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ARTICLE INFO ABSTRACT

Keywords: Objectives: Selective Retina Therapy (SRT) uses microbubble formation (MBF) to target retinal pigment epithe-
SRT lium (RPE) cells selectively while sparing the neural retina and the choroid. Intra- and inter-individual variations

Lasers in medicine of RPE pigmentation makes frequent radiant exposure adaption necessary. Since selective RPE cell disintegration

}(‘)g]};thalmology is ophthalmoscopically non-visible, MBF detection techniques are useful to control adequate radiant exposures. It
Selectivity was the purpose of this study to evaluate optoacoustically based MBF detection algorithms.
Algorithm Methods: Fifteen patients suffering from central serous chorioretinopathy and diabetic macula edema were

treated with a SRT laser using a wavelength of 527 nm, a pulse duration of 1.7 ps and a pulse energy ramp (15
pulses, 100 Hz repetition rate). An ultrasonic transducer for MBF detection was embedded in a contact lens. RPE
damage was verified with fluorescence angiography.

Results: An algorithm to detect MBF as an indicator for RPE cell damage was evaluated. Overall, 4646 irradiations
were used for algorithm optimization and testing. The tested algorithms were superior to a baseline model. A
sensitivity/specificity pair of 0.96/1 was achieved. The few false algorithmic decisions were caused by uneva-
luable signals.

Conclusions: The algorithm can be used for guidance or automatization of microbubble related treatments like

Retina therapy
Optoacoustics
Feedback

SRT or selective laser trabeculoplasty (SLT).

1. Introduction
1.1. Laser treatment of the retina

Retinal laser treatments are standard of care for a variety of posterior
segment ocular diseases. The retinal pigment epithelium (RPE) is a
monocellular layer between the photoreceptors and the Bruch’s mem-
brane where 20-80% of the incoming light is absorbed [1-3]. Using
treatment pulse duration above 50us thermal damage is dominant for
laser radiant exposure close above damage threshold [3,4]. For pulse
durations in the lower microsecond (< 2us) and nanosecond regime,
RPE cell damage is induced by intracellular microbubble formation
(MBF) [5,6]. Microbubble formation leads to a disintegration of the cell
structure, including the cell membrane, while sparing the photorecep-
tors [5,7]. Hence, selective damage is especially useful for patients with
impaired RPE function. In the healing period after laser treatment the
increased metabolism at the choroidal junction leads to the impression
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of a rejuvenated RPE. Beneficial effects of selective RPE damage were
proven after treatments of central serous chorioretinopathy (CSCR)
[8-11] and diabetic macula edema (DME) [12,13].

To reduce the risk for photoreceptor damage it is required to treat
close above the MBF threshold. However, intra- and inter-individual
variations in the fundus pigmentation [14] and the transparency of
anterior eye media [15] lead to varying pulse energy settings needed to
achieve initial MBF at the RPE. Furthermore, selective RPE damage is
non-visible for the treating physician.

Timely and costly treatment protocol including additional diagnostic
procedures are demanded to verify RPE damage, like includes fluores-
cence angiography (FA) with fluorescein or indocyanin green. FA is
typically used to demarcate neovascular areas, but also regions where
the blood-retina barrier is not intact, e.g. for pathologic changes or in
regions of damaged the RPE, like after laser irradiations. In the latter
case the fluorescein molecules can pass through the broken tight junc-
tions between the RPE cells and becomes visible as bright spots after

Received 6 August 2021; Received in revised form 19 October 2021; Accepted 9 November 2021

Available online 10 November 2021

2213-5979/© 2021 Medizinisches Laserzentrum Liibeck GmbH. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:seifert@mll.uni-luebeck.de
www.sciencedirect.com/science/journal/22135979
https://www.elsevier.com/locate/pacs
https://doi.org/10.1016/j.pacs.2021.100316
https://doi.org/10.1016/j.pacs.2021.100316
https://doi.org/10.1016/j.pacs.2021.100316
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Seifert et al.

excitation by the FA system [16-19]. Even though FA became a standard
procedure, costs, time, and adverse effects like allergic reactions [20,21]
make it unattractive to apply in the clinical daily use. The FA images
only be acquired a few seconds after the injection of the fluorescent dye
(early phase) in order to clearly demarcate the laser areas. Due to the
time the body needs to remove fluorescein from the body, FA can be
applied once a day only. Thus, FA is not suited for an iterative laser
dosing during a treatment procedure.

1.2. Microbubble detection techniques

In order to make FA abdicable, other techniques to demark RPE
damage are desirable. Such techniques shall be applicable best during
treatment, not after treatment.

Optic techniques including interferometry, optical coherence to-
mography and evaluation of backscattered light were introduced to
detect MBF as an indicator of RPE cell damage [9,13,22-32]. MBF also
generates acoustic waves during expansion, which can be measured with
an ultrasonic transducer embedded in a contact lens, a standard tool in
retinal laser treatment. Thus, an algorithm which can reliably determine
optoacoustic signals originating from microbubbles consequently also
predicts cell damage. The advantage of optoacoustic techniques lies in
the independence of acoustic signals from light scattering within the
eye, especially relevant for older patients. While optical approaches may
not be applicable at a certain degree of glaucoma optoacoustic tech-
niques may still work.

The disadvantage of the optoacoustic method from Schuele et al. is
that this algorithm compares all transients from one spot and evaluates
transient differences in order to separate thermoelastic from MBF
related transients [33]. This algorithm strategy, however, can reliably
detect MBF after irradiation, but is not compatible with an automatic
irradiation procedure with increasing laser pulse energy. Further, suit-
able algorithms must be independent of the pressure amplitude from
both, the applied laser pulse energy and the location within the eye,
especially the angle to the ultrasonic transducer.

With the development of SRT-Laser systems which include tech-
niques to acquire optoacoustic pressure transients, like the R:GEN sys-
tem (Lutronic Corp, Republic of Korea), there is a growing interest in
finding an adequate safe and reliable algorithm with high sensitivity and
specificity to identify microbubbles with acquired pressure transients in
order to automatically control the laser application. It is the purpose of
this work to develop and test an algorithm which is designed to
discriminate individual optoacoustic pressure transients with and
without signs of MBF, independent of the pulse energy and other limi-
tations. It shall be suitable for an automatic spot individual irradiation
ceasing after MBF detection during irradiation procedure with a pulse
energy ramp.

2. Material and methods
2.1. Laser and optoacoustic detection

In this study, the R:GEN SRT-System (Lutronic Corp., Republic of
Korea) was used. This system was based on a frequency doubled Q-
switched Nd:YLF laser (527 nm) for treatment (Fig. 1a). The pulse
duration was set to 1.7 ps and 15 pulses were applied with a repetition
rate of 100 Hz. A pulse-wise increase of the laser pulse energy was
implemented. This pulse wise increase in laser pulse energy is referred to
as ramp. The starting energy was set to 50% of the maximum energy
(Emax)- The value of Eq was adjusted by the clinician before each
irradiation. Since the pulse energy increases linearly, the pulse energy
step size was 3.57% of the maximum energy. All 15 pulses were always
applied to each spot, and Epq, was reached at the 15th pulse.

The treatment light was guided to the irradiation unit (Fig. 1b) via an
optical step index fiber with a core diameter of 50 ym and a numerical
aperture of 0.11. Spatial irradiance variations within the beam profile
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Fig. 1. Schematic of the clinical setup with (a) treatment laser and (b) irradi-
ation unit.

were measured. A peak-to-mean ratio of 3.5 (Intensity Modulation
Factor, IMF) was evaluated. A contact lens (R:GEN contact lens,
Lutronic) was used. The spot diameter at the retina was set to 200 um.

A disposable ultrasonic transducer was attached to the contact lens.
The acquired pulse was digitized with a sampling frequency of 100 MS/s
and an effective resolution of 14 bit. The acquired sensor data and in-
formation, such as pulse energy, was stored.

2.2. (linical study and treatment

Nineteen treatments on 15 eyes of 15 patients (10 males and 5 fe-
males; average 54 years old, ranging between 35 and 76 years old) with
symptomatic CSCR (11 patients) and DME (4 patients) were performed
in this study. The 19 treatments also include four retreatments which
were performed if no reduction of subretinal fluid or edema was found in
the follow up observations. The study was conducted at the eye clinics of
the University Hospital Schleswig-Holstein (UKSH) campus Kiel and
Hannover Medical School (HMS). The procedures in the study adhered
to the tenets of the declaration of Helsinki and its later amendments. The
protocol and informed consent forms were compliant with and approved
by the local institutional/ethical review boards (ethic committee vote
number of HMS: 7393 and UKSH: B577/16).

At the beginning of each treatment, titration irradiations (also called
test spot irradiations) were applied near the arcades. The position and
maximum pulse energy were recorded for each spot. The maximum laser
pulse energy (Enqx) was increased by 10uJ for every second spot. The
lowest E;q was 30uJ. This process was stopped as soon as oph-
thalmoscopically visible effects were observed. The Eq value used for
the treatment was set to 80% of the energy of the first oph-
thalmoscopically visible spots. To ensure selective RPE damage in the
treated area and to document the state of the RPE in the test spot area,
FA was performed within one hour after treatment.

The acquired sensor data and additional information (e.g. laser pulse
energy) were pseudonymously stored and utilized for analysis after the
completion of the study.

2.3. Differentiation algorithms

2.3.1. Non-linearity (NL) detection algorithm

Several test and safety processes were executed before the primary
microbubble detection calculations began. If a digital saturation was
detected, if a signal was exceedingly low, or if signal disturbances were
detected by those safety routines, the signal was not evaluated.

If the sensor-signal was rated as evaluable, the signal was filtered via
a bandpass filter. The filter settings were automatically optimized, and
its values are presented in the results chapter.

The generated pressure p is proportional to the radiant exposure H,
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the absorption coefficient, and the temperature dependent Griineisen
coefficient p(T) ~ u HT'(T) [34,35]. The material specific Griineisen
coefficient is defined by I'(T) = v(T)B(T)/c(T); with the expansion co-
efficient 3, speed of sound v and heat capacity c. In the present setup, the
temperature expansion dependent pressure generation is dominated by
the radiant exposure H, and thus by the laser pulse energy E. The Grii-
neisen coefficient increases only slightly since heat accumulation is kept
low by the low repetition rate to obtain selective damage.

During the irradiation of a single spot the laser pulse energy is
ramped up. Thus, the maximum pressure increases with every pulse. In
the acquired pressure transient data, this thermo-elastic increase was
eliminated by normalizing the digitized transient p(t) to the laser pulse
energy. The energy normalized pressure-equivalent 5 was evaluated for
each pulse. The ratio of 5, (6 of the nth pulse) and &; defines the
NL-value.

f|p,1(t)|dl On
6, =————NL=—
E, S

1

The Griineisen coefficient was assumed to be constant since the low
repetition rate of 100 Hz minimizes temperature accumulation. The NL
value is around one in the case of no bubble formation and larger than
one in the case of microbubble formation.

Since the presented algorithm makes use of the first thermoelastic
transient for its local calibration, it can be speculated that any kind of
cell damage (coagulation or microbubble formation) can make this
calibration invalid. To work around this risk an additional heuristic has
been applied: The NL-value can only be equal or higher than the pre-
vious NL value at a particular irradiation. This heuristic has also the side
effect, that the optimization procedure becomes more sensitive to cases
where an undamaged region is falsely identified as a damaged region
(false positive). Since it is very important to avoid those false positives
additional techniques to avoid those were presented in later chapters
(Fig. 2).

2.3.2. Baseline algorithm

In one publication the optoacoustic algorithm used in the R:GEN
device is described with the processing steps: 1 Offset removal, 2
Rectification, 3 Summation, 3 Error Check [36]. A normalization process
is not mentioned for the optoacoustic signal processing. Thus, absorp-
tion differences and transducer angular sensitivity are not considered
[36]. The exact algorithmic hardware implementation by Lutronic is not
released in the literature.

It is good practice to compare a new algorithm being tested to an
alternative method that is either the standard of practice or the easiest
algorithm imaginable. In this work, an algorithm was applied that
matches the published processing steps used by the RGEN system. This
baseline algorithm (BL algorithm) makes use of the fact that opto-
acoustic pressure amplitudes tend to be higher in the case of MBF. In
order to leverage this phenomenon, the BL algorithm summed up the
absolute values of each pressure transient p(t) with a minimum of pre-
processing (DC offset removal only). Error detection included the
detection of saturated signals, and signal amplitudes were too low to be
labeled. This does not need to be identical to the implementation in the
RGEN system.
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BL =" "|P, (1) |dt
Fig. 3 displays the process flow of the BL algorithm.

2.3.3. Optimization procedure

Several settings of the algorithm described in the previous chapter
were mentioned but not quantified. The values of those settings were
found by an automatic optimization procedure. The automatic optimi-
zation procedure was a gradient descent process which maximized the
area under the receiver operating characteristic curve (details in chapter
2.5).

This type of optimization belongs to a subcategory of machine
learning procedures called supervised learning procedures. Those pro-
cesses require labeled data for the optimization / training process. It is
good practice to do optimization, threshold selection and testing with
separate datasets, where no data in one dataset can be found in another.
The difference between performance metrics of two datasets is a mea-
sure of the degree the algorithm or the threshold selection is overfitted
to a dataset. The labeling / classification process, the datasets and the
performance metrics are described in the following chapters.

2.4. Classification

To test whether the algorithm detects MBF correctly, all acquired
transients were labeled in terms of presence (OA-positive) or absence
(OA-negative) of microbubble induced increase in pressure amplitude.
Fig. 5a displays an example OA-positive example (green transient) and
Fig. 5c displays an OA-negative example (red transients only).

If it was not possible to make a classification (e.g. due to a low signal
or noise level), the data received the label unknown. Date with the label
unknown were not used. Since OA-transients can only be evaluated
relative to each other, the first pulse cannot be classified, neither by a
researcher, nor by the NL algorithm. Classification of optoacoustic sig-
nals was done for both the test and treatment spots.

The algorithm optimized to detect microbubbles shall also be used to
detect cell damage. Thus, each documented test spot which could be
verified by fluorescence angiography received a cell damage label.

Fig. 4a displays a FA image taken days before treatment, Fig. 4b
displays a color image taken before treatment with notes taken during
treatment, and Fig. 4c displays a FA image taken after treatment. If there

Remove
Offset

A
f‘__ﬁ%ﬂg%é\ﬁ BL=D |P,(t)dt

Fig. 3. Processing steps of BL algorithm include offset removal, rectification,
summation, and an error check [36].
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Fig. 2. Processing steps of NL algorithm include offset removal, filtering, rectification, integration, normalization and an error check.
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Fig. 4. Three diagnostic images of the same region. (a) FA image taken before
irradiation, (b) Irradiation map pre treatment with spot location and additional
information about applied pulse energy. (c) FA image taken 1 h after treatment.
Circles and pointers identify selected irradiated regions (Spot 1, 12, and 30) in
the three images. This includes a non-damaged region (spot 1), a FA-visible
region (spot 12), and a region with ophthalmoscopically visible cell damage
(spot 30).

was a mismatch between the documented spots (Fig. 4b) and FA-visible
spots (Fig. 4c), FA information was labeled unknown for all spots of the
treatment.

If no hyper-fluorescence was observable in a FA image taken before
treatment (e.g. Fig. 4a Spot 12), and if cell damage was observable by
hyper fluorescence in a FA image taken after treatment (e.g. Fig. 4c Spot
12) the spot was labeled as FA-positive. In the case of absence of hyper
fluorescence, the spot was labeled as FA-negative (e.g. Fig. 4c Spot 1).

If it was not possible to distinguish a selective RPE lesion from its
surroundings (e.g. due to intense pathological leakage), all transients of
the entire treatment received the cell damage label unknown.

It is important to note that each spot can only have one cell damage
classification. In the case of a FA-non-visible spot, all 15 pulses which
were applied to a spot were classified as FA-nonvisible. In the case of FA-
visible spots, it was not possible to know which pulses contributed to the
corresponding visibility. Due to this attribution problem, the pulse with
the highest laser pulse energy was used for FA-classification. This is also
the pulse with the highest NL-value.

2.5. Performance metrics

The algorithm performance is expressed by the dependent statistical
probabilities to correctly predict OA- and FA- labels (ground truth) by
the NL or BL value.

The estimated dependent probabilities that a positive case (e.g. FA-
visible) is identified correctly by the algorithm as a positive case is
called sensitivity.

It is estimated by the ratio of the number of true positives (e.g. all
green datapoints above the threshold line in Fig. 6a) and the number of
all positives (e.g. all green datapoints in Fig. 6a).

The estimated dependent probabilities that a negative case is iden-
tified correctly by the algorithm as a negative case is called specificity. It

Photoacoustics 25 (2022) 100316

is estimated by the ratio of the number of true negatives (e.g. all red
datapoints below the threshold line in Fig. 6a) and the number of all
negatives (e.g. all red datapoints in Fig. 6a).

If sensitivity and specificity are evaluated for a range of thresholds
the resulting sensitivity-specificity pairs can be displayed in a x-y-curve.
This x-y-curve is called the receiver operating characteristic (ROC)
curve. The area under the ROC curve (AUC) [37] is a typical perfor-
mance measure in classification problems. The optimization algorithm
applied in this work was designed to maximize the AUC in the training
set.

The threshold which is used by the algorithm for all datasets is
determined by a values which merges sensitivity and specificity (Y =
sensitivity + specificity — 1) [38]. The NL or BL -value leading to the
highest Y in the development set is chosen as threshold value.

2.6. Data sets

When an algorithm is optimized on the base of an acquired dataset,
there is the possibility to overfit it to dataset-individual datapoints.
Increased differences in performance metrics indicate a loss of gener-
alizability. The more datasets the more performance metric differences
can be calculated. Due to the limited number of patients, a total number
of 3 datasets were used in this work. Those were the training set the
development set and the test set. The following explanation of the re-
quirements for an assignment to a certain dataset is summarized in
Table 1.

The training dataset consisted of fifteen treatments of twelve patients
(nine CSCR, three DME). The data in this data set originated from
treatment spots and test spots that could not be evaluated according to
FA imaging (FA-classification unknown). Data from the training set was
labeled with OA-transient information (OA positive/negative) only. The
training dataset was the only dataset used for the automatic optimiza-
tion process.

In the evaluation process, the performance metrics of the training
dataset were compared to the development set. This set consisted of four
treatments of three patients (two CSCR, one DME). Data in the devel-
opment set originated from patients whose data was not applied for
training. The data of the development set fulfilled the same criteria as
the training set data.

Finally, the data from the test set originated from FA-evaluable test
spots exclusively. This data was labeled with OA- and FA- information.
Data from 11 treatments on 11 patients was included in the test set (nine
CSCR, two DME).

3. Results
3.1. Overview

The training set consisted of 1847 pulses with MBF and 1414 pulses
without. The development set consists of 770 pulses with MBF and 384
pulses without. The test set consists of 161 transients originating from
FA hyper-fluorescent regions and 70 transients originating from FA non-
hyper-fluorescent regions.

The parameter optimization for the training set found an optimum
through the use of a bandpass filter with a high cutoff frequency of
around 6 MHz and a low cutoff frequency of around 110 kHz. Addi-
tionally, the optimization procedure found a value of the algorithm
variable i = 11 as best.

3.2. Necessity of pulse energy normalization

Fig. 3 shows a typical OA-transient (subfigure a, c¢) with the
respective BL and NL values (subfigure b, d). It was observed that the
energy dependence of the BL algorithm led to false decisions. The data in
Fig. 5a and c originate from a treatment spot in the training set. In the
scenario displayed in Fig. 5a and b, it can be observed that the baseline
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Fig. 5. Examples of NL and BL values of a spot above and below the MBF threshold. The black horizontal line shows the threshold value for the algorithms. (a)
Displays pressure transients without any signs of microbubble formation (red) and with signs of microbubble formation. (green). (b) Displays the corresponding NL
and BL-values from the data of subfigure a. The BL algorithm does not exceed its threshold value in subfigure b. This is a false negative decision. (c) Displays pressure
transients without any signs of microbubble formation. (d) Displays NL and BL values from the data of subfigure c. The BL algorithm exceeds its threshold. This is a
false positive decision.
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Fig. 6. Scatter plots of (a) training set and (b) Development set. Datapoints were labeled as OA negative or OA positive with respect to absence or presence of a
nonlinear increase in pressure amplitude. The threshold of 1.15 leads to the highest Y in the development set. The threshold value of 1.23 leads to a specificity of 1 in
the development set.

Table 1
Requirements for dataset-assignments.
FA evaluable OA evaluable Symptom free area
Training Set Not Required Required Not Required
Development Set Not Required Required Not Required
Test Set Required Required Required
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method did not exceed its threshold value in the case of MBF. The low
values of the acquired pressure transient were the cause for these low BL
values.

In the scenario displayed in Fig. 5¢ and d, the baseline algorithm led
to BL values above threshold while no signs of MBF can be found in the
raw data (red colored transients only). It can also be observed that the
NL values were not negatively influenced from the increase in laser pulse
energy.

The ability to address the systematic error induced by the laser pulse
energy increase makes the normalization procedure a necessity in the
digital signal processing procedure.

3.3. Performance analysis

Regarding microbubble detection, the BL algorithm already achieved
a sensitivity of 82% and a specificity of 98% in the test dataset at the
threshold value of 125. The NL algorithm achieved a sensitivity of 96%
and a specificity of 100%. Tables 1 and 2 summarize sensitivity and
specificity for each dataset to detect microbubble formation in sensor
data, and to predict FA visible damage.

Figs. 4(a and b) and 5 display the NL values for each spot. In Fig. 4a
and b as well as 5b the colors indicate the presence (green) or absence
(red) of microbubble formation. In Fig. 5a the colors indicate the pres-
ence or absence of cell damage (detected by fluorescence angiography).
In all figures it can be easily seen that the laser pulse energy is not a good
indicator for microbubble formation or cell damage.

Overlapping datapoints may make the presented scatterplots diffi-
cult to interpret. The scatterplots of Fig. 6b (cv set) and Fig. 7a (test set,
FA labeling) were summarized in the ROC plot in Fig. 8. The black and
blue marker indicate the performance (sensitivity/specificity pair) at
thresholds of 1.15 and 1.23 respectively.

3.4. Generalizability results

The differences between training and development set express the
generalizability of the performance metrics to detect microbubble
induced characteristics in sensor data.

For the baseline algorithm sensitivity differences and specificity
differences between training and development set reached values of 5%
and 0.4% points. The sensitivity- and specificity-differences of the NL
algorithm between training and development set were 3% and 0.6%
points.

The difference between development set and FA-classified test set
express the applicability of the particular optoacoustic value as an in-
dicator for microbubble formation. BL sensitivity- and specificity- dif-
ferences between development- and FA-set differ by values of 5% and
13% points. The NL sensitivity and specificity between development-
and FA-set differ by values of 4% and 3% points.

3.5. False decisions

With regard to the BL algorithm, there were 22 false negative de-
cisions and zero false positive decisions in the test dataset when a
threshold value of 125 was applied. The pulse energy dependence was

Table 2
Sensitivity and specificity at the best threshold achieved in the development set
(BL =125,NL =1.15 ).

BL NL
Sensitivity =~ Specificity ~ Sensitivity = Specificity
Training (Sensor Data) 77% 87% 89% 96%
Development (Sensor 82% 87% 92% 97%
Data)
Test (Sensor Data) 82% 98% 96% 100%
Test (FA Data) 86% 100% 96% 100%
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found to induce a systematic error (discussed in chapter 3.2). The NL
algorithm was designed to remove this systematic error.

The NL algorithm led to zero false positive decisions and six false
negative decisions in the test dataset when a threshold value of 1.15 was
applied. In four out of six false-negative decisions made by the NL al-
gorithm, the chosen pulse energy of the first pulse was so high that even
the first pulse displayed signs of microbubble formation. In such a case
the steep increase in optoacoustic amplitude, which happen at the
transition for thermoelastic to thermo-mechanic cell damage, cannot be
observed. The early microbubble formation was detected via compari-
sons with an optical feedback technique that is able to detect micro-
bubbles by evaluating single pulses [25]. In the remaining two false
negative decisions, the microbubble-associated characteristics in the
sensor data occurred in the last one to two pulses only. The extent of
microbubble-associated characteristics in the sensor data was minimal.

4. Discussion

In early SRT studies, laser pulse energy settings were chosen with an
energy titrating procedure including time consuming FA-imaging [39,
40]. Then, optoacoustic microbubble monitoring techniques were
applied [11]. Those techniques relied on multiple laser transients to
detect microbubble formation. Later, optical approaches formation was
applied to cease laser irradiation as soon as MBF was detected in in-vivo
experiments [36,41]. and in clinical treatments [39].

While a single pulse microbubble detection was realized for optical
MBF detection techniques, there is no approach for optoacoustic single
transient microbubble detection. It was the goal of this study to develop
an algorithm which can detect MBF by analyzing individual transients.
The results have shown improved performance metrics of the NL- al-
gorithm compared to the BL algorithm. Cell damage thresholds of the
treated patients were already discussed in a previous work [25].

4.1. Baseline algorithm

An overfitting to dataset individual nuances can be detected by
comparisons of performance measure differences between datasets.
Since no optimization/fine-tuning has been done with the BL algorithm,
low performance measure differences can be expected. Nevertheless, the
performance measure differences are not zero. This raises the question of
the origin of those differences. Although the optical properties of the eye
have low influence on the acoustic signal, variability in the acoustic
coupling (contact lens to eye) and the angular dependence of the
acoustic signal can still influence acquired transients [33]. Statistical
fluctuations induced by those influences can be assumed to be the origin
of the observed differences.

4.2. NL algorithm

The acoustic pressure acquired by the ultrasonic transducer is pro-
portional to the material specific Griineisen coefficient and the laser
pulse energy. The NL- algorithms also include normalization procedures
that eliminate the direct influence of the laser pulse energy increase on
the calculated values. In the case of a constant Griineisen coefficient the
NL values should be independent of the laser pulse energy. This can be
seen best in the low increase in the NL values in the regime below
microbubble formation in Fig. 5. The existence of a low increase in NL
values in the regime below threshold originates from changing signal-to-
noise levels of the evaluated transients. This phenomenon could be
reduced if the signal-to-noise ratio could be improved.

Most false negative decision made by the NL algorithm share the
commonality that even the first pulse of the ramp leads to microbubble
formation. This usually leads to decreased NL values and consequently
to false negative decisions. In practice, this can be avoided by starting a
pulse energy for the first irradiation and repeatedly increase the pulse
energy until the microbubble detection occurs within the irradiation
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Fig. 7. (a) Scatter plot with cell damage labels. Datapoints were labeled as FA negative or FA positive with respect to the visibility of hyperfluorescent regions in FA
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Fig. 8. ROC Curve of Fig. 6b (NL algorithm, cv set) and Fig. 7a (NL algorithm, test set, FA labeling). The threshold of 1.15 is indicated with black markers 1.23 is
indicated with blue markers. The dotted lines indicate the 95% confidence interval.

time. Further false negative cases had a low SNR. An improvement of the
sensor-sensitivity or an improvement of the analog amplification would
lead to fewer false decisions of this type.

Knowledge about the state of MBF in the first pulse can be gained
through an optical feedback mechanism [25]. Hence, it can be hy-
pothesized that a combination of the optoacoustic feedback techniques
with an optical feedback technique would improve performance. It may
also be speculated whether the performance metrics in retreatments are
different than those in initial treatments. Hyperpigmentation in irradi-
ated regions was observed in vivo 2 and 4 weeks after treatment [7]. The
changes in pigmentation may influence the radiant exposure thresholds
of retreatments. Nevertheless, an algorithm would still be able to detect
microbubble formation. Furthermore, there is no increased number of
false positive or false negative retreatment irradiations in any dataset.

It may also be speculated that very early stages of microbubble for-
mation may be undetected by the opto-acoustic approach. If this is the
case, those bubbles did induce any damage which was detectable via
fluorescence angiography.

4.3. Working-point range

It can be speculated that, with a very precise microbubble detection

and irradiation ceasing, too few RPE cells may get affected to induce a
therapeutic effect. Thus, it may be reasonable to exceed the threshold of
initial microbubble detection.

In this scenario it is essential to know by how much the threshold can
be exceeded before extended cell damage is induced. To estimate this
range, dose response methods were applied to evaluate the effective
dose for a 16% chance (ED16) of ophthalmoscopically visible cell
damage and an 86% chance (ED86) for FA visible cell damage.

Probit plots were commonly used in former studies on SRT. The
dataset consists of an independent variable and a binary variable. The
effective dose (ED) at which there is a 16% or 86% probability to achieve
an effect is calculated via the fitted function.

Published SRT studies made use of the laser pulse energy or the
radiant exposure as the independent variable. However, this does not
consider the support of MBF techniques, which removes uncertainties
induced by inter- and intraindividual variations of the local MBF
threshold.

To consider MBF techniques each laser pulse energy is set into
relation to an eye individual threshold for bubble formation (mean of
MBF thresholds within an eye) [25]. To do this, a ratio () of the pulse
energy and the respective eye-individual MBF threshold was calculated.

With this § a probit evaluation of FA visibility and ophthalmoscopic
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visibility was performed. When microbubble detection was done with
the NL algorithm the lower 95% confidence interval of the ED16 value
for ophthalmoscopic visibility exceeds the upper 95% confidence in-
terval for ED86 for FA visibility by a factor of 1.98.

To be safe this entire range should not be used. If doubts of the
therapeutic effect of SRT treatments arise, the threshold pulse energy
may be exceeded by a lower factor (e.g. 1.2).

Iterative irradiation prior to the threshold of MBF are unlikely to
have a noteworthy effect since affected RPE in the region of peak tem-
perature are disrupted. This makes any other effect irrelevant, which
would happen to the cell otherwise. As it has been reported, at pulse
durations shorter than 2 ps, MBF is the initial mechanism for cell
damage [5,42,43]. At the point of MBF, neighboring cells experience an
increase in temperature [44].

A repetition rate of 100 Hz with 1.7 ps lowers the heat accumulation
[35]. However, even repetition rates of 500 Hz and 5 us having a higher
heat accumulation led to selective cell damage in the RPE, if the laser
spot diameter is kept very small for faster heat diffusion [16,45].
Whether other biological effects like the expression of heat shock pro-
teins is a point of debate.

4.4. Limitations of this study

The optimization process was performed for only 15 eyes (10 were
evaluable by FA imaging). The treatment protocol, which was needed to
be followed to ensure a safe and effective treatment, introduced a higher
number of FA-visible and OA-positive spots compared to FA-nonvisible
and OA-negative spots. More data, especially more FA-nonvisible and
ophthalmoscopically-visible data, is required to improve the statistical
evaluation.

5. Conclusion

It could be shown in this work using clinical data that appropriate
optoacoustic based algorithms are able to detect laser induced cell
damage with a sensitivity of 96% and a specificity of 100% during
retinal exposure with a series of us laser pulses in SRT. An algorithm
considering the dependence of the acoustic pressure on the laser pulse
energy as a normalization performs superior to a baseline algorithm
without this feature.

There are different scenarios for clinical translation. This algorithm
can be used in treatment guidance where the treating clinician decides
how much energy is applied and the algorithm displays whether
microbubble formation took place and with which spot in the ramp MBF
was achieved first.

Final aim is a fully automatic irradiation where the clinician just
chooses the location on the retina and releases the laser firing. The al-
gorithm ceases the pulse energy ramp after MBF formation took place
(or one or two pulses above first MBF is noticed to guarantee MBF on the
whole area) and thus reduced the overall energy applied to the retina.

The NL algorithm may be combined with an optical microbubble
detection method, to be able to detect microbubble at the very first pulse
as well and as a backup system in general.

Microbubble detection methods are expected to increase safety as
knowledge is gained about the local MBF threshold and efficiency
through a reduction of the number of retreatments owing to under-
treatments.
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