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Abstract: Laser photocoagulation is one of the most
frequently used treatment approaches in ophthalmology for
a variety of retinal diseases. Depending on indication,
treatment intensity varies from application of specific micro
injuries down to gentle temperature increases without
inducing cell damage. Especially for the latter, proper en-
ergy dosing is still a challenging issue, which mostly relies
on the physician’s experience. Pulsed laser photoacoustic
temperature measurement has already proven its ability for
automated irradiation control during laser treatment but
suffers from a comparatively high instrumental effort due to
combination with a conventional continuous wave treat-
ment laser. In this paper, a simplified setup with a single
pulsed laser at 10 kHz repetition rate is presented. The setup
combines the instrumentation for treatment as well as
temperature measurement and control in a single device. In
order to compare the solely pulsed heating with continuous
wave (cw) tissue heating, pulse energies of 4 μJwere applied
with a repetition rate of 1 kHz to probe the temperature rise,

respectively. With the same average laser power of 60 mW
an almost identical temporal temperature course was
retrieved in both irradiation modes as expected. The ability
to reach and maintain a chosen aim temperature of 41 °C is
demonstrated by means of model predictive control (MPC)
and extended Kalman filtering at a the measurement rate of
250 Hz with an accuracy of less than ±0.1 °C. A major
advantage of optimization-based control techniques like
MPC is their capability of rigorously ensuring constraints,
e.g., temperature limits, and thus, realizing a more reliable
and secure temperature control during retinal laser
irradiation.

Keywords: extended Kalman filter; laser-coagulation;
model predictive control; ophthalmology; photo-acoustics.

1 Introduction

In retinal treatments, laser photocoagulation has become
one of the most frequently used therapeutic methods for
diseases such as diabetic retinopathy and macula edema
[1, 2], and ischemia due to vein occlusion [3–5]. Thismethod
originates fromMeyer–Schwickerath who introduced a new
approach to stop advancing detachment of the retina by
means of intense light in the early 1950s [6]. After the usage
of arc lamps, state of theart photo thermal treatment devices
comprise lasers, typically in the green spectral range.
Depending on the indication, a spot diameter of 50–500 μm
and laser power of 50–500 mW is applied for 20–200 ms.
The achieved damage to tissue can be estimated by the
Arrhenius theory, which relates the temperature increase
and irradiation with respect to the induced damage [7].

Since the early days, micro injuries were intended to
achieve artificial scar production to prevent retinal
detachment; it emerged that also less damaging or even
nondamaging laser treatment can have a therapeutic ef-
fect, e.g. for central serous retinopathy (CSR) [8]. Here, the
effect of laser radiation on cells is mostly unknown, but
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the accompanied increase of temperature is assumed to be
the dominating one. The laser light is absorbed primarily in
the highly pigmented retinal pigment epithelium (RPE),
subsequently heating up the irradiated tissue. After
exceeding a temperature of approximately 63 °C [9], irra-
diated spots become visible as whitish lesions due to light
scattering induced by thermal protein denaturation in the
retina, which is also referred to as (photo-) coagulation.
However, irreversible RPE damage already occurs at lower
temperatures around 53 °C [10].

The amount of energy required to achieve denatur-
ation strongly depends on fundus absorption, which in
turn is governed by the local pigmentation of the RPE and
choroid, which separate the retina from the sclera. For CSR,
treatment energy is typically selected by the physician
according to practical experience and by means of titra-
tion. To do so, the laser beam is aimed at the peripheral of
the treatment area and laser energy is gradually increased
until lesions become ophthalmoscopically visible. This
energy is then reduced to roughly 50–70% to ensure sub-
visible treatment in the relevant areas. Since lesion visi-
bility can, in addition, occur with a delay of up to several
hours andpigmentation density can vary to a factor of up to
three on a single eye [11, 12], titration still leaves a serious
uncertainty. Hence, proper energy dosing is especially
difficult and most challenging for sub-damage treatment.

In order to meet the need for proper energy dosing,
Brinkmann et al. [13] have developed an approach for on-
line temperature measurement during retinal laser treat-
ment using the photo-acoustic effect. It has already proven
its feasibility during animal experiments on rabbits [9, 14]
and even in clinical studies [13]. Briefly, if a sufficiently
short light pulse from the probe laser is absorbed by the
RPE, the impulsive expansion gives rise to a pressure
transient, which can be detected at the exterior corneal
surface of the eye by means of an ultrasonic transducer.
The amplitude of the pressure transient is used to compute
a tissue temperature in real time during irradiationwith the
treatment laser. The opto-acoustically measured tempera-
ture is also referred to as the volume temperature since it
represents a depth weighted average temperature of the
irradiated volume over different layers wherein the ab-
sorption takes place. Hence, it is more suitable for tem-
perature control to use the peak temperature as controller
input to avoid undesired damage to the tissue. Thus, in [9,
13, 15] an approximated conversion of the volume tem-
perature into the peak temperature was applied.

Open-loop [9] and closed-loop control approaches [16,
17] were executed, thus far, enabling to quickly reach and
maintain a certain temperature within the two laser setup.
For the closed-loop control, a first-order model based on

the approximated peak temperature was identified and a
robust H∞-controller was designed to account for the
varying absorption coefficients. Drawbacks of this
approach are the use of an offline (and roughly) approxi-
mated conversion between peak and volume temperature
and a possible lack of performance due to the robust
design. To overcome these drawbacks, a joint state and
parameter estimation based on the volume temperature
was presented in [18]. This also enables sophisticated
control design such as model predictive control to further
enhance the safety of the treatment.

In this paper, we report on a simplified setup for tem-
perature controlled retinal laser irradiation with just one
pulsed 10 kHz laser device, which is used for tissue heating
and opto-acoustic temperature measurement simulta-
neously. The setup is used to demonstrate first the feasi-
bility of using just one laser, and second the superiority of
controlled power modulation with 250 Hz over irradiation
with fixed laser power, which still is state of the art in
clinical application. Furthermore, first results of a model
predictive controller in combination with an online
parameter and state estimation are shown as a proof of
concept for more advanced control strategies.

2 Materials and methods

2.1 Experimental

This section gives an overview of the opto-acoustic temperature
measurement technique and the experimental setup. Furthermore, the
signal processing andmeasurement scheme is described in detail and
a comparison of pulsed and continuous wave tissue heating is
presented.

2.1.1 Opto-acoustic temperature measurement: The principle of
opto-acoustic temperature measurement has already been reported in
detail by Brinkmann et al. [13] and is only summarized within this
section. Upon absorption of a light pulse with a pulse length shorter
than the thermal relaxation time, the irradiated tissue undergoes a
strong thermo-elastic expansion, giving rise to a pressure transient. In
the case of retinal laser treatment, the pressure transient travels
through the eye globe and can bemeasured bymeans of an ultrasonic
transducer, which is gently attached to the eye cornea. Here, the piezo
transducer is incorporated with a so-called contact lens.

It can be shown that the amplitude pmax(T ) of a pressure tran-
sient, originating from tissue at temperature T, is proportional to the
tissue absorption coefficient µa, the laser radiant exposure H, and the
temperature dependent Grüneisen parameter Γ(T ). It can hence be
used to determine the current tissue temperature.

pmax(T)∼μa ⋅ H ⋅ Γ(T) (1)

The Grüneisen parameter Γ(T ) is described by the speed of sound
cs, heat capacity Cp, and density ρ.
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Γ(T) = 1
ρ(T) ⋅

∂ρ(T)
∂T

⋅
cs(T)2
Cp(T) (2)

For water, the main component of soft tissue, the Grüneisen
parameter can be approximated by the second order polynomial in the
temperature range between T = 10 °C and T = 100 °C:

Γ(T) ≈ (T2 − T2
0) − 2Tmax(T − T0) (3)

where T0 and Tmax represent the temperatures where at pmax equals
zero, and the maximum of pmax, respectively.

The parameters T0 and Tmax are derived by calibration mea-
surements. This is done by measuring pressure transients at different
sample temperatures, and plotting the transient amplitudes pmax with
respect to sample temperature [13, 19]. T0 and Tmax can then be derived
from a numerical fit with Eq. (3) of the measured data. In this work,
values of T0 = −17.0 °C and Tmax = 93.3 °C were used, found by
Brinkmann et al. [13] for porcine eyes in this manner.

The opto-acoustically probed temperature Toa can finally be
computed with the pressure amplitude pmax and laser pulse energy
Epulse measured during irradiation using Eq. (4).

Toa = Tmax −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Tmax − T0)2 + pmax

S ⋅ Epulse

√
(4)

The proportionality factor S accounts for all unknown eye prop-
erties, such as variance in pigmentation, eye lens opacity and trans-
ducer characteristics, and is derived during a calibration phase
(Section 2.1.3) prior to irradiation of each spot.

The laser energy incident on the RPE is nearly uniformly
distributed over the irradiated spot (top-hat profile) and is mostly
absorbed in the RPE and choroid according to Beer’s law. The tem-
perature value obtained by Eq. (4) subsequently corresponds to a
mean depth weighted temperature of the cylindrical volume confined
by the beamdiameter, its penetration depth, and thewidths of the RPE
and choroid. Consequently, it is also referred to as volume tempera-
ture, Tvol = Toa. Due to heat diffusion in the neighboring tissue, the
temperature distribution forms a bell-shaped distribution at the sur-
face of the RPE after irradiation duration of approximately 10 ms with
an elevated peak temperature Tpeak in the center of the beamdiameter.
In earlier work, the elevated peak temperature could be computed by
means of a conversion function which was found theoretically by
solving the time dependent heat equation [15, 20]. Further details on
modeling temperature distribution have been reported by Kleyman
et al. [21].

2.1.2 Experimental setup: The RPE is the major absorber at the eyes
fundus. Therefore all experiments reported in this paper were con-
ducted on RPE-scleral explants of enucleated porcine eyes, delivered
by a local slaughter house. The samples with a diameter of Ø = 12 mm
were punched out of the eye fundus and the retina was removed. A
simplified sketch of the experimental setup is shown in Figure 1. The
upper left part shows an ophthalmological slit lamp (Carl Zeiss Med-
itec AG, Germany; LSL532s) with integrated laser link, aimed to a
sample cuvette with built-in contact lens, which is filled with sodium

Figure 1: Experimental setup. Ophthalmological slit lampwith sample cuvette, containing transducer enhanced contact lens and RPE sample.
Optical setup containing laser, acousto-opticmodulator (AOM), photodiode, control PC, and optional cw laser. Inset: Pulse energy calibration.
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chloride dilution of 0.9%. A commercial contact lens (Ocular In-
struments, USA; Mainster Focal Grid) was customized with a ring-
shaped piezo-ceramic transducer with high sensitivity in the MHz
frequency range (Medical Laser Center Lübeck, Germany). The irra-
diated spot diameterwas always Øspot = 200 μm. The distance between
the contact lens and the RPE-scleral explants is approximately 23 mm,
which corresponds to the typical length of a human eye. To connect
the optical setup to the slit lamp, an optical fiber with a core diameter
Øcore = 50 μm and numerical aperture NA = 0.1 and SMA terminators at
both ends was used.

The lower part of Figure 1 shows a simplified sketch of the optical
setup. A Q-switched frequency doubled diode pumped Nd:YLF laser
(CrystaLaser, USA; QC-523-100) emitting at λ = 523 nm with a pulse
width of τ = 160 ns (FWHM) at a pulse repetition rate of frep = 10 kHz
can be modulated by an acousto-optic-modulator (AOM) (Gooch &
Housego, USA; 3080-125) in order to distribute the laser energy to
higher orders of diffraction. Here, only the first order of diffraction is
used for sample irradiation. The amount of energy is set bymodulating
the HF-Amplitude between UHF = 0 V and UHF = 1 V by means of a
digital to analog converter (D/A) (National Instruments, USA; PCIe-
6341). For calibration, the laser pulse energy was measured as a
function of UHF in steps of ΔUHF = 50 mV between the slit lamp and
contact lens using an energy meter (Coherent, USA; USB
J-10MT-10 kHz) (inset Figure 1). The maximum pulse energy measured
herewas Epulse,max = 11 μJ, corresponding to amaximumoptical power
of Popt,max = 110mWat frep = 10 kHz repetition rate. During irradiation,
pulse energy can be set by means of linear interpolation between
measured calibration voltages with a resolution of ΔUHF = 15.3 mV.

Prior to fiber coupling a small portion of the beam energy of
approximately 0.5% is coupled to a pre-amplified photodiode (Thor-
labs Inc., USA; PDA10A2) using a beam splitter (Thorlabs Inc., USA;
WW41050-A). This allows for normalizing the pressure transients to
the applied laser pulse energy Epulse; as result, this compensates for
laser pulse energy fluctuations (Eq. (4)). A fast data acquisition board
(DAQ) (Vitrek, LLC, USA; GaGe CSE4347) in the PC simultaneously
records both, laser pulses and pressure transients at a sampling rate of
100MS/s. The transient voltage signal is additionally amplified by two
preamplifiers prior to recording (not shown in Figure 1). The first one

(Olympus/Panametrics, Japan; 5660B) amplifies the signal by a factor
of 1000, and the second one (Stanford Research Systems, USA;
SR5660B) amplifies the signal by a factor of 10 and applies a band-
width filter of 10 kHz to 1 MHz to the transient signal. Figure 2 exem-
plarily shows typical transient and pulse signals recorded in this
manner. The entire setup is controlled by software with graphical user
interface written in the MS visual C++/MFC language.

In order to compare pulsed and continuous wave (cw) tissue
heating and temperature courses, a commercial ophthalmic treatment
laser beam (Carl Zeiss Meditec AG, Germany; Visulas 532s) was colli-
nearly superimposed with the pulsed beam by means of a dichroic
mirror (Figure 1). Since the cw laser cannot be controlled in real-time in
the current setup an open loop comparison at predefined same
average power was performed.

2.1.3 Signal processing and measurement scheme: Figure 2 illus-
trates measurements of a transient and the respective laser pulse. In
order to compute the tissue temperature using Eq. (4), the measure-
ments of the transient and the pulse as shown in Figure 2 have to be
converted into the scalar values pmax and Epulse. Instead of retrieving
the maximum amplitude of the transient, the sum of absolute sample
voltages UTransducer over some time was used.

pmax ≅ ∑
t0+Δt

t=t0
|UTransducer(t)| (5)

Here, a duration of Δt = 10 μs (i.e. 1000 samples at 100 MS/s) was
used in the range highlighted in yellow in Figure 2(A). The value of
Epulse was derived in the same manner from the laser pulse measure-
ment for Δt = 1 μs in the highlighted range in Figure 2(B). The delay
between the laser pulse and the beginning of the transient depends on
the distancebetween the piezo transducer and the samplewith respect
to the speed of sound of the medium within. Besides the duration of
the summation for both signals, the starting point t0 is settled from the
measurement software.

Figure 3 shows a scheme of the current measurement method. In
this work, a laser repetition rate of frep = 10 kHz was used. However, to
ensure real-time processing of the extensive MPC-algorithm, the

Figure 2: Typical measured signals.
Top: Transient, bottom: Pulse. Parts
highlighted in yellow correspond to the
ranges used for temperature computation.
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probing rate was restricted to fprobe = 250 Hz. At the beginning of each
measurement cycle, 39 subsequent pulses of equal energy were used
for tissue heating. The 40th pulse was used for temperature probing,
as indicated in the inset in Figure 3 for a singlemeasurement cycle. The
pulse energies for heating and probing pulses can be set individually
by the AOM. For open loop experiments, heating and probing pulse
energieswere kept constant over the entiremeasurement (Figure 3(B)).
For closed loop experiments, the probe pulse energy was kept con-
stant over the entiremeasurement, while the heating pulse energywas
changed for each measurement cycle by the control algorithm
(Figure 3(A)). The average optical power Pavr over one measurement
cycle applied to the tissue over one measurement cycle can be
computed as

Pavr = [( frep
fprobe

− 1)Eheat + Eprobe] ⋅ fprobe (6)

with the laser repetition rate frep, the measurement rate fprobe and the
laser pulse energies Eprobe and Eheat used for probing and heating,
respectively.

The entire irradiation of a single spot can be divided into three
phases. The calibration phase at the beginning of the treatment is used
to derive the proportionality factor S (refer to Section 2.1.1) which is
different for each spot and is needed for computing the temperature in
the actual treatment phase using Eq. (4). The factor S is derived from
Eq. (4) using T = Tbody, the body temperature of the treated person in
clinical application. In case of working with explanted porcine sam-
ples, Tbody is set to the dilution temperature in the cuvette which was
equal to room temperature, here Tbody = 21 °C.

During the calibration phase, S is measured 15 times and the
mean value is used to compute the temperature in the treatment
phase. Here, heating pulses are suppressed by the AOM and probe
pulse energy is set to Eprobe = 3.0 μJ. At the probing frequency of
fprobe = 250 Hz the temperature increase during calibration phase is
assumed to be negligible [19]. During the treatment phase, the laser
power is either precomputed (open-loop) or is computed by the
controller at each time step based on the measured temperature
(closed-loop). The cooling phase at the end of the treatment is optional
and can be used to monitor the cooling of the tissue after heating.
During the cooling phase, heating pulses are suppressed as well.

For the comparison of pulsed and cw tissue temperature courses,
the heating pulses were completely suppressed during the heating

phase (Eheat = 0) and the cw laser was enabled instead. The combined
laser power Pcomb incident on the tissue sample therefore is the sum of
the settled cw laser power and the pulsed average power with respect
to the probe energy Eprobe and probe frequency fprobe:

Pcomb = Pcw + Pprobe = Pcw + Eprobe ⋅ fprobe (7)

2.2 State estimation, parameter identification, and
control

In this section, the overall control scheme is described. An extended
Kalman-filter (EKF) is utilized to estimate the state and the absorption
coefficient and a model predictive controller (MPC) to adjust the laser
power. Figure 4 shows a block diagram of the whole system. The
volume temperature Tvol = Toa is calculated based on Eq. (4). This
volume temperature is then used to estimate the state, i.e., the tem-
perature distribution at the heated spot, and the parameters, i.e., the
absorption coefficients. As the EKF needs some settling time for the
parameter to converge to a certain value, the treatment is divided into
two phases – identification phase and control phase. During the
identification phase the laser power u is set to some prearranged
constant. In the control phase, the states and parameter estimates x̂
and μ̂ are passed on to the MPC that computes the laser power that is
needed to reach and stay at the desired peak temperature Tpeak, d.

2.2.1 State estimation and parameter identification: In order to allow
for model predictive control, the internal states and parameters of the
model need to be known. Hence, the states and the strongly spot-
dependent absorption coefficient μ are estimated. An EKF for joint
state and parameter estimation is used. The EKF is a well-known state
observer for nonlinear systems, see e.g. [22]. It is based on a successive

Figure 4: Block diagram of the closed-loop system.

Figure 3: Measurement scheme for 250 Hz
probing.
(A) Closed loop, controlled. (B) Open loop,
irradiation with fixed laser pulse energy.
Probing pulses are drawn in blue, heating
pulses in red. The inset shows a single
measurement cycle in detail.
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linearization of a nonlinear model that is subject to uncorrelated and
normally distributed process and measurement noise.

The modeling, starting from the infinite-dimensional heat diffu-
sion equation, to a low-dimensional state-space model is briefly
described in the following, for details see [18, 21]. The basis for the
model is the partial differential equation (PDE) of the heat diffusion.
The PDE is spatially discretized by finite differences which leads to a
high dimensional, continuous-time model. As this model remains too
large for real-time estimation and (model-based) control, the model
order is reduced. A parametric model order reduction in [23] was uti-
lized and the approach was generalized for our purposes to preserve
the parameter dependency of the absorption coefficient in [21]. Finally,
the reduced ordermodel is discretized in time to obtain a discrete-time
state-space model

xk+1 = Axk + B(μk)uk (8)
yk = C(μk)xk (9)

with A ∈ Rn×n, B(μ) ∈ Rn×1, C(μ) ∈ R2×n with state dimension n. Here,
the output y is the peak and the volume temperature, i.e.
y = [Cvol(μ)x,Cpeakx]⊤ = [Tvol, Tpeak]⊤. It is important to note that
the output of the system that can be measured in practice, is
only the volume temperature Tvol. However, the relationship
between the states and the peak temperature Tpeak is needed for
MPC since the peak temperature determines and dominates
biochemical reaction rates in the tissue. Consequently, it is
considered as an output for the model order reduction, which is
only used for control but not for state and parameter estimation. To
enable parameter estimation, the state-space is extended by the
time-invariant but spot-dependent absorption coefficient, i.e.
μk+1 = μk, which leads to a nonlinear model that is used for the
estimation of the states and the parameter.

2.2.2 Model predictive control: Model predictive control (MPC) is an
iterative optimization-based control technique. The basic idea of MPC
is to make use of a dynamical system to forecast and optimize the
behavior of the system [24]. The advantages of MPC include the ca-
pacity to handle constraints such as the maximum laser power and
maximum peak temperature. At time t, the current state is measured
and a control input minimizing some objective function is computed
for a future time horizon [t, t + N].

In the present setting, the objective is to compute online a
sequence of optimal laser power, with a setmaximumpower, to attain a
desiredpeak temperature, basedon the evolutionof the states.Basedon
the measured current state xt, the sequence of N future states

x = (xt ,…, xt+N ) (10)

and optimal laser power to drive the state closer to the desired point—
the state that renders the reference peak temperature—in time t + N is
obtained as the solution of an optimization problem as follows.

Recall the dynamical system is given by Eq. (8) and

ypeak, k = Cpeakxk (11)

The objective function

J(x, u) = ∑
t+N−1

k=t
(Cpeakxk − yref)⊤Q(Cpeakxk − yref) + u⊤k Ruk (12)

is defined to measure the deviation from the desired output value yref.
Let the control sequence

u = (ut ,…, ut+N−1) (13)

be a solution of the optimization problem

min
u

J(x, u) (14)

subject to

xk+1 = Axk + B(μk)uk (15a)
xt = x̂t (15b)

Cpeakxk ≤ Tpeak,  max (15c)
uk ∈ [0, umax]  ∀  k = t… t + N − 1 (15d)

Then, the first element ut of the solution sequence is used as the
control of the systemat time t before the time horizon is shifted and the
optimization step is repeated.

The MPC scheme assumes that states are known or can be
measured, which poses a challenge in the present setting as only the
volume temperature Tvol is available. In the present application, an
EKF is used to estimate the initial states and the parameters required
for the solution of Eq. (15).

3 Results

In order to demonstrate the equality of pulsed and cw tis-
sue heating, Figure 5 shows open loop temperature mea-
surements of the volume temperature Tvol using pulsed
only and combined pulsed and cw irradiation. Both tem-
perature progressions were measured using moving aver-
aging over four singlemeasurements and probe energies of
Eprobe = 4 μJ. The heating energy for the pulsed only mea-
surement was Eheat = 6.22 μJ, the cw laser power for the
combined measurement was Pcw = 56 mW. Using Eqs. (6)
and (7) this yields a total irradiation power of P = 60 mW in
each case with a probe frequency of fprobe = 1 kHz. Starting

Figure 5: Comparison of open loop temperature measurements by
means of pulsedonly and combined pulsed and cw tissue irradiation
at P = 60 mW total laser power in each case.
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at reference temperature Tref = 21 °C, both measurements
nearly show the same progression and a volume temper-
ature of Tvol = 44 °C after t = 800 ms which implies the
equality of pulsed and cw tissue heating.

In the following passage, first results of the closed-
loop control with EKF and MPC in combination with opto-
acoustic temperature measurement are presented. To
motivate the model-based approach, the open-loop ex-
periments were conducted with a constant probe energy of
Eprobe = 3 μJ and constant heat energy Eheat = 2 μJ, which
corresponds to a constant average laser power of
Pavr = 20.25 mW (Eq. (6)). Figure 6 shows the peak tem-
perature at three different spots at the RPE-sclera explants
that have been irradiated with the same laser power. The
peak temperature increase is different for each spot as the
absorption varies from spot to spot.

In comparison, Figure 7 shows closed-loop experi-
ments at different spots. Figure 7(A) shows a controlled
temperature progression using MPC. For solving the
optimal control problem, the solver OSQP [25] is used. The
desired peak temperature increase yref is 20 °C, which
corresponds to a peak temperature of 41 °Cwith respect to a
base temperature of 21 °C. In the identification phase (first
396 ms) the laser power is constantly at Pavr = 20 mW, cf.
Figure 7(B). The temperature increase is similar to the
open-loop experiment. Depending on the absorption, the
peak temperature increase differs. As soon as the controller
is turned on (t > 396 ms), the temperature increases at all
spots and reaches 41 °C. Between 440 ms and 800 ms the
mean of the absolute error between the desired peak tem-
perature and the achieved peak temperature is 0.05 °C
(blue), 0.08 °C (green), and 0.1 °C (purple). These first real-

time ex vivo experiments show promising results and
motivate further investigations of the control strategy, also
with respect to faster sampling rates in the control cycle.

4 Summary and discussion

In this paper a 10 kHz pulsed laser setup for temperature-
controlled retinal laser irradiation has been presented,
providing amaximumoptical average power of 110mW. The
equality of pulsed and continuous wave (cw) tissue heating
and temperature progression was shown at a total incident
average laser power of 60 mW, using probing energies of
4μJ at a repetition rate of 1 kHz in each case. Thepulse energy
used for solely pulsed heating with 10 kHz was 6.22 μJ. The
setup has shown its capability to heat irradiated spots on
enucleated porcine RPE-scleral explants to a predefined aim
temperature of 41 °C and maintain the temperature for
400 ms with an accuracy of ±0.1 °C, regardless varying RPE
pigmentation at different spots, by means of opto-acoustic
temperature measurement and model predictive control.

Figure 6: Peak temperatures at different spots of the irradiated RPE
sample with a laser power of 20.25 mW.

Figure 7: Peak temperature at different spots of the RPE sample (A),
and laser power during identification phase (396 ms) and closed-
loop control (400–800 ms) (B).
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Nevertheless, more extensive investigations including cell
vitality will be performed in the future, especially for heating
with pulse energies higher than 10 μJ.

The setup presented here for opto-acoustic tempera-
ture measuring during retinal laser treatment requires
less technical effort compared to earlier approaches [9],
which extensively incorporated a conventional medical
treatment laser, which continuously emits laser light
during irradiation. Hence, this approach enables the
development of more economical retinal treatment de-
vices with sophisticated opto-acoustic temperature con-
trol for ophthalmology.

In this work, separate laser pulse energies for probing

and heating were used during the entire irradiation pro-

cess. This scheme enables using comparatively high probe

pulses to obtain good signal to noise ratio and low energy

heating pulses for gentle tissue heating. In the future, with

improved hardware and performance optimized control

algorithms, it is envisaged to enable pulse to pulse control

at sampling rates of 10 kHz and more.
On the other hand, the modulation scheme used so far

can be used with higher pulse repetition rates and lower
heating pulse energies to enable smoother tissue heating to
make this technique comparable to cw heating. However,
the maximum laser repetition rate is limited to approxi-
mately 50 kHz due to the duration and transit time of a
pressure transient. At higher repetition rates, subsequent
transients would overlap and frustrate temperature
measurement.

Opto-acoustic temperature control was first used to
automatically interrupt irradiationwhen a predefined aim
temperature was reached (open-loop) [9]. Later,
PID-controllers were used to quickly reach and maintain
the aim temperature for a specified time [16, 17]. PID pa-
rameters were found by means of the H∞-method which
provides robust control, even for varying conditions in the
eye, providing fast control rates of up to 1 kHz. In this
work, sophisticated model predictive control algorithms
have been used which provide even more reliable control
since MPC can explicitly consider constraints in the con-
trol design. But MPC also requires more computational
effort. In this preliminary phase of this project a sampling
rate of 250 Hz was used to ensure real-time control due to
the computational expenses of the optimization-based
(model predictive) controller. However, faster sampling
rates with faster hardware and optimization of control
algorithms are purpose of current work and promise to
compete with the speed of other approaches reported so
far and achieve even more reliable and secure tempera-
ture control. These first closed-loop results using MPC can

consequently be seen as a proof of concept for the model-
based control approach to ensure more reliable and safer
treatment.
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