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Published online: 31 January 2019 . scalpel. However, laser surgery lacks a contact-free feedback system which offers high imaging contrast
. toidentify the tissue type ablated and also a high penetration depth. Photoacousticimaging has

the potential to fill this gap. Since photoacoustic detection is commonly contact based, a new non-
interferometric detection technique based on speckle-analysis for remote detection is presented in
this work. Phantom and ex-vivo experiments are carried out in transmission and reflection-mode for
proof of concept. In summary, the potential of the remote speckle sensing technique for photoacoustic
detection is demonstrated. In future, this technique might be applied for usage as a remote feedback
system for laser surgery, which could help to broaden the applications of lasers as smart surgical tools.

Laser surgery enables accurate, fast and contact free tissue treatment!~>. Furthermore, it offers decreased bleeding
and a higher patient acceptance rate compared to traditional surgical methods*~”. However, the main challenge
of using lasers as surgical scalpels is the lack of information of the tissue type ablated at the surface and its depth
extent. The lack of such information can lead to the iatrogenic damage of critical tissues that are meant to be
preserved during the process. Normally, nerves or blood vessels which are below the tissue surface need to be
preserved due to their important physiological function.

In this context, several tissue differentiation techniques have been investigated. In Laser-induced Breakdown
Spectroscopy (LIBS) the optical emissions from the laser induced plasma during the ablation process are moni-
tored. The atomic emissions from the created plasma plume are measured using a spectrometer. Further classifi-
cation analysis provides detailed information on the tissue elemental composition allowing differentiation among
various tissues®. Thus, it is possible to differentiate fat, muscle, nerve and skin tissue with very high sensitivities
and specificities. Only the differentiation between fat and nerve tissue is challenging due to the fat-containing
myelin sheath covering nerves. However, also in this case sensitivities higher than 95% are achieved®. In addition,
cartilage and bone could be differentiated with a sensitivity and specificity of 100%'°. LIBS achieves high differ-
entiation accuracy. However, it only offers information of the tissue at the surface, the influence of contaminants
is not yet analysed and in-vivo experiments have not yet been done.

A different approach for tissue differentiation is the detection of acoustic process emissions during laser sur-
gery. By acquiring the acoustic signals during ER:YAG-laser osteotomy using a piezoelectric accelerometer a clear
differentiation between cortical and cancellous bone can be achieved, which might help to guide laser osteotomy
and to preserve essential tissue structures''?. The acoustic transducers used for data acquisition are contact
based. However, for clinical application, a remote, non-invasive differentiation setup is desired.

Optical techniques which analyse the optical properties of the tissue are remote and allow tissue differentia-
tion. For Diffuse Reflectance Spectroscopy (DRS), the diffused reflection of a specific wavelength range is cap-
tured. Using statistical data analysis a clear differentiation between tissue structures can be achieved. Sensitivities
of higher than 92% are achieved for the differentiation between skin, muscle, mucosa, fat and nerve tissue’.
Furthermore, nerve, salivary gland and bone can be differentiated with sensitivities greater than 83%, which
might improve oral and maxillofacial laser surgery'. DRS is also capable of distinguishing hard tissues: cor-
tical bone, cancellous bone, cartilage and nerve'. DRS offers non-contact, non-invasive tissue differentiation.
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Nevertheless, spatial information on the region of interest is missing and also it might suffer from interference
from the stray light in surgical environments.

Optical Coherence Tomography (OCT) offers spatial resolution and was also suggested for laser surgery guid-
ance. OCT is capable of guiding the ablation location and imaging the dynamic changes of surgical laser ablation
for brain, liver, kidney, lung and muscle'®. Evaluation of tissue carbonization, thermal tissue damage and ablation
crater can here be achieved. Furthermore, OCT was successfully tested as an automated feedback system for
hard tissue surgery'’. Ablation depth measurement and also classification of underlying tissue structures was
achieved'®". However, since OCT provides only a limited scattering contrast for soft tissue, its usability is limited
for soft tissue differentiation. In addition, the penetration depth for OCT is limited to less than 2 mm for soft
tissue which is not sufficient for some laser surgery applications.

The emerging imaging modality Photoacoustic Tomography (PAT) combines a high penetration depth for soft
tissue with a high optical contrast®. As PAT is based on the absorption of light after short pulse excitation and
the generation of acoustic waves in tissue, the absorption coefficient is the contrast origin. Since the absorption
coeflicient differs strongly for different tissue components high contrast values can be achieved. It is for exam-
ple possible to image blood vessels clearly due to the high absorption of hemoglobin compared to other tissue
chromophores in the visible and near infrared range. Since the scattering in soft tissue for sound is up to a factor
0f 1000 less than the scattering of light, this high imaging contrast is also combined with a high penetration depth
of several millimetres?!. This penetration depth is higher than for optical only methods and since the ablation
depth per pulse in laser surgery is in the pm-range, it is sufficient for a laser surgery feedback system.

Contact based ultrasound transducers are the common technique for photoacoustic signal detection. These
transducers offer limited tissue access with the need for mechanical contact and would limit the field of view
in case of usage during a laser surgery which makes them not suited for a laser surgery feedback system. A
non-contact, stable detection system would help to adapt PAT as a feedback system for laser surgery. One way
would be to use air-coupled piezoelectric transducers or non-contact optical based approaches. However, these
techniques also come with limitations for a laser surgery feedback system. Air-coupled piezoelectric detectors suf-
fer from lack of sensitivity and are still too big for minimally-invasive medical applications®. In the non-contact
beam deflection technique, the deflection of a probe beam over the object is monitored using a position sensitive
detector?**. When the photoacoustic signal reaches the surface, a small fraction is also transmitted to the sur-
rounding air leading to pressure changes which deflect the probe beam. However, this modality is not appropriate
for surgical usage since a probe beam needs to be scanned above the whole object of interest. Furthermore, the
detection bandwidth is limited due to the probe beam size.

Interferometric setups offer non-contact sensing and a higher detection bandwidth. Here, the surface displace-
ment after photoacoustic signal generation is monitored for the initial pressure reconstruction inside the object. A
Mach-Zehnder interferometer was used to measure surface displacement of phantoms after photoacoustic excita-
tion with a temporal resolution of 4 ns and a displacement sensitivity of 0.3 nm?. A resolution of smaller than
200 um and a penetration depth of 1 cm can be achieved. Non-contact photoacoustic imaging was also performed
using a fiber based Mach-Zehnder interferometer®. In this case, imaging was done on tissue mimicking phan-
toms and chicken skin. A resolution down to 0.3 mm with a penetration depth of more than 1 cm was reached
using a Fabry-Perot-interferometer”. Here, the surface deformations of a chicken breast and calf brain specimen
were measured after photoacoustic excitation. All the mentioned interferometric detection principles need to
scan the sample surface for image acquisition. Non-contact photoacoustic sensing can be done without spatial
scanning by using full-field speckle interferometry. For this modality, the object deformations of an area on the
surface are captured in one measurement®®. Nevertheless, repeated photacoustic excitation is needed for time
resolved signal acquisition. The mentioned interferometric approaches offer the advantage of high temporal and
spatial resolution. Nevertheless, they are expensive and need a complicated setup which is noise sensitive. Right
now, there is no easy, robust and remote detection modality for photoacoustic tomography which could be inte-
grated in a surgical laser system. In this work, a new, easy and robust detection modality for remote photoacoustic
sensing is presented, which could help to improve the current state of the art in laser surgeries if successfully
implemented as a feedback system. Therefore, the remainder of this work will focus mainly on the potential of
the technique for a laser surgery feedback system. However, it should be noted that this technique opens a new
window towards detecting photoacoustic signal in general.

Results

Remote photoacoustic sensing in transmission-mode.  Phantom Measurements. The first experi-
ments are performed on the optical phantoms made of PVCP (Polyvinylchloride plastisol). From phantom-1,
phantom-2 and phantom-3 are respectively 56, 65 and 66 measurements analysed. The photoacustic measure-
ments are done in transmission mode: photoacoustic excitation and remote detection take place on opposite
phantom sides. Figure 1 shows measurement results for the three phantoms. The detection time of the first
peak in the temporal vibration profile of the phantom surface is marked with a black circle. For each phantom,
the detection time of the photoacoustic signal matches the geometrical distance of the absorbing target to the
phantom surface (x,) considering the time interval between the video frames. For phantom 1 the initial peak is
detected at 9.2 us. By using the speed of sound, a distance of 12.2 mm is calculated which matches x, =12.8 mm
for phantom 1 (Fig. 1). For phantom 2 and phantom 3 the initial peak is detected at 11.3 us and 12.7 s, respec-
tively. Distances of 15.1 mm and 16.9 mm can be calculated between the phantom surface and the absorber. This
calculation is again in agreement to the phantom dimensions considering the uncertainty in the measurements.
The SNR for the three phantom measurements is considerably high and decreases as expected with increasing x,:
for phantom 1 (SNR=10.1), phantom 2 (SNR=6.3) and phantom 3 (SNR=5.2) due to the lower deformation
amplitude at the surface. Here, it needs to be noted that a penetration depth of 16.9 mm is high enough for the
usage as a potential optical feedback system during laser surgery. For verification, the photoacoustic signal is also
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Figure 1. The temporal vibration profile of the phantom surfaces measured in transmission-mode is shown.
Negative time points are related to measurements before the photoacoustic excitation. For the three phantoms,
the initial peak which is generated by the photoacoustic signal is marked.
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Figure 2. The phantom measurements in transmission-mode are verified using a contact ultrasound transducer
(UST). For the three phantoms the first peak of the photoacoustic signal is marked which show the initial
generated photoacoustic signal at the lower absorber surface.

detected in transmission mode using a contact ultrasound transducer. Figure 2 shows the captured transducer
signals. The time of the initial photoacoustic signal peak is marked. This time is related to the maximal pressure
at the surface and consequently to a high surface tilt which can be detected by the speckle sensing technique.
The times are in agreement to the physical dimensions of the phantoms. Slight differences can be explained with
mechnical measuring errors during phantom preparation. In addition, the pressure peak times are also in agree-
ment to the acquired detection times using remote speckle analysis considering the measurement uncertainty.
The initial surface expansion after the photoacoustic excitation results in a positive pressure on the piezo element
of the transducer element which is related to a negative voltage signal as seen in Fig. 2.

Figure 3 shows the box plot of all detection times of the photoacoustic signal using speckle analysis and the
times for the corresponding ultrasound transducer detection. It is clearly visible that the detection times of the
transducer match the time intervals defined by the speckle sensing. Outliers can be explained by a slight mis-
alignment of the cw-illumination spot or the short pulse excitation from the central phantom axis leading to an
increased distance to the excited acoustic signal.

Ex-vivo Measurements. The ex-vivo sample is also analysed in transmission-mode by analysing 17 measure-
ments with a SNR bigger than 4. The average detection time for the photoacoustic signal is 5.5 £ 1.0 us. Since the
acoustic signal passes fat tissue and also PVCP, an average speed of sound of 14002 can be assumed here. A value
of 7.7+ 1.4 mm for x, can be reconstructed. This reconstruction matches the geométrical distance for x, of 7.0 mm
within the uncertainty. The transducer measurement shows the corresponding pressure peak at 5.2 yzs which
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Figure 3. Box plot of the photoacoustic detection times using speckle sensing for the phantoms. The
corresponding photoacoustic detection times using an ultrasound transducer are marked with an rectangle.
This state of the art measurements match the time interval for speckle sensing.

matches the phantom geometrical dimensions and the speckle sensing data. The transducer data shows a second
signal peak at 7.4 p1s which is related to a laser induced signal generated at the surface where the short laser pulse
hits the tissue. This detection time matches the measured ex-vivo phantom height H of 10.4 mm using c = 1400 ™.

A further experiment is done in order to exclude that the measured signal using speckle sensing is not the laser
induced ultrasound generated at the phantom surface where the laser is coupled into the phantom. To do so, the
surface opposite to the speckle sensing surface is marked using a black spray. This leads to a high absorption of
the laser pulse directly at the surface and generates a strong acoustic signal here. In total four measurements are
analysed and an average arrival time for the initial acoustic signal is measured at 8.4 & 0.5 us using speckle sens-
ing. This detection time matches the ultrasound detection time (7.9 is) and Fig. 4 shows the captured transducer
signals for the unmarked and marked sample surfaces together with the box plots for the detection times of the
photoacoustic signal using speckle analysis. For the marked and unmarked surface the photoacousic signal and
laser induced ultrasound signal are detected at similar times. The slight differences can be explained with the
deformation of the tissue during experimental handling. Furthermore, it is visible that the laser induced signal at
the surface increases at the costs of the photoacoustic signal for the marked surface due to the high absorption of
the spray. For both signal modalities, the transducer detection times match the time intervals defined by speckle
analysis. For the laser induced ultrasound the transducer detection time is not that close to the median value for
the speckle analysis measurements which can be explained by two reasons. First, there is again tissue deformation
during the experiment. And second, due to the ablation of the black spray by the short laser pulse, it is not possi-
ble to carry out more measurements which might have improved the statistics.

Remote photoacoustic sensing in reflection-mode.  The optical phantoms and the ex-vivo sample are
also measured in reflection-mode. From phantom-1, phantom-2, phantom-3 and the ex-vivo sample are respec-
tively 42, 36, 52 and 10 measurements analysed. Figure 5 shows the box plot for the detection times of the pho-
toacoustic signals with SNR bigger than 4 using the speckle analysis and the calculated detection time using x,;
and the speed of sound. It is visible that the calculated detection times match the time intervals defined by the
speckle sensing for the phantoms. However, there is the trend that the median value for the speckle sensing detec-
tion time is later than the estimated detection time. This can be explained by the fact that the estimated detection
time is calculated using x; which is the shortest distance between the sample surface and the absorber. In reality,
light scattering leads to photoacoustic signal generation at locations at the absorber which have a bigger distance
to the detection spot of the sample surface than x,. This leads to a later detection time using the speckle sensing
technique. For the ex-vivo sample, the speckle sensing detection times are also too late. This can be explained by
the mentioned reason and in addition the tissue may have been deformed during experimental handling.

Discussion

Selection of Sample Material and Assumptions. Selecting a proper phantom material for photoacous-
tic sensing is difficult. A perfect phantom should possess the following properties: tissue-like and controllable
acoustic properties, tissue like and controllable optical parameters, values for relevant thermoelastic properties,
realistic and versatile architecture, long-term stability, reproducibility of preparation. There are many materials
available which can be used for photoacoustic experiments. However, there is no standard phantom material for
photoacoustics since none of the so far used materials fulfils all of the mentioned properties.
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Figure 4. (a,b) The ultrasound transducer measurements in transmission-mode are shown with the
corresponding detection times of the photoacoustic and laser induced ultrasound signal. (b) For the marked
surface, the laser induced ultrasound signal is stronger than the photoacoustic signal. (c) Detection times using
speckle sensing and its standard deviation for the photacoustic signal and for the laser induced ultrasound
signal at the phantom surface. The state of the art measurement using the ultrasound transducer matches the
time interval for speckle sensing.
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Figure 5. Detection times using speckle sensing and its standard deviation for the photoacoustic
measurements. The theoretical arrival time of the photoacoustic signal matches the time interval for speckle
sensing.

Polyester and resin have already been used in photoacoustics since they offer long term stability*®. However,
they do not mimic tissue mechanical properties due to their high speed of sound and acoustic attenuation. Water
based materials like gelatin and agarose were also used for photoacoustic measurements®"*2. However, they lack
long term stability and degrade quickly over some days by loosing water. This makes them unsuitable for long
term measurements hindering the reproducibility of measurements. Another material that has been widely
applied in photoacoustics is polyvinyl alcohol (PVA)*3. For this material, the acoustic and optical properties can-
not be tuned independently of each other. In addition, its preparation process is long®*. PVCP is a suspension
of PVC in liquid plasticizer which undergoes mutual dissolution when heated®. This material has already been
investigated as photoacoustic material and shows stability for at least six months. Furthermore, the preparation
process is easy and takes approximately one hour. Realistic and versatile phantom architectures are also feasible
since the heated, fluid PVCP is poured into a prepared mould and solidifies quickly. By the addition of softener,
the speed of sound and acoustic attenuation can be adjusted to the targeted tissue type. The density of PVCP is
similar to water and thus matches most soft tissue types®. Furthermore, the optical properties can be tuned to the
aimed tissue type by adding scatterers and absorbers during the preparation process. Considering all the needed
properties for photoacoustic phantoms, PVCP seems to offer the best properties and is selected as phantom
material in this work.
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For the demonstrated proof of concept of remote photoacoustic detection using speckle-analysis, the phan-
toms used in this work provide a strong optical absorption contrast which is not found in real tissue for an
excitation wavelength of 1064 nm. However, the selected excitation wavelength offers reduced Rayleigh scattering
which leads together with the high absorption contrast to a strong and clear photoacoustic signal and allows
the approximate reconstruction of the initial pressure source after optical excitation using a single measure-
ment of the surface vibrations by time of flight. Next to the strong optical contrast there is a second assumption:
The acoustic properties of the absorber and the scattering matrix are matched since the same material is used.
Consequently acoustic reflections at the boundary between absorber and surrounding can be neglected. However,
this is an assumption which can be transferred to soft tissue whose mechanical properties are very similar.

The absorber size used in this work is not found in real tissue. However, this big absorber size is needed for the
proof of concept study in this work since the frame rate of 823.500 Hz of the high-speed camera limits the pho-
toacoustic imaging resolution. With this frame rate it is possible to resolve surface changes at a frequency of
approximately 400.000 Hz which leads to a spatial resolution of éx=3.4 mm using ¢= 1330 2. Consequently, an
absorber height of /=9 mm and an absorber diameter of 17 mm are used in this work in’order to ensure an
excitation of an absorber area bigger than éx. In addition, this big absorber structures also ensure a photoacoustic
surface deformation and resulting tilt which is sufficient for the remote detection approach. These two factors
enable the reliable detection of the photoacoustic surface displacements using speckle-analysis.

Selection of Imaging System. The imaging system was selected according to the resulting speckle diame-
ter SD, resolution and imaging speed. The speckle size in a distance Z to the illuminated surface (imaging plane)
is dependent on the illumination diameter D and the wavelength. It can be calculated according to eq. (1)*.

_NM
D 1)

For this work the following parameters are used: D =300 um, Z=2cm and A =532nm. Using eq. (1) leads
to SD =35 pum. This size can be detected by several pixels using the imaging system in this work (Resolution of
2.8 pum). Since the resolution is enough to capture one speckle, it is possible to detect the induced speckle move-
ments due to surface deformations.

The sampling rates for photoacoustic signal detection is normally several megahertz (MHz). However, there
is not any camera available that can provide this high acquisition rate for remote photoacoustic detection using
speckle sensing. The used camera in this work (Vision Research (USA), Phantom v1210) is one of the fastest
high-speed cameras available and offers 823,500 frames per second at a resolution of 128 x 16 pixels. This sam-
pling rate is high enough for the proof of concept of remote photoacoustic signal acquisition by speckle analysis.
However, for precise signal acquisition, a faster optical detection systems is required in future.

The setup is also designed according to the minimal detectable surface tilt cv,,,;,. The correlation algorithm is
capable to detect shifts of L of the camera pixel size. This value defines the minimal detectable shift for the sec-

20 . . . . C s ..
ondary speckle pattern. Considering the magnification of the factor of 10 of the objective a minimal detectable
shift of the primary speckle pattern (x,) of - pixel size can be calculated. Using this value and eq. (2), a;, is
calculated at 4 X 10*° (Z=2cm, pixel size 28 um). Horstmann et al. measured a maximal photoacoustic surface
displacement of 50 nm for a silicone phantom with a cubic absorber with a diameter of 1 mm and a radiant expo-
sure of 32 m_]228' For the study shown in this work even bigger absorber sizes and higher excitation exposures are

SD

used which should result in bigger deformation amplitudes than 50 nm with a surface tilt bigger than 4 x 107*°.
Due to this comparison, the noise equivalent detection tilt (4 x 107*°) is considered as sufficient small for the
detection of the photoacoustic signal in this work.

Signal Quality and Behaviour. Based on the repeatability and on the successful verification of the
transmission-mode results using a state of the art ultrasound transducer, it can be concluded that speckle sensing
is a reliable technique for the temporal photoacoustic detection in transmission-mode on phantoms and ex-vivo
tissue. It is also possible to reliably separate the photoacoustic signal from the laser induced surface signal using
speckle sensing. Furthermore, it is demonstrated that speckle sensing reliably detects the photoacoustic signal in
the reflection-mode. This is an essential step towards a feedback system for a smart laser scalpel. In this case, the
excitation and remote sensing also need to be done from the same side.

For the remote speckle sensing technique, the movement direction of the primary speckle pattern and thus
also the movement direction of the secondary speckle pattern depends on the direction of the surface tilt « (see
Fig. 6 and eq. (2)). The correlation analysis of the secondary speckle video extracts the shift of the secondary
speckle pattern (x;) related to the image center. A different direction for « results in a different movement of
the secondary speckle pattern related to the image center and thus in a different sign for the temporal vibration
profile. The sign for the initially detected o after photoacoustic excitation depends on the sensing location on the
object surface. This effect explains the different signal behaviour in Fig. 1. The first signal peak for phantom 1 is
positive, whereas it is negative for phantom 2 and phantom 3. A slight different displacement of the illumination
beam from the phantom center may have taken place between these measurements which results in a different
sign for the initial detected o for the same photoacoustic deformation.

Not all measurements carried out for this work show a clear signal peak. This can be explained by the low sam-
pling rate for photoacoustic signal acquisition, the low photoacoustic surface amplitude and potential displace-
ment of the cw-illumination. As already mentioned, the camera sampling rate is much too low for photoacoustic
detection and thus the signal might not be resolved completely. Based on the results from Horstmann et al., it
can be assumed that the maximal photoacoustic surface deformation in this work is in lower nm-range at the
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Figure 6. The generated photoacoustic signal of the absorbing object leads to a surface tilt a. This angle leads
to a shift of the primary speckle pattern in the observation plane with distance Z to the object surface. By using
a camera system, the secondary speckle pattern shift x, can be calculated and it is possible to recover the surface
tilt ov.

phantom centre?. This low amplitude decreases quickly at points which are off the phantom centre due to acous-
tic attenuation. As a consequence, a displacement of the illumination beam from the phantom center influences
the signal quality of the temporal vibration profile acquired by speckle sensing.

Furthermore, it needs to be mentioned that there are two main advantages compared to contact transducers,
which influence the signal quality. First, there is no frequency dependent sensitivity for speckle sensing compared
to transducers, which show a resonant behaviour at a specific frequency. This advantage together with the devel-
opment of faster imaging systems might lead to a very clear signal acquisition in future. Second, the size of the
area on the surface, where the vibration detection takes place can be scaled easily by focusing or by changing the
imaging aperture. Consequently, the spatial sampling of the surface can be very fine compared to bulky trans-
ducers. This fact together with a fine scanning approach might lead to a clear signal reconstruction for speckle
sensing.

Conclusion and Outlook. This work reports on a new all optic non-interferometric system for detecting
photoacoustic signals remotely based on speckle sensing. A proof of concept is performed by photoacoustic
measurements in transmission-mode on optical phantoms mimicking optical and mechanical properties of soft
tissue. These measurements are verified using a contact ultrasound transducer which is state of the art for pho-
toacoustic signal detection. Furthermore, the feasibility of remote photoacoustic detection on biological tissue
is demonstrated using ex-vivo fat tissue. The potential for a successful application as a feedback system for laser
interventions is also highlighted with the measurements in reflection-mode on optical phantoms and ex-vivo
fat tissue. A penetration depth of up to 6.6 mm was achieved which is high enough for a potential laser surgery
feedback system.

For future work, it is necessary to reduce the cw-illumination irradiance for speckle generation and the pulse
energy for photoacoustic excitation, since exposures which are above the allowed limits are used. This can be
achieved with a more sensitive detector unit which allows the usage of low power cw-lasers. Remote vibration
sensing using the speckle analysis has already been successfully demonstrated on biological tissue using low
power cw-lasers®*-3. The more sensitive detector system will also allow remote photoacoustic detection on
absorbing surfaces in contrast to the only-scattering surfaces like PVCP and fat used in this work. The SNR and
penetration depth of the remote speckle sensing technique needs to be evaluated for lower excitation pulse ener-
gies. In addition, the sensitivity of the remote speckle sensing technique should be determined. It is possible to
measure the surface deformations with a vibrometer in order to specify the minimal detectable tilt using speckle
sensing.

Precise image reconstruction would not be possible with the used setup due to the used sampling rate of
823500 Hz and due to the fixed cw-illumination. Consequently a faster detector unit based on diodes together
with a flexible, scannable illumination needs to be developed. By scanning the cw-illumination over the field of
interest on the object, point by point signal acquisition could be performed with repeated photoacoustic excita-
tion. For each measurement point, the speckle pattern is captured and temporally tracked after photoacoustic
excitation with the diode array and the temporal oscillation profile is computed. After data acquisition, it would
be possible to reconstruct the initial pressure distribution of the excited volume using back projection. Assuming
an acquisition rate of 30 MHz, a reconstruction precision in tissue below 100 zm could be reached. This is con-
sidered to be accurate enough for a potential remote laser surgery feedback system. Considering a common
repetition rate of 10 Hz for the removal of skin cancer using an Er:YAG or CO, laser it is realistic to measure at
50 x 50 spots with an acquisition duration of 4 us each®. This acquisition time results in a penetration depth of
approximately 5mm in tissue which would be sufficient for the usage as a potential laser feedback system. Tissue
differentiation would then be possible, since the absorption characteristics and thus the photoacoustic signal
strength and the reconstructed initial pressure value change between tissue types. For cancerous skin tissue and
for blood vessels the absorption coefficient increases due to an increased hemoglobin concentration®’. Also, the
absorption properties for the skin constituents epidermis, dermis, subcutaneous fat differ strongly*!.
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Figure 7. The PVCP phantoms used in this work consist of an absorbing hemisphere with a surrounding
scattering matrix. The distance x, between the hemisphere and the phantom surface is varied. The ex-vivo
sample consists of an absorbing cylinder made of PVCP surrounded with fat tissue.

This future work packages might lead to more realistic experiments and later to in-vivo trials for laser surgery.
If successfully implemented in a laser surgery system, the speckle-sensing technique might provide non-contact
feedback with a high optical contrast and penetration depth. The technique might for example assist the laser
removal of skin cancer like basal cell carcinoma or squamous cell carcinoma since contact-free photoacoustic
imaging of the region of interest could be done between the ablation pulses in order to measure the remaining
ablation thickness and to prevent healthy tissue. Furthermore, it also holds the potential to be implemented in an
endoscopic setup since the speckle image can also be transferred using imaging fibres which would allow endo-
scopic remote photoacoustic sensing. This is interesting for endoscopic photoacoustic imaging and again for the
usage as a laser surgery feedback system for endoscopic laser applications. In general, it could help to broaden the
application of the laser for medical surgeries.

Methods

Signal Generation and Speckle-Analysis. In photoacoustic sensing, the absorption of a short laser pulse
generates heat and leads to a thermo-elastic expansion which generates an acoustic signal*. This acoustic signal
reaches the surface and deforms it. The deformation of the surface generates also a tilting with the angle « respec-
tive to the original undistorted surface. Figure 6 shows on the left side the generated surface tilt after photoacous-
tic excitation. The right side of Fig. 6 illustrates the speckle sensing technique. It is possible to detect this surface
tilt with the speckle sensing technique. If a rough surface is illuminated with a cw-laser, a speckle pattern will be
generated. This speckle pattern moves depending on the surface movements of the illuminated area. The surface
movement and consequently the speckle pattern movement can be grouped in three degrees of freedoms: axial,
transversal and tilting. If the observation plane distance for the primary speckle pattern fulfils the far field approx-
imation, the speckle pattern movement is only dependent on the surface tilt and on the distance Z of the observa-
tion plane to the surface*’. Equation (2) describes the resulting shift x, of the primary speckle pattern in the
observation plane with the distance Z to the tilted object surface. The shift x; of the resulting secondary speckle
pattern is defined by the magnification M of the optics and can be captured by the camera: x, = Mx,,. By calculat-
ing the cross-correlation between the video frames, the temporal shift of the secondary speckle pattern is calcu-
lated and the temporal surface tilt is recovered. Using the speed of sound ¢, it is possible to reconstruct the
location of the initial pressure source in the object volume relative to the laser illuminated area.

X, = tan(a)Z 2)

Sample Preparation. Figure 7 shows details of the experimental samples that include a tissue phantom and
an ex-vivo porcine tissue obtained from a local supermarket.

For this work, Polyvinylchloride plastisol (PVCP, Standard Lure flex (medium), Lure Factors, Great Britain) is
used as phantom material. The speed of sound c in the phantoms is measured using an ultrasound thickness
measurement device (Mini Test 430, Elektro Physik, Germany) connected to a piezoelectric sensor head with a
resonance frequency at 2 MHz at 1330 ms. The density p is measured by volume displacement of ethanol at
1040¢ g . The resulting acoustic impedance (Z = pc) of the used phantoms in this work is1.38 x 10°-"%- kg which is

in good agreement with the values of soft tissue: The impedance of fat tissue is 1.4 x 10° 5 kg and f for muscle
1.62 x 10° 84, "
In order t to adjust the optical properties, additives are added during the preparation process. A black plastic

color is added to change the absorption coefficient 11, and TiO,-particles are added to adjust the reduced scatter-
ing coeflicient 41/ . In this work, a color-concentration of 7 Vol-% and a TiO,-concentration of 4% __js used

m)
for the absorbing and scattering phantom parts. The optical properties for these concentrations were determined
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Figure 8. (a) Optical Setup for remote photoacoustic sensing in transmission-mode using speckle analysis. The
detection unit consists of a high speed camera (1), lens (2), aperture (3), bandpass-filter (4) and microscope
objective (5). The speckle pattern is generated by cw-laser beam (6) which is focused on the phantom surface (9)
using a lens (7). The sample is excited with a short laser pulse aiming at the phantom centre (8) which triggers
the high speed camera. (b) Optical Setup for remote photoacoustic sensing in reflection-mode. Excitation and
sensing take place on the same object side. (¢) The resolution of the imaging system was measured at 2.76 um
(Group 7, Element 4) using a USAF 1951 Test Target. (d) Example of a speckle image captured with the imaging
setup (128 x 16 pixel). The scales are added using the resolution, pixel size and the optical magnification

M = 10.

at the excitation wavelength 1064 nm using spectrophotometric measurements and Inverse Adding Doubling. In
this work, the absorption coeflicient for the absorbing phantom part is 1061 cm and the reduced scattering coef-
ficient for the scattering part is 21 L. The scattering coefficient for the absorbing part and the absorbing coeffi-
cient for the scattering part can be ilnéglected.

For the experiments carried out in this work, three cylindrical PVCP-phantoms with a diameter of 46 mm are
manufactured consisting of a scattering matrix and an absorbing core. The phantoms are produced in a three-step
process. First, the bottom layer is manufactured and second, the absorbing core is produced using a hemispherical
shape with a diameter d of 17 mm and a height 4 of 9mm. Third, the absorbing target is put on the bottom layer
and the cast is filled until the final phantom height H is reached. The geometrical distances are measured using a
caliper. The distance x; of the absorbing core to the phantom surface is varied for the first three phantoms. The
ex-vivo sample consists of porcine fat. The tissue sample was prepared in a two-step process. First, two
square-slices with a side length 35 mm are cut out of the fat. Second, a hole with the dimensions of the cylindrical
target is cut out from one of the slices. Third, an absorbing target (PVCP) is pressed into the hole. Ultrasound gel
is used to assure good acoustic coupling with the tissue. Finally, the two layers are pressed together. The speed of
sound for the fat tissue is assumed at 1450 ?45.

Optical and Experimental Setup. Figure 8 illustrates the optical setup used for remote photoacoustic
sensing in transmission-mode (excitation and detection on opposite surfaces) and reflection-mode (excitation
and detection on same surface) using speckle analysis. Photoacoustic excitation of the phantom is done using a
single short laser pulse (Q-Smart 450, Quantel laser, Les Ulis (France)) targeting the phantom centre. The used
laser has a wavelength of 1064 nm, a pulse duration of 5ns and a beam diameter of 7 mm. For proof of concept a
pulse energy of 40 m] is selected for the phantom experiments in reflection-mode, leading to an energy exposure
of 104“‘_]2. For the transmission-mode measurements, a pulse energy of 50 m]J is used. The resulting energy expo-

cm
sure of 130 ‘LIZ Both exposure are higher than the maximum permissible exposure for single pulse photoacoustic
excitation on soft tissue at 1064 nm (100 “‘_]246). The high excitation energy generates a high photoacoustic signal

amplitude which can clearly be detected at the phantom surface and helps to understand the physical principles
of the new detection approach for proof of concept. A cw-laser (532 nm, 100 mW) illuminates the detection side
of the sample surface for speckle generation and a high-speed video camera (Phantom v1210, pixel size 28 ym,
Vision Research, USA), which is triggered by the single short laser pulse and then detects the speckle pattern. The
illuminated diameter on the sample surface is approximately 300 ym. This results in a high exposure which is
above the maximum allowed value for soft tissue. However, this exposure is selected in order to create a bright
speckle pattern which can be detected by the optical imaging system for the demonstrated proof of-concept study.
The optical system consists of an infinity corrected microscope objective (NA = 0.28, working distance 34 mm),
a bandpass for 532 nm, a mechanical aperture (diameter adjustable from 0.8 mm to 12 mm), a biconcave lens
(f = 200 mm) and the sensor of the mentioned high speed camera. The aperture diameter was adapted for each
measurement in order to achieve a high speckle contrast and sufficient sampling of the speckle size. The resolu-
tion of the optical system is measured about 2.8 ym measured by a microscope test target (1951 USAF test target,
Fig. 8). The distance of the imaging plane to the sample surface (Z) is 2 cm. After photoacoustic excitation, a video
is captured with a sampling rate of 823,500 frames per second and a resolution of 128 x 16 pixels. This sampling
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rate is too low for precise photoacoustic sensing. However it is high enough for the proof of concept demonstra-
tion in this work. The sampling rate leads to a time window of 1.2 us between the frames. The captured video is
analysed with Matlab R2015b (The MathWorks, Inc., Narick, MA, USA). By calculating the correlation between
the video frames, the temporal vibration profile of the sample surface can be acquired. The time points of this
vibration profile represent the time difference between trigger income and the end of an exposure interval of the
high speed camera. For comparison, the temporal vibrational profile is normalized to the maximum and the sig-
nal to noise ratio ( SNR = liis calculated using the standard deviation of the temporal vibration profile o before

short pulse excitation. For this work photoacoustic measurements in transmission-mode and reflection-mode,
using the phantoms and the ex-vivo sample, are carried out. For the phantom measurement, more than 36 single
measurements per phantom were carried out and analysed in order to ensure statistical relevance. For the pho-
toacoustic ex-vivo measurements more than 10 measurements per sample were carried out. The reduced amount
of measurements for the ex-vivo samples avoids the influence of tissue deformation or drying during the experi-
ment. From these measurements, the measurements with a SNR bigger than 4 are analysed since they show a clear
signal peak and box-plots are prepared.

Furthermore, for verification of the remote photoacoustic measurements, a broadband contact ultrasound
transducer V111-RM, Olympus Corporation, Japan) with a resonance frequency of 10 MHz is used. Contact
transducers are at the moment the state of the art for photoacoustic signal detection and this modality is consid-
ered s precise compared to the remote speckle sensing approach.

Statistical analysis. All photoacoustic experiments were carried out at least 10 times and the illustrated box
plots show the results of at least 4 measurements after the statistical analysis.

References

1. Bass, L. S. & Treat, M. R. Laser tissue welding: A comprehensive review of current and future. Lasers in Surgery and Medicine 17,
315-349 (1995).

2. da Silva, J. P, da Silva, M. A., Almeida, A. P. F, Junior, I. L. & Matos, A. P. Laser therapy in the tissue repair process: A literature
review. Photomedicine and Laser Surgery 28, 17-21 (2010).

3. Te Alexis, E. The next generation in laser treatments and the role of the greenlight high-performance system laser. Reviews in
Urology 8, 24-30 (2006).

4. Keller, U. et al. Erbium:YAG laser application in caries therapy. Evaluation of patient perception and acceptance. Journal of Dentistry
26, 649-656 (1998).

5. Schoelch, M. L., Sekandari, N., Regezi, J. A. & Silverman, S. Laser management of oral leukoplakias: A follow-up study of 70 patients.
The Laryngoscope 109, 949-953 (1999).

6. White, J. et al. Nd:YAG and CO, laser therapy of oral mucosal lesions. Journal of Clinical Laser Medicine & Surgery 16, 299-304
(1998).

7. Liu, J.-F, Lai, Y.-L., Shu, W.-Y. & Lee, S.-Y. Acceptance and efficiency of Er:YAG laser for cavity preparation in children.
Photomedicine and Laser Therapy 24, 489-493 (2006).

8. Kanawade, R. et al. Qualitative tissue differentiation by analysing the intensity ratios of atomic emission lines using laser induced
breakdown spectroscopy (LIBS): Prospects for a feedback mechanism for surgical laser systems. Journal of Biophotonics 8, 153-161
(2015).

9. Mehari, E et al. Investigation of the differentiation of ex vivo nerve and fat tissues using laser-induced breakdown spectroscopy
(LIBS): Prospects for tissue-specific laser surgery. Journal of Biophotonics 9, 1021-1032 (2016).

10. Mehari, E. et al. Laser induced breakdown spectroscopy for bone and cartilage differentiation - Ex vivo study as a prospect for a laser
surgery feedback mechanism. Biomedical Optics Express 5, 4013-4023 (2014).

11. Rupprecht, S., Tangermann, K., Kessler, P., Neukam, F. W. & Wiltfang, J. Er:YAG laser osteotomy directed by sensor controlled
systems. Journal of Cranio-Maxillofacial Surgery 31, 337-342 (2003).

12. Rupprecht, S., Tangermann-Gerk, K., Wiltfang, J., Neukam, F. W. & Schlegel, A. Sensor-based laser ablation for tissue specific
cutting: An experimental study. Lasers in Medical Science 19, 81-88 (2004).

13. Stelzle, . et al. Diffuse reflectance spectroscopy for optical soft tissue differentiation as remote feedback control for tissue-specific
laser surgery. Lasers in Surgery and Medicine 42, 319-325 (2010).

14. Stelzle, E. et al. Optical nerve detection by diffuse reflectance spectroscopy for feedback controlled oral and maxillofacial laser
surgery. Journal of Translational Medicine 9, 1-9 (2011).

15. Zam, A. et al. Tissue-specific laser surgery: Hard tissue differentiation by diffuse reflectance spectroscopy ex vivo. In Frontiers in
Optics, FThP2 (Optical Society of America, 2009).

16. Boppart, S. A. et al. High-resolution optical coherence tomography-guided laser ablation of surgical tissue. Journal of Surgical
Research 82,275-284 (1999).

17. Fuchs, A. et al. Online measurement and evaluation of the Er:YAG laser ablation process using an integrated OCT system.
Biomedical Engineering/Biomedizinische Technik 57, 434-437 (2012).

18. Daz, J. D., Kundrat, D., Goh, K.-F.,, Majdani, O. & Ortmaier, T. Towards intra-operative OCT guidance for automatic head surgery:
First experimental results. In International Conference on Medical Image Computing and Computer-Assisted Intervention, 347-354
(Springer, 2013).

19. Zhang, Y. et al. Optical coherence tomography guided laser cochleostomy: Towards the accuracy on tens of micrometer scale.
BioMed Research International 2014, 1-10 (2014).

20. Yao, J., Xia, J. & Wang, L. V. Multiscale functional and molecular photoacoustic tomography. Ultrasonic Imaging 38, 44-62 (2016).

21. Yao, J. & Wang, L. V. Photoacoustic microscopy. Laser & Photonics Reviews 7, 758-778 (2013).

22. Kolkman, R. G. et al. Feasibility of noncontact piezoelectric detection of photoacoustic signals in tissue-mimicking phantoms.
Journal of Biomedical Optics 15,055011/1-055011/4 (2010).

23. Barnes, R. A., Maswadi, S., Glickman, R. & Shadaram, M. Probe beam deflection technique as acoustic emission directionality
sensor with photoacoustic emission source. Applied Optics 53,511-519 (2014).

24. Johnson, J. L., van Wijk, K., Caron, J. N. & Timmerman, M. Gas-coupled laser acoustic detection as a non-contact line detector for
photoacoustic and ultrasound imaging. Journal of Optics 18, 024005/1-024005/11 (2016).

25. Carp, S. A, Guerra, A. III, Duque, S. Q. Jr. & Venugopalan, V. Optoacoustic imaging using interferometric measurement of surface
displacement. Applied Physics Letters 85, 5772-5774 (2004).

26. Hochreiner, A., Bauer-Marschallinger, J., Burgholzer, P., Jakoby, B. & Berer, T. Non-contact photoacoustic imaging using a fiber
based interferometer with optical amplification. Biomedical Optics Express 4,2322-2331 (2013).

27. Rousseau, G., Gauthier, B., Blouin, A. & Monchalin, J.-P. Non-contact biomedical photoacoustic and ultrasound imaging. Journal of
Biomedical Optics 17,061217/1-061217/7 (2012).

SCIENTIFIC REPORTS |

(2019) 9:1057 | https://doi.org/10.1038/s41598-018-38446-x 10


https://doi.org/10.1038/s41598-018-38446-x

www.nature.com/scientificreports/

28. Horstmann, J., Spahr, H., Buj, C., Miinter, M. & Brinkmann, R. Full-field speckle interferometry for non-contact photoacoustic
tomography. Physics in Medicine and Biology 60, 4045-4058 (2015).

29. Fonseca, M., Zeqiri, B., Beard, P. & Cox, B. Characterisation of a pvcp based tissue-mimicking phantom for quantitative
photoacoustic imaging. In European Conference on Biomedical Optics, 953911/1-953911-9 (Optical Society of America, 2015).

30. Pogue, B. W. & Patterson, M. S. Review of tissue simulating phantoms for optical spectroscopy, imaging and dosimetry. Journal of
Biomedical Optics 11,041102/1-041102/16 (2006).

31. Xia, W. et al. Design and evaluation of a laboratory prototype system for 3D photoacoustic full breast tomography. Biomedical Optics
Express 4,2555-2569 (2013).

32. Cook, J. R., Bouchard, R. R. & Emelianov, S. Y. Tissue-mimicking phantoms for photoacoustic and ultrasonic imaging. Biomedical
Optics Express 2, 3193-3206 (2011).

33. Vogt, W. C,, Jia, C., Wear, K. A, Garra, B. S. & Pfefer, T. J. Biologically relevant photoacoustic imaging phantoms with tunable optical
and acoustic properties. Journal of Biomedical Optics 21, 101405/1-101405/11 (2016).

34. Kharine, A. et al. Poly (vinyl alcohol) gels for use as tissue phantoms in photoacoustic mammography. Physics in Medicine and
Biology 48, 357-370 (2003).

35. Golberg, M. et al. Speckle-based configuration for simultaneous in vitro inspection of mechanical contractions of cardiac myocyte
cells. Journal of Biomedical Optics 18,101310/1-101310/5 (2013).

36. Sirkis, T., Beiderman, Y., Agdarov, S., Beiderman, Y. & Zalevsky, Z. Monitoring blood vital bio signs using secondary speckle
patterns. Optics Express 24, 27899-27909 (2016).

37. Tenner, E et al. Evaluation of a laser-based sensor for the diagnosis of neurological disorders. In Engineering in Medicine and Biology
Society (EMBC), 2017 39th Annual International Conference of the IEEE, 4231-4234 (IEEE, 2017).

38. Bishitz, Y. et al. Optical configuration of pigmented lesion detection by frequency analysis of skin speckle patterns. Biomedical Optics
Express 7,1003-1014 (2016).

39. Soleymani, T., Abrouk, M. & Kelly, K. M. An analysis of laser therapy for the treatment of nonmelanoma skin cancer. Dermatologic
Surgery 43, 615-624 (2017).

40. Garcia-Uribe, A. et al. In-vivo characterization of optical properties of pigmented skin lesions including melanoma using oblique
incidence diffuse reflectance spectrometry. Journal of biomedical optics 16, 1-3 (2011).

41. Bashkatov, A. N., Genina, E. A. & Tuchin, V. V. Optical properties of skin, subcutaneous, and muscle tissues: A review. Journal of
Innovative Optical Health Sciences 4, 9-38 (2011).

42. Xia, J. & Wang, L. V. Small-animal whole-body photoacoustic tomography: A review. IEEE Transactions on Biomedical Engineering
61, 1380-1389 (2014).

43. Zalevsky, Z. et al. Simultaneous remote extraction of multiple speech sources and heart beats from secondary speckles pattern.
Optics Express 17, 21566-21580 (2009).

44. Culjat, M. O., Goldenberg, D., Tewari, P. & Singh, R. S. A review of tissue substitutes for ultrasound imaging. Ultrasound in Medicine
& Biology 36, 861-873 (2010).

45. Azhari, H. Appendix a: Typical acoustic properties of tissues. Basics of Biomedical Ultrasound for Engineers 313-314 (2010).

46. Xu, M. & Wang, L. V. Photoacoustic imaging in biomedicine. Review of Scientific Instruments 77, 041101/1-041101/22 (2006).

Acknowledgements

The authors would like to thank the German Research Foundation (DFG-Deutsche Forschungsgemeinschaft) for
their support. Parts of this work were achieved in the context of the DFG-project ‘Kontaktlose photoakustische
Bildgebung von Gewebe’ (Project Number 397972545). Also funding of the Erlangen Graduate School in
Advanced Optical Technologies (SAOT) in the framework of the German excellence initiative is gratefully
acknowledged.

Author Contributions

Mr. Benjamin Lengenfelder (M.Sc.) as the first author, implemented the new imaging system for speckle analysis.
He also guided the manufacturing of the phantoms and the preparation of the ex-vivo samples. Experiments
were also done by him, he performed the relevant data analysis and drafted the manuscript. Mr. Fanuel Mehari
(M.Sc.) and Mr. Martin Hohmann (Dipl. Phys.) helped to establish the new imaging system and the experimental
procedure. Mrs Erika Chelales (B.Sc.) and Mr. Markus Heinlein (M.Sc.) produced phantoms, prepared ex-vivo
samples and carried out measurements. Mr. Maximilian J. Waldner (Prof.), Mr. Florian Klampfl (Dr.-Ing), Mr.
Zeev Zalevsky (Prof.) and Mr. Michael Schmidt (Prof. Dr.-Ing.) guided the general research strategy and gave a
critical revision of this manuscript. All authors read and approved this manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:1057 | https://doi.org/10.1038/s41598-018-38446-x 11


https://doi.org/10.1038/s41598-018-38446-x
http://creativecommons.org/licenses/by/4.0/

	Remote photoacoustic sensing using speckle-analysis

	Results

	Remote photoacoustic sensing in transmission-mode. 
	Phantom Measurements. 
	Ex-vivo Measurements. 

	Remote photoacoustic sensing in reflection-mode. 

	Discussion

	Selection of Sample Material and Assumptions. 
	Selection of Imaging System. 
	Signal Quality and Behaviour. 
	Conclusion and Outlook. 

	Methods

	Signal Generation and Speckle-Analysis. 
	Sample Preparation. 
	Optical and Experimental Setup. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 The temporal vibration profile of the phantom surfaces measured in transmission-mode is shown.
	Figure 2 The phantom measurements in transmission-mode are verified using a contact ultrasound transducer (UST).
	Figure 3 Box plot of the photoacoustic detection times using speckle sensing for the phantoms.
	Figure 4 (a,b) The ultrasound transducer measurements in transmission-mode are shown with the corresponding detection times of the photoacoustic and laser induced ultrasound signal.
	Figure 5 Detection times using speckle sensing and its standard deviation for the photoacoustic measurements.
	Figure 6 The generated photoacoustic signal of the absorbing object leads to a surface tilt α.
	Figure 7 The PVCP phantoms used in this work consist of an absorbing hemisphere with a surrounding scattering matrix.
	Figure 8 (a) Optical Setup for remote photoacoustic sensing in transmission-mode using speckle analysis.




