
such as measuring the increased reflectance at the bubble surface via backscattered light or
capturing the ultrasonic emission caused by rapid bubble expansion and collapse to detect the
presence of MBF have been investigated and successfully tested [38,39].

Another promising SRT dosimetry approach is the utilization of optical coherence tomog-
raphy (OCT). OCT has been developed for non-invasive cross-sectional imaging in biological
systems and uses scanning low-coherence interferometry to produce depth-resolved images of
optical backscatter originating from local discontinuities of the refractive index within tissue
microstructures [40]. In the last two decades, OCT has become an integral part of clinical
ophthalmology, providing detailed anatomical and morphological information, especially of the
retina [41]. In terms of RFD laser control, OCT was already evaluated for continuous-wave laser
photocoagulation [42]. There the goal was to guarantee predictable coagulation strength and
size as well as to provide safer and more reproducible treatments. Thermal tissue expansion and
scattering changes were assessed in time-resolved OCT A-scans (M-scans). For SRT, a similar
method was described by Steiner et al., who indirectly detected tissue effects of laser pulses as
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OCT-signal loss in OCT M-scans [43–45]. The detailed mechano-optical model of the signal
loss during laser treatment is still debated, but the currently favored hypothesis explains it as
interference signal contrast loss, or decorrelation, also known as “coherence fringe washout”
resulting from the fast motion or other signal alterations of the monitored retinal surfaces due to
MBF within time scales of and above the coherent acquisition time of the depth scan [46]. In
consideration are axial motion during thermal expansion as well as fast dynamic changes of the
scattering behavior during the transition from thermal expansion to MBF, leading to an OCT
signal attenuation at the level of the RPE. However, the most prominent explanation for a fringe
washout and thus a signal-to-noise ratio (SNR) penalty of nearly 100% is the strong axial motion
(vibration) during MBF itself. For RPE irradiation in SRT with short microsecond pulses, the
collapse of microbubbles generates pressure waves with velocities up to 30 m/s [20]. The chaotic
phase fluctuation caused by the vibration leads to a complete signal loss throughout the entire
retina over the duration of a single A-scan within the acquisition time of the interferometric
measurement of typically 10 to 30 µs or longer depending on the input energy and lifetime of
the microbubbles of a few microseconds. This roughly corresponds to the average cumulative
microsecond lifetime of MBF during SRT [19] and is, as we have recently shown, also consistent
with the occurrence of OA transients during RPE damage [47]. Notably, these fringe washouts
across the entire retina cannot be assimilated to a laser-tissue interaction across the entire retina
but originate in the RPE.

In terms of RFD, Burri et al. recently presented an SD-OCT-based dosimetry algorithm for
SRT [46]. For certain ex vivo porcine retina samples, this algorithm achieved a sensitivity of
99% and specificity of 97% for predicting RPE lesions after microsecond laser application. The
Spectralis Centaurus device (HuCE-optoLab, Bern University of Applied Sciences, Biel, CH)
used in this experiment is currently also being evaluated at the Department of Ophthalmology
at the Bern University Hospital (Inselspital, Bern, CH). With laser pulses of 8 µs duration,
the potential, procedure, and feasibility of the dosimetry algorithm used have been recently
demonstrated by Burri and Dysli et al. in the first three patients with diabetic retinopathy [48,49].
Furthermore, details of RPE regeneration after SRT were presented using High-Res-OCT
(Heidelberg Engineering, Heidelberg, DE) with 3 µm axial resolution [50]. However, in this
patient study, the RFD algorithm is evaluated post-treatment without real-time application. In
parallel first promising in vivo real-time SRT dosimetry results were obtained in experiments
with rabbits [51] as well as pigs [52]. A subgroup of lesions in a range of test-patterns were
successfully controlled by RFD at different pulse durations. Thereby, we demonstrated that
OCT-based RFD can interrupt the treatment laser in real-time for each lesion, resulting in
controlled and accurately dosed RPE damage. In some cases, this algorithm limited the applied
number of pulses to 4 of 15 planned pulses with increasing exposure (ramp-mode), which resulted
in an energy deposition reduction of 83% in the retina whilst keeping a clearly defined RPE
damage profile, according to fluorescence angiography.

In the experiment shown here, we have used the same method and algorithm again to study
OCT-based RFD. Extending our previous work, we apply the algorithm for the first time in a large
75-lesion pattern using real-time dosimetry. Thereby, we demonstrate that OCT M-scan based
RFD enables controlled photodisruption of the RPE without detectable adjacent morphologic
tissue damage or other suprathreshold laser effects.

2. Materials and methods

2.1. Treatment and monitoring system

For the experiments, the non-commercially available research device Spectralis Centaurus (HuCE-
optoLab, Bern University of Applied Sciences, Biel, CH) was used [53]. This device is based on
a modified diagnostic imaging platform (Spectralis, Heidelberg Engineering, Heidelberg, DE),
extended with a prototype treatment laser (modified Merilas 532 shortpulse, Meridian Medical,
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Thun, CH) intended for SRT. The laser emits radiation at 532 nm, supports pulse durations from
2 to 20 µs at a repetition rate of 100 Hz, and delivers 30 W power [54]. The laser beam was
shaped to a square beam profile and focused to a spot size of approximately 90× 90 µm2 (8100
µm2) onto the porcine retina. Thereby, an intensity modulation factor (IMF) of 1.3 is achieved,
indicating an almost homogeneous top-hat beam profile [55]. The IMF describes the ratio of
maximum to mean radiant exposure across the beam profile [56]. An IMF of 1 corresponds to
perfectly homogenous, top-hat radiant exposure. Furthermore, the system features the ability of
intervention planning utilizing the integrated confocal scanning laser ophthalmoscope (cSLO)
and a spectral-domain (SD) - also known as Fourier-domain (FD) OCT. The super-luminescence
diode of the SD-OCT laser emits broadband infrared radiation centered at 870 nm wavelength
with a 73 nm spectral bandwidth. The high-speed spectrometer of the OCT system is operated
at a rate of 85 kHz resulting in an integration time of 11.8 µs per A-scan. In B-scan mode the
beam scans across the retina, producing a cross-sectional, depth resolved backscatter-image
from minute interfaces to acquire the tissue micromorphology. Furthermore, it can be operated
in the so-called M-scan-mode (motion-mode). This mode measures time-resolved sequences
of A-scans at the point of the treatment laser application without scanning, thereby unveiling
depth-resolved temporal signal fluctuations including signal loss (coherent fringe washouts) for
RFD (Fig. 1).

The applied pulse number was monitored with an integrated photodiode (VEMD5510CF,
Vishay Intertechnology, US). This monitoring diode is located behind the dichroic mirror
(transmission 0.1%) through which the SRT laser is coupled into the OCT beam path. The
acquired laser parameters are stored together with the settings and the feedback of the dosimetry
algorithm in a treatment record file. The treatment can thus be accurately tracked and later
evaluated for each individual lesion.

With respect to clinical application and considering a static OCT beam for M-scan recording the
OCT illumination power after the delivery optics was limited to <0.85 mW within the accessible
emission limit for class 1 laser products, complying with standard IEC 60825-1 (Safety of laser
products. Equipment classification and requirements).

2.2. Tissue preparation

Juvenile porcine eyes were used for the experiments due to availability. Porcine eyes resemble
the human eye in anatomic and physiologic characteristics better than any other mammalian eye,
except for non-human primates, especially with regard to size, cone distribution and retinal layers
[57–59]. The porcine retina has a rod-enriched periphery and a cone-enriched area centralis, also
referred as visual streak (VS), that resembles the human macula [60,61]. Pig eyes were obtained
from a local slaughterhouse (pigs ≈ 24 weeks old, ≈ 110 kg). After enucleation, the eyes were
transported to the laboratory (< 30 minutes) in a jar filled with phosphate-buffered saline (PBS),
in a cooled thermo box (freshly enucleated eyes should be kept at 4°C [59]). Before treatment,
superfluous connective tissue was removed from around the eyeball.

For irradiation, the eyes were positioned in a special 3D-printed plastic container (polylactic
acid (PLA), Ultimaker S5, Utrecht, NL) attached to the original head rest in front of the delivery
optics of the treatment system.

To maintain the intraocular pressure (IOP), an intravitreal injection into the vitreous cavity
through the pars plana was made. The pars plana, located 4 mm from the limbus (cornea/sclera
junction), is a safe area at the end of retinal tissue (ora serrata) to penetrate the eye wall with a
needle. The eyes were cannulated using a disposable hypodermic needle (20 G× 1 1/2”, Teqler,
Wecker, LU) connected with a tube to a height adjustable column filled with balanced salt
solution (BSS). A physiological pressure transducer (SP844, Memscap, Isere, FR), inserted in
the silicon tube at the same height as the eye via an attached silicon diaphragm dome (844-28,
Memscap, Isere, FR), allowed the recording, respectively the control of the IOP. The eyes were
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Fig. 1. Experimental setup and functionality of the Spectralis Centuarus device and
real-time feedback dosimetry (RFD) algorithm: (a) the SD-OCT (870 nm) and treatment
laser (532 nm) beams are aligned coaxially by a dichroic mirror. Behind the dichroic
mirror, the treatment laser is detected by an avalanche photodetector. Retina scanning for
OCT imaging and treatment laser application is performed by a galvanometric scanner. A
chromatically corrected objective focused the collinear treatment and OCT laser beams
to ex vivo porcine retinas. The Spectralis’s standard integrated IR cSLO eases treatment
planning by displaying a fundus image for interactive treatment pattern placement. The
treatment spot size on the porcine retinas was about 90× 90 µm2 superimposed with the
centered Gaussian OCT beam (b, c). (d) ramp-mode and RFD: within the RFD probe region
pulse bursts (15 pulses; 100 Hz repetition rate) with increasing pulse energy from 20 µJ
(247 mJ/cm2) to 160 µJ (1975 mJ/cm2) were applied. For RFD, the simultaneously to the
treatment laser application recorded OCT M-scans were evaluated for fringe washouts by a
dedicated dosimetry algorithm. Fringe washouts occur due to the formation of microbubbles
in the RPE during laser irradiation near and above the damage threshold. M-scan processing
is roughly done in four steps: 1) contrast enhancement, 2) A-scan summation, 3) convolution
and 4) peak detection [46]. Whenever a fringe washout was detected, the pulse ramp was
interrupted and thus the end energy for a specific lesion individually targeted.
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pressurized at 15 mmHg. This corresponds roughly to the IOP found in pigs (15.2 mmHg) [62]
and also to the mean IOP of humans (14.7 mmHg) [63]. The cornea was manually moistened
with BSS approximately 10 times per minute using BSS. An intact corneal tear film (≈3 µm) is
important for maintaining epithelial integrity, physiologically reducing surface scattering and
helps to partially correct high order optical aberrations by smoothing out the rough ocular surface
(≈130 nm) [64–66]. The experiments took place at room temperature well within the common
cellular survivability time window, which should not exceed 5 h [59].

2.3. Treatment pattern and irradiation

As depicted in Fig. 2(a), the porcine retina has, beside a mid- and peripheral region, a rod-enriched
periphery and a cone-enriched area centralis [60,61,67]. The laser treatment probe regions for
the experiment presented here were always applied within the VS. One advantage of applying
the pattern in the VS, in addition to its similarity to the human macula, is that the laser beam
path passes relatively centrally through the porcine eye. This is important because the pig eye,
compared to humans, can cause relatively strong aberrations in the periphery due its thicker
cornea coupled with a larger corneal diameter and radius, and greater corneal astigmatism [68].
To locate the VS area, a wide-angle lens (Widefield Imaging Module, Heidelberg Engineering,
Heidelberg, DE) with 55° field of view was used for fundus imaging. Once the desired area was
localized (VS area nasal to the optic disc), the delivery optics was switched back to the standard
30° lens for the remaining treatment.

The treatment pattern consisted of a rectangular probe region surrounded by 19 reliably
detectable marker lesions (Fig. 2(b, c)). These marker lesions were applied in CW-mode (200 ms
pulse duration and 200 mW pulse power) to form easily identifiable white denaturalization spots.
Inside this demarcation frame, three spatially separated probe regions were placed: two single
pulse probe regions (P1 and P2) as well as an RFD probe region.

A single pulse probe region was placed once above the RFD probe region (P1) and once below
(P2). Here, single laser pulses of 8 µs duration were applied while increasing the pulse energy
from left 20 µJ (247 mJ/cm2) to right 160 µJ (1975 mJ/cm2) for P1 and vice versa from right to
left for P2. Thus, the two patterns P1 and P2 differed only by their locally separated arrangement
and the direction in which the energy was linearly increased. This locally spread arrangement
enabled the detection of intraindividual RPE damage threshold variations and variations in laser
absorption, which is important with respect to SRT. P1 and P2 also represented a control (to the
RFD probe region) as the pulse energy gradation from the 1st to the 15th lesion exactly matched
the range of the applied ramp per lesion in the RFD probe region.

The RFD probe region consisted of a pattern of 75 lesions (15× 5). Within this pattern, as
shown in Fig. 1(a), a pulse burst (15 pulses, 100 Hz repetition rate) would theoretically be applied
at each lesion. Thereby, the applied energy was increased linearly (ramp-mode) from pulse No.1
with 20 µJ (247 mJ/cm2) to pulse No. 15 with 160 µJ (1975 mJ/cm2), in the same range as for P1
and P2. However, the ramp was automatically interrupted in real time by the dosimetry algorithm
as soon as a fringe washout was detected in the OCT M-scan. In this respect, the ramp’s end
energy was selected individually for each lesion by the algorithm.

Before the experiment, the pulse energy was measured using a calibrated energy meter
(J-10MB-LE, Coherent, Santa Clara, CA, US) in front of the laser aperture of the system.

For each sample, the exposure position of the retina was optimized using coaxially aligned
live OCT B-scans prior to laser application. This ensured that each lesion was optimally in
focus (due to the confocal arrangement of the treatment laser and OCT beam (Fig. 1(c))), despite
aberrations, resulting in optimal treatment laser projection as well as optimal OCT dosimetry
feedback. The application of the entire pattern took about 4 minutes. Each treatment spot had to
be triggered individually via a foot pedal.
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Fig. 2. Post-treatment overview (based on sample No. 3 (1-161)) of the laser application
to ex vivo porcine eye retinas. (a) IR cSLO image (30° and 55°) of the pig fundus. The
pig retina map shows the IR cSLO 55° FOV (red circle) and the three main retinal regions
including vessels (white): visual streak (VS, No. 1: pale gray), midperiphery (No. 2) and
periphery (No. 3: gray) according to Garca et al. [67]. The treatment pattern was placed
within the VS close to the optic disc (OD). (b) Corresponding CFP image showing 19 marker
lesions around the SRT probe region (white-dashed rectangle). (c) Complementary live/dead
RPE cell viability assay showing the SRT treatment pattern with three different probe regions.
In region P1 and P2, the same single-pulse pattern was applied with linearly increasing laser
pulse energy from 20 µJ (247 mJ/cm2) to 160 µJ (1975 mJ/cm2). The energy was increased
once from left to right and once vice versa from right to left in steps of 10 µJ. A pattern
comprising 5× 15 lesions was applied in the intermediate RFD probe region. These 75
lesions were controlled by the RFD algorithm. For this purpose, the lesions were applied
in ramp mode limited to a maximum of 15 pulses (repetition rate: 100 Hz, Emin: 20 µJ,
Emax: 160 µJ). The ramp exposure sequence was interrupted as soon as a fringe washout was
detected in an OCT M-scan by RFD. (d) Magnified image of a lesion corresponding to the
applied laser spot size of 90× 90 µm2 (8100 µm2). (e) Enlarged image showing the typical
hexagonal RPE structure. Staining: green-fluorescent calcein-AM (live) and red-fluorescent
ethidium homodimer-1 (EthD-1, dead).



Research Article Vol. 14, No. 12 / 1 Dec 2023 / Biomedical Optics Express 6335

2.4. Real-time feedback dosimetry

For better understanding, the broad functionality of the SD-OCT-based RFD algorithm for SRT,
which was recently presented by Burri et al. [46], is shown again in Fig. 1(d). In brief, the
algorithm functions as follows: the algorithm receives M-scans of ∼3 ms duration (consisting
of 256 A-scans). Then a contrast enhancement is performed by means of a gamma correction.
Next, an A-scan summation and signal filtering is performed, followed by the detection of the
edge response. Thereby, the threshold for the detection must be set as variable sensitivity factor
(κ-value). This parameter determines the sensitivity ratio between the fringe washout-based filter
edge response and the background noise of the M-scan. This detection threshold is dynamic and
adapts to the noise floor. In this experiment, a sensitivity of κ = 11 was chosen for the algorithm.
This setting was previously evaluated in different experiments to guarantee reliable detection of
fringe washouts in OCT M-scans in ex vivo pig eyes with RPE destruction (high sensitivity). In
this experiment, the chosen sensitivity setting of κ = 11 was validated after the experiment based
on the single pulse probe region and compared to 18 other κ-value settings.

2.5. Fundus examinations

Within 30 minutes after laser irradiation, fundus photographs and OCT C-scans were acquired to
evaluate morphological changes after laser application. Color fundus photography (CFP) was
assessed using a fundus camera (Fundus Module 300, Haag-Streit, Köniz, CH). OCT C-scans
were acquired over the treatment region using a pre-defined OCT scan pattern (size: 30°×20°
(8.9× 6.0 mm2); number of B-scans: 97; averaged B-scans: 38) to compare morphological
changes with RPE lesion formation.

2.6. RPE cell viability assay

After microsecond laser irradiation, viability of RPE cells was evaluated using a two-color assay
live/dead staining kit (L3224, Thermo Fisher Scientific, Waltham, US). Therefore, the eyes
were carefully cut in half, the vitreous body was removed, and an area encircling the exposure
pattern of the visible marking lesions was excised. Successively, the specimens were placed
in phosphate-buffered saline (PBS) for 30 minutes to gently detach the retina from the RPE
and facilitate complete retinal removal. The specimens were further incubated for 30 minutes
at room temperature using the staining kit. The viable-lethal analysis was conducted using a
fluorescence microscope (Axio Lab.A1, Carl Zeiss, Oberkochen, DE) and attached microscope
camera (Gryphax Progres, Jenoptik, Jena, DE). Thereby, green-fluorescent (emission: 517 nm)
calcein-AM (live) and red-fluorescent (emission: 617 nm) ethidium homodimer-1 (EthD-1, dead)
as well as bright green hyperfluorescence indicated function or loss of plasma membrane integrity.
Post-processing of the fluorescence images was accomplished with the Fiji image processing
package distribution of ImageJ [69]. Fiji was also used to measure the size of all applied laser
lesions. The lesion sizes were then compared with the applied laser pulse energy and with the
shut-off behavior of the RFD algorithm.

2.7. Statistical evaluation

To investigate the inter- and intraindividual RPE damage thresholds in dependence of the applied
laser parameters a probit analysis was performed and dose-response percentiles were calculated.
The effective dose (ED) is defined as the median dose at which 50% (ED50) of the exposures
resulted in a response, i.e. in form of a detectable RPE laser lesion. Correspondingly, exposure
doses at which 16% and 84% of the exposures resulted in detected lesions are referred to as
ED16 and ED84, respectively. The logarithms of these two threshold levels represent one standard
deviation in the normal distribution from the logarithm of the median dose [70]. The probit
analysis was performed with Origin 2023 (OriginLab Corporation, Northampton, MA) utilizing
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the Levenberg Marquardt iteration algorithm to fit with a χ2 tolerance value of 1× 10−9 within up
to 400 iteration steps. The binary RPE damage evaluation of the two spatially separated single
pulse probe regions (P1 and P2) served as input for the probit analysis. Thereby, the criteria for
successful damage to the RPE was defined such as the lesion area (including hyperfluorescent
cells) had to exceed 50% of the square treatment beam profile of 90× 90 µm2 (8100 µm2), thus
receiving scores of 1 and 0 otherwise.

A binary evaluation was similarly performed for the simultaneously recorded OCT M-scans.
Although the algorithm was only actively used for the RFD pattern, the theoretical algorithm
performance was also investigated post-treatment for the single pulse probe region (P1 and P2).
The ground truth for the statistical evaluation was based on the RPE cell viability assay and the
hypothesis that RPE lesions due to MBF lead to fringe washouts in SD-OCT M-scans. Fringe
washouts in M-scans were assessed using the dedicated RFD algorithm and by applying 19
different κ-values ranging from 5 to 100. For statistical evaluation, the occurrence of fringe
washouts (predictive class) was compared to the damage outcome on the viability assay (actual
class) by using the confusion matrix as described by Burri et al. [46]. The confusion matrix
features four cardinalities: true positive (TP), true negative (TN), false positive (FP) and false
negative (FN). Thereby, positive and negative refer to the prediction (true or false) of whether
an RPE lesion was created, based on the presence SD-OCT M-scans fringe washouts. Based
on the four cardinalities, several statistical measures were derived to present the overall device
performance in a straightforward fashion. In our case, the sensitivity, specificity, accuracy,
positive predictive value (PPV) and negative predictive value (NPV) were calculated.

Further, in order to analyze the dependency between the applied laser pulse energy and
the resulting laser lesion size, the repeated measures correlation (rmcorr) coefficient [71] was
calculated with the corresponding 95% confidence interval. Unlike the Pearson correlation, which
assesses the inter-individual association because it assumes each paired data point is independent
and identically distributed, rmcorr evaluates the overall or common intra-individual association
between two measures. Therefore, the rmcorr coefficient adjusts for the dependency among
the repeated measurements within a single specimen. To calculate an appropriate prediction
interval for the RFD controlled laser lesions, which accounts for the dependency among the
measurements, a generalized mixed effect model was calculated. Using this model, a 95%
confidence interval for the corresponding mean laser lesion size could also be calculated.

3. Results

From 750 applied and RFD controlled laser lesions, no RPE damage was found for 8 lesions
(1.0%) in the cell viability assay. Among all lesions, the treatment laser (ramp-mode), was
deactivated too early for 7 lesions (0.9%), since noise was detected instead of an OCT M-scan
fringe washout using an RFD algorithm sensitivity presetting of κ = 11. These 7 lesions were
excluded from further evaluation. For 1 lesion (0.1%) no RPE damage was achieved even with
the maximum applied pulse number of 15 and thus the maximum treatment energy of 160 µJ
(1975 mJ/cm2) due to interference with a small blood vessel.

Fig. 3 shows the inter- and intraindividual damage thresholds detected in each sample. The
evaluation is based on the RPE cell viability assay on the two single pulse probe regions (P1
and P2) in each sample. A rather high RPE damage threshold of 120 µJ (1481 mJ/cm2) was
determined in four samples (sample No. 1, 2, 9 and 10) and a low threshold of 60 µJ (741
mJ/cm2) was found in two samples (sample No. 4 and 8). The largest difference of 40 µJ (494
mJ/cm2) between P1 and P2 within one sample was found for sample No. 1. Here, the damage
threshold was 120 µJ (1481 mJ/cm2) in the lower single pulse probe region (P2) and only 80
µJ (988 mJ/cm2) in the upper one (P1). In sample No. 8, the same threshold of 100 µJ (1235
mJ/cm2) was observed in both probe regions. An RPE damage threshold (ED50) of 87 µJ (1074
mJ/cm2) was determined across all samples.
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Fig. 3. Results RPE cell viability assay: inter- and intraindividual as well as overall RPE
damage threshold based on the upper (P1) and lower (P2) single pulse probe region. Overall,
a median RPE damage threshold (ED50) of 87 µJ (1074 mJ/cm2) was found.

Fig. 4 shows the number of applied pulses in ramp mode per sample. The pulse burst of the
ramp consisted of 15 pulses. For sample 1, for example, we see that the treatment laser (ramp)
in the RFD sample region was interrupted by the dosimetry algorithm at a median value of
10 pulses. The smallest distribution and thus probably the most homogeneous local treatment
conditions were found for sample number 8. Across all samples, the median number of ramp
pulses applied was 9 out of 15. Therefore, the energy range setting of 20 to 160 µJ seems to have
been chosen appropriately.

Fig. 4. Number of applied pulses in ramp-mode (max. 15 pulses) within the RFD probe
regions until the automated treatment laser interruption based on detected fringe washouts
in OCT M-scans by the dosimetry algorithm (blue dots: number of applied pulses; red
distribution curve). Across all samples, the median number of ramp pulses applied was 9
out of 15.

Fig. 5 shows the resulting RPE lesion sizes in the RFD probe region after fully automated
treatment laser interruption. Overall, a mean lesion size of 8074 µm2 was found which corresponds
well to the initial treatment laser spot size of 90× 90 µm2 (8100 µm2).

As depicted in Fig. 6(a), for the single pulse probe regions (P1 and P2), the rmcorr coefficient
(rrm) indicates a strong relationship between the achieved lesion size on the RPE and the applied
treatment pulse energy, (rrm= 0.92, 95%-CI [0.90, 0.94]). For the RFD probe regions, the
correlation coefficient for repeated measures reveals only a moderate relationship between the
RPE lesion size and the applied ramp end energy, respectively the number of applied pulses
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Fig. 5. Measured lesion sizes per sample for the RFD probe region based on the RPE cell
viability assay (blue dots: lesion sizes; red distribution curve). Overall, a mean lesion size
of 8074 µm2 was found. IQR: interquartile range.

in ramp-mode, (rrm= 0.56, 95%-CI [0.51, 0.61]). The moderate dependency is shown in the
corresponding scatterplot (Fig. 6(b)).

Fig. 6. Scatter diagrams showing the linear and monotonic relationship between the applied
pulse energy and the resulting RPE lesion sizes for the single pulse probe regions P1 and
P2 (a) and RFD patterns (b). (c) distribution of measured lesion sizes in the RFD patterns.
STDV: standard deviation; Low. and Upp. 95%: lower and upper 95% confidence interval
of mean.

A standard deviation of 1601 µm2 was found for the distribution of the measured lesion RPE
lesion sizes in the RFD probe regions (Fig. 6(c)). The 80% prediction interval, adjusted for the
repeated measurements within a sample, is [6304, 9953]. That means that with 80% certainty a
future lesion size would be between 6304 µm2 and 9953 µm2. The mean and the corresponding
95% confidence interval is 8076 µm2 ([7532, 8620]). Therefore, with certainty 95%, the true
mean laser lesion size is within this interval. The observed mean of 8076 µm2 almost perfectly
corresponds to the treatment laser spot size on the retina of the porcine eyes of 8100 µm2.

Fig. 7 shows a detailed evaluation of a single sample (sample No. 5). The color-coded map in
the RFD region (Fig. 7(g)) indicates that in the left region the treatment laser was deactivated
at a lower end energy (around 70 µJ; 6/15 pulse) while in the right region a higher end energy
(around 100 µJ; 9/15 pulse) was applied. However, as can be seen in Fig. 7(a), despite the
different end energies, the generated RPE lesions were always of approximately the same lateral
extent (Fig. 7(i)). Fig. 7(d) shows an exemplary evaluation for a lesion from the RFD pattern
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(No. 5). As shown in Fig. 7(e), a fringe washout was detected for this lesion in the OCT M-scan
at pulse 7/15 (Fig. 7(f)). Thus, a final energy of 80 µJ (total energy applied to the tissue: 440
µJ) was applied. Within the ramp, this corresponds to a total of 33% of the maximum possible
energy (1350 µJ). The RFD algorithm thus successfully created an RPE lesion, while avoiding
67% of the energy (910 µJ) to be applied, thus preventing suprathreshold treatment effects in the
sense of SRT.

Fig. 7. (a) live/dead RPE cell viability assay and RFD evaluation of sample No. 5 (1-163)
showing the two single pulse probe regions (P1 and P2) as well as the RFD probe region. (b,
c) RPE lesions at maximum treatment energy with a damage area extending the treatment
spot size (8100 µm2) likely due to thermal diffusion. (d-f) exemplary OCT M-scan evaluation
of lesion No. 52 from the RFD pattern. For this lesion, the RFD algorithm detected a fringe
washout at pulse No. 7 / 15. (g) overview RFD region with color coding according to the
applied ramp end energy and applied pulses, respectively. Correlation between RPE spot
size and applied energy within the single pulse probe region (h) and RFD pattern (i)

As described previously, the dosimetry algorithm was only actively applied to the RFD probe
region. However, post-treatment the theoretical algorithm performance was also determined
for the single pulse probe regions P1 and P2. Therefore, the OCT M-scans recorded during the
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single pulse laser application were validated for the initial sensitivity setting of κ = 11 (RFD
preset) as well as 18 other κ-value settings. Table 1 shows the results of this evaluation whereas
for each sample the best result at the optimal κ-value setting for this sample is shown.

Table 1. Post-treatment algorithm fringe washout SD-OCT M-scan analysis of the single pulse
probe region (P1 and P2)

Sample k-value TP TN FP FN PPV NPV Sens. Spec. Acc.

1 9 14 14 0 2 1.00 0.88 0.88 1.00 0.93

2 9 14 13 0 3 1.00 0.81 0.82 1.00 0.90

3 11 17 12 0 1 1.00 0.92 0.94 1.00 0.97

4 9 19 7 2 2 0.90 0.78 0.90 0.78 0.87

5 10 18 12 0 0 1.00 1.00 1.00 1.00 1.00

6 10 18 10 0 2 1.00 0.83 0.90 1.00 0.93

7 10 13 15 0 2 1.00 0.88 0.87 1.00 0.93

8 10 18 10 0 2 1.00 0.82 0.90 1.00 0.93

9 10 7 17 0 6 1.00 0.74 0.54 1.00 0.80

10 9 15 13 0 2 1.00 0.87 0.88 1.00 0.93

RFD preseta 11 145 124 1 30 0.99 0.81 0.83 0.99 0.90

Overallb 10 150 123 2 25 0.99 0.83 0.86 0.98 0.91

TP: true positive; TN: true negative; FP: false positive; FN: false negative; PPV: positive predictive value; NPV: negative
predictive value; Sens.: sensitivity; Spec.: specificity; Acc.: accuracy.
a(RFD preset): overall evaluation based on the κ-value preset of 11 which was used for the RFD pattern.
b(Overall): overall evaluation based on the median κ-value of 10 found over all samples.

The highest accuracy of 100% was achieved for sample No. 5 and κ = 10. In this case, only
TP and TN events were identified by the OCT feedback algorithm, resulting in a sensitivity and
specificity of 100%. The lowest accuracy of 80% was achieved for sample No. 9 and κ = 10. A
total of 6 FN events lead to a relatively low sensitivity of 54%. The overall evaluation using the
κ-value preset of 11 used for RFD (Table 1: RFD preset) resulted in an overall accuracy of 90%
if applied to the single pulse probe regions P1 and P2. Across all samples, a median κ-value of
10 was found to be optimal. Using this κ-value, an accuracy of 91%, a sensitivity of 86%, and a
specificity of 98% were achieved across all damage threshold patterns.

OCT C-scans across the patterns helped to assess possible retinal perturbation after laser
application. An exemplary OCT B-scan post-treatment morphological tissue assessment based on
sample No. 5 is shown in Fig. 8. Thereby, we focused on the ellipsoid zone (EZ), formerly known
as the inner/outer segment of photoreceptors (IS/OS), and the area up to the outer plexiform layer
(OPL) (Fig. 8(c); yellow delimitation). For the single pulse probe regions (P1 and P2), a slight
hyperreflectivity was found in some cases for higher pulse energies. For the RFD probe region,
no morphologic change (no layer upward protrusion or disturbed layer continuity) was observed
in the choroid nor the entire retina, up to the internal limiting membrane (ILM). No thickening
and hyperreflectivity was present in the EZ region and outer nuclear layer (ONL). The RPE /
Bruch’s membrane (BM) / choriocapillaris (CC) complex showed continuous reflectivity.
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Fig. 8. Exemplary OCT B-scan post-treatment tissue assessment of sample No. 5 (1-163).
(a) CFP image showing 19 marker lesions around the SRT probe region. (b) corresponding
IR cSLO image (30°) of the pig fundus. The green rectangle marks the 30°× 15° OCT
C-scan area which includes 145 B-scans with 30 µm horizontal spacing. For each B-scan,
34 scans were averaged for improved image quality. (c) OCT B-scan trough the upper single
pulse probe region and corresponding live/dead RPE cell viability assay (d). (e) scan trough
line three of the RFD probe region (lesion 31-45) and corresponding live/dead RPE cell
viability assay with RFD end energies (f). Apart from the marker lesions, the retina shows no
abnormalities in the area of the photoreceptors, except for partially subtle hyperreflectivity.
Morphological porcine retina assessment according to Xie et al. [72]: retinal layers are
marked by ILM: inner limiting membrane; NFL: nerve fiber layer; GCL: ganglion cell layer;
IPL: inner plexiform layer; INL: inner nerve fiber layer; OPL: outer plexiform layer; ONL:
outer nuclear layer; EZ: ellipsoid zone; RPE: retinal pigment epithelium; BM: Bruch’s
membrane; CC: choriocapillaris.
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4. Discussion

In this study, OCT-based RFD to selectively destroy RPE cells was investigated for the first time
in a large pattern (15× 5 lesions) implementing SRT. Therefore, laser pulses of 8 µs duration
were applied in ramp-mode (15 pulses, 100 Hz repetition rate) with increasing radiant exposure
to ex vivo porcine eyes. Furthermore, inter- and intraindividual RPE damage thresholds were
investigated based on two locally separated single pulse probe regions.

As shown in Fig. 3, only in one of ten samples (sample No. 7) the same RPE damage threshold
of 100 µJ (1235 mJ/cm2) was observed across the two horizontally separated (≈2 mm) single
pulse probe regions P1 and P2. All other samples revealed different RPE damage thresholds. The
largest intraindividual variation of +/-20%, corresponding to a difference of 40 µJ (494 mJ/cm2)
was found for sample No. 1. Across all samples, the maximum required RPE damage threshold
exceeded the minimum by a factor of 2. The absolute pulse energy difference was even as high
as 60 µJ (741 mJ/cm2). Considering the therapeutic window (TW; ratio between overtreatment
(ophthalmoscopy) and undertreatment (angiography)) of factor 1.7 found by Framme et al. in the
treatment of patients with macular disorders with laser pulses of 1.7 µs duration (wavelength:
527 nm) [73], the importance of RFD to adjust the laser pulse energy inter- and intra-individually
to counteracting conditions such as different ocular transmission and RPE melanin concentration
becomes evident. Especially if the even higher pigmentation variation of the human fundus by
a up to a factor of 3.2 between the macula and far-periphery is considered [34]. Even in the
currently investigated samples a wider test area than just ≈2 mm would unveil a much larger
maximum difference than just 40 µJ for a given eye due to the stronger pigmentation variability,
emphasizing the importance of RFD for SRT and basically any type of laser application to the
retina.

For eyes in which a high RPE damage threshold was found (i.e. Sample No. 9: 100 µJ (P1);
120 µJ (P2)), lesions with high ramp end energy (median: 11/15 pulses, 120 µJ) tended to be
applied in the RFD sample region. In contrast, eyes with a low RPE damage threshold (i.e.
Sample No. 8: 60/70 µJ) tended to have lesions with low ramp end energy applied (median: 8/15
pulses, 90 µJ). Thus, the RFD apparently adapts to the conditions (transmission in the ocular
medium, RPE absorption) and thus seems to reliably control SRT.

The results of the calcein-AM assay underline the necessity of RFD for SRT. In accordance
with a similar experiment performed by Burri et al. [54] as well as Schuele et al. [74] on
RPE-sclera-choroid explants, we observed a large difference between the ED16 and ED84 RPE
damage threshold values (ED16 = 66 µJ, ED84 = 107 µJ, ∆Q= 41 µJ (506 mJ/cm2). Regarding
the evaluation of our porcine retinas, practically all samples showed local radiant exposure RPE
damage threshold variability (Fig. 3). This variation may be related to local differences in the
melanin distribution of the RPE as well as to differences in ocular transmission.

As expected, a significant strong correlation between the applied laser pulse energies and the
resulting lesion size was found for the single pulse probe regions (P1 and P2). In the RFD probe
region, however, there is only a moderate correlation between the lesion size and the applied
pulse number respectively the applied end energy in ramp mode. Thus, using RFD, lesions are
generated that were almost always the same size. In this respect, it is proven that our OCT-based
RFD algorithm adapts to the local conditions and applies the appropriate laser pulse energy
intraindividually.

In this experiment, the working range for the ramp-mode was chosen very large with a starting
energy of 20 µJ (247 mJ/cm2) and end energy of 160 µJ (1975 mJ/cm2) in order to test RFD as
broadly as possible. In a clinical setting, this range is usually narrowed down based on previously
applied titration spots. In our ongoing patient study (CENTAURUS), for example, we set the end
energy to 80% of the indications for suprathreshold effects (ophthalmoscopic visible) found by
single pulse titration spots. Thereby, the starting energy is set as 20% of the end energy. Other
groups limited the ramp’s range even more by setting the start energy as 50% of the end energy,
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resulting in a much smaller working range [75]. We therefore expect an even better performance
for our RFD if this methodology would also be applied. In this experiment, however, the goal was
not to control the RPE threshold as precisely as possible, but to show how the SD-OCT-based
RFD acts and adapts within the ramp.

As a preset for the RFD experiments, a κ-value setting of 11 was chosen for the OCT dosimetry
algorithm. The selection of this value was based on previous experiments and experience.
However, the results shown in Table 1 for the evaluation of the single pulse probe regions (P1 and
P2) indicate that a median κ-value of 10 would have been better suitable across all 10 samples.
Therefore, this algorithm setting might have led to even better results. However, Table 2 also
shows that different κ-values would have proved optimal across all samples. The κ-values found
ranged from 9 to 11. For clinical application, it could therefore be advantageous to adjust the
algorithm settings individually for each eye or even each lesion. An individual dosimetry setting
could for example be based on an OCT SNR measurement. However, for this kind of experiment,
the settings of the algorithm were chosen almost perfectly in the sense that the mean lesion size
of 8074 µm2 found in the RFD probe region corresponds almost exactly to the measured laser
spot size of 8100 µm2.

Compared to other RFD methods evaluated for SRT (i.e. optoacoustics), we see a major
advantage of OCT dosimetry in the contactless application and thus the massively improved
patient comfort. The cumbersome application of an additional sensor to measure optoacoustic
signals is unnecessary and would increase the risk of ocular irritation. Another aspect, namely
sustainability in medicine aims to reduce disposables. Large amounts of waste are already being
generated by sterilely packaged disposable products for many treatments. In this respect, we
also see an advantage in OCT dosimetry, which does not require a contact glass and can be
easily reused, thereby improving the economic and ecological profile of this minimally invasive
procedure.

Besides the application to enable SRT, OCT is also evaluated as dosimetry tool (thermometry
of ocular tissues) for photothermal laser therapies aiming to induce a specific temperature increase
in the tissue (hyperthermia) as well as for controlling the degree of coagulation in classical laser
photocoagulation (LPC). By using high speed (215 kHz A-scan rate) real-time OCT M-scans,
Müller et al. [42] already tried to visualize retinal continuous-wave LPC (wavelength: 532 nm;
radiant power: 3–130 mW; exposure: 50–400 ms) by monitoring thermal tissue expansion and
scattering changes over longer time-scales. They found an increased hyperreflectivity (∆S) in
the photoreceptor layer by up to 8 dB following laser application. Furthermore, retinal surface
displacements in the order of 60 µm could be detected. These effects in OCT M-scans increased
more or less in parallel with increasing coagulation temperature, whereas they measured increased
peak temperatures up to 50 K by optoacoustics. However, in the presented experiment and as
depicted in Fig. 9, no tissue expansion during SRT and only a minimal change in scattering
behavior in the photoreceptor region of 1 dB was found. At the temporal M-scan location where
fringe washouts occur, signal losses were evident, although being rather weak washouts at the
RPE damage threshold. These results suggest that, as intended for SRT, using pulse bursts and a
relatively low repetition rate of 100 Hz at pulse durations shorter than the theory-derived thermal
relaxation time for RPE cells (10 µs) [15], there are no cumulative thermal effects in the tissue
whilst only high peak temperatures appear trigger MBF and RPE damage. This also corresponds
to our latest ex vivo porcine eye experiment where cumulative RPE damage could be excluded
for pulse durations of 8 and 12 µs applied in ramp-mode [76].

As a competitive approach, Lee et al., recently demonstrated swept-source OCT based SRT
dosimetry on ex vivo bovine retinas [77]. They measured the speckle-variance (SV) within OCT
M-scans that were recorded simultaneously to the treatment laser application. They previously
evaluated this method for using SV-OCT to monitor thermally induced protein denaturation
and coagulation processes on egg white proteins [78]. Typically, SV-OCT is one method to
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Fig. 9. Thermal tissue expansion and scattering change during SRT for lesion No. 52 from
the RFD pattern of sample No. 5.: (a) post-treatment OCT B-scan at the laser treatment
location of lesion No. 52. (b) corresponding OCT M-scan acquired during laser application.
(c) complementary live/dead RPE cell viability assay of lesion No. 52. (d) change in
hyperreflectivity (∆S) within EZ and the area up to the OPL (yellow) as well as the RPE /
Bruch’s membrane (BM) / choriocapillaris (CC) complex for the in depicted M-scan.

visualize retinal micro vasculatures and capture functional images of blood flow, a technique
known as OCT angiography (OCT-A) [79,80]. SV-OCT quantifies the variation of the coherence
induced micropattern caused by changing interference of moving particles or deformations. By
comparing an OCT image sequence of a microscopically static structure the interframe intensity
variance is evaluated. Currently, imaging artifacts such as physiologic eye motion imitate OCT-A
[81] and consequently SV-OCT based SRT dosimetry performance. Involuntary eye movements
(e.g., micro saccades and drifts [82]) remain a major cause of artifacts even for ultrahigh-speed
OCT systems [83,84]. While this approach is similar to the M-scan-method, the extension across
one or even two spatial dimensions dramatically increases the requirements to acquisition speeds
multiple orders higher than in the static, single depth scan position method. For OCT-A eye
movements are much more likely to hinder clinical application. Furthermore, memory and
processing bandwidth-hungry post-processing algorithms or precise and ultra-fast active eye
tracking has to be used to superimpose images for evaluation. Implementation of SRT dosimetry
requires real-time decisions and responses, which is probably much more difficult to implement
in an image-based approach, rather than the one presented here.

The IR cSLO images, which were taken after laser application, showed a pronounced
hyperreflectivity for marker lesions (Fig. 2(a, b)), depending on the angle of exposure. However,
within the single pulse and RFD sample regions, we found no immediate change in reflectivity
in this experiment. The same was already observed by us [48–50] as well as by Binter et al.
in patients treated with SRT [85]. In their study, SRT lesions appeared after one week in IR
images. This observation is related to local hyperreflectivity and thickening at the level of the
RPE in OCT B-scan images, possibly indicating focal proliferation [85] of the RPE in the process
of lesion closure after laser treatment (RPE rejuvenation). The changes in OCT morphology
decreased and normalized within 6 months, and the neurosensory retinal layers, including the
outer photoreceptor layers, appeared to be largely unaffected in all SRT lesions. In this respect,
the immediate laser action on the porcine eye fundus in this ex vivo experiment shows parallels
to patient studies.
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Recently, the Spectralis Centaurus device was used at a pulse duration of 8 µs in an in vivo
rabbit model to remove the RPE over a large area, allowing for a simplified subretinal injection
[86]. This procedure should one day benefit RPE cell therapies and remove the host RPE cells
prior to the injection of new stem cell–derived RPE cells. In this experiment, we had set the target
energy for large area RPE removal to a fixed value, based on titration lesions. Consequently,
within the large treatment area of up to 13.6 mm2, subthreshold as well as slightly suprathreshold
effects occurred in part due to the local differences in absorption properties. Using the RFD
approach shown here, large-area RPE removal would overcome these adverse side-effects, and
thus make this elegant preparation step for RPE cell suspension even safer.

5. Limitations

The apparent adaptation of our RFD algorithm to the respective local conditions such as ocular
transmission and RPE pigmentation cannot be demonstrated with this experiment. With respect
to RPE pigmentation, a technology such as transscleral optical phase imaging (TOPI) would
have to be used (i.e. Cellularis, EarlySight, CH). TOPI relies on high-angle oblique illumination
(transscleral flood illumination) of the retina, combined with adaptive optics, to enhance cell
contrast [87]. This cellular-resolution label-free high-contrast images would allow for fully
automated RPE cell quantification by means of density, area, pigmentation, etc. [87–89]. Thereby,
a weak RPE pigmentation should lead to a high end-energy and a strong pigmentation to a
correspondingly low ramp end-energy determined by the SRT dosimetry algorithm. Unfortunately,
this novel technology was not available for this experiment.

As already mentioned in our latest publication [76], a limitation of our ex vivo porcine eye
experiments can of course be related to the ex vivo experimental setting. Although the eyes were
treated as soon as possible after enucleation, the intraocular pressure was maintained and the
cornea was moistened, the thermodynamic processes may have been different from an in vivo
situation. The for the transport cooled and subsequently at room temperature (≈21°C) treated
eyes had a different baseline temperature compared to the in vivo body temperature (≈37°C).
Furthermore, there is no heating (cooling) by blood circulation an no metabolic heat generation.
Thus, there is a different heat flow and possibly also a heat accumulation in the retina that would
take place differently in vivo. However, we also already showed results from in vivo rabbit and
pig experiments with successful RFD using OCT in smaller patterns as well as the possibility
of RFD OCT in the CENTAURUS patient study (ClinicalTrials.gov Identifier: NCT04968756).
Therefore, it can be assumed that the present results may also be representative of the in vivo
situation.

Another limitation, which is also due to the ex vivo setting, was the OCT quality. In the OCT-B
scans shown here, it is evident that despite the short time between enucleation and treatment, the
retina had already begun to retain water (edema formation). As a result, the retinal structures
were significantly worse to assess than one would expect from an in vivo situation. Therefore,
morphologic changes were difficult to detect in OCT B-scans. Furthermore, this circumstance
has a negative impact on the performance of the RFD algorithm, since a good SNR is important
to reliably detect fringe washouts in OCT M-scans. In this respect, even better OCT dosimetry
feedback can be expected in an in vivo setting.

6. Conclusion

Our results demonstrate that selective RPE photodisruption can be reliably controlled using
OCT-based dosimetry. Statistical analysis reveals a moderate correlation between RPE lesion
size and applied treatment energy, suggesting intraindividual adaptation to RPE pigmentation
and ocular transmission by RFD. RPE lesion sizes are well controlled and homogeneous over
large patterns. In addition, no signs of suprathreshold treatment effects were found by means of
OCT and CFP in the SRT sample region controlled with RFD after laser exposure. The method
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is directly translatable to in vivo applications, where we expect to achieve similar precision. It
should guarantee the reproducibility of SRT treatment spots and ensures the safety of retinal laser
treatments by fully automated patient and lesion-specific end energy adjustment. Future research
still must verify whether real-time OCT dosimetry in patients undergoing SRT is capable of
automatically controlling the level of treatment to induce RPE regeneration without any adverse
effects on neighboring tissue.
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