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“There’s a lot of difference between listening and hearing."

G.K. Chesterton



Abstract

Handheld Optoacoustic Probe Facilitating Nearfield Investigations Through

a Transparent Detector

Modern medicine relies strongly on measurement devices, enabling the physician to in-
vestigate the human body in ever greater detail. In addition to established techniques
of optical microscopy, ultrasound, x-ray and magnetic resonance imaging, optoacoustic
(OA) imaging is on its path to enter the clinics. The research field of optoacoustics al-
ready produced a variety of remarkable setups, from high resolution microscopy to deep
penetrating tomography. Through the broad range of wavelengths available for this tech-
nique, it is capable of detecting the concentration of endogenous as well as exogenous
contrast agents, even blood oxygenation levels can be determined in real time. Depend-
ing on the application, different QA setups can be created, customized to best address

the specific task.

This thesis is concerned with the development of a handheld optoacoustic setup to de-
termine the thickness of melanoma. Penetration depth is the most important factor in
staging of skin tumors. To facilitate near field measurements the detector is designed to
be transparent, which allows illumination through the detector. Indium tin oxide elec-
trodes are sputtered on a piezoelectric polymer film to create a circular detector area.
Transparency was confirmed using spectrophotometric measurements in the visible and
near infrared light spectrum. To characterize the capabilities of the transparent detector,
far field measurements on hydrogel samples with layers containing different concentra-
tions of melanin were performed. An OA measurement series on a mole under laboratory
conditions showcased the possibility using wavelengths in the range from 432-652 nm with

this detector. For logistical reasons, only 532 nm were used in the other measurements.

Near field measurements on a coated glass plate are compared with simulation, confirm-
ing the validity of the data processing algorithm to remove the pyroelectric signal and
deconvolve the instrument response function from the OA signal. In a small clinical
study, suspicious nevi were investigated using the setup developed here. The obtained
OA signals are discussed in relation with the histology of the respective nevus. Even
though their thicknesses could not yet be determined reliably, the results are promising
that further improvements with regards to noise reduction will allow real time measure-

ments of the absorption depth profile.

Keywords: Handheld Optoacoustic Probe, Single Transparent Detector, PVA Hydrogel

Preparation, Optoacoustic Near Field Measurements.
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Chapter 1

Introduction

In the year 2018, worldwide, approximately 60 thousand people died from malignant
melanoma |Bral8|, also known as black skin cancer. With an overall mortality rate of
20 % malignant melanoma are very dangerous [Macll]. A main cause for melanoma
is intensive UV radiation at a young age, especially on sensitive skin. The highest
prevalence occurs in white populations living in regions with high sun exposure. A prime
example is Australia, where 4-5% of men and 3-4 % of all women develop melanoma in
their lifetime [Int14]. In regions of lower sun exposure, excessive use of tanning beds and
intensive sunbathing during summer vacations in southern countries has been attributed
to the rise in incidence rates [Int14]. Even though these risk factors have been known
for decades, certain life styles and the social ideal of beauty equating tanned skin with

health often counteract preventive measures.

Once a melanoma has formed, early discovery is key to a successful treatment. In the
early stages of the cancer, the chances of a full recovery are very high (five-year survival
rate >95% [Wanll|). However, if the tumor has grown far enough into the skin to
metastasize the survival rate drops significantly [Fri85|. Dermatologists are trained to
recognize certain characteristics distinguishing malignant melanomas from benign moles.
However, since these assessment criteria can only be applied to the visible features of the
lesion, manifestations in deeper regions of the skin can be missed. To reduce the risk of
missing a potentially lethal skin alteration, suspicious nevi are removed surgically. From
the histopathological examination of the excised tissue, the maximal penetration depth is

inferred; this is the single most important variable for the staging of melanoma [Wanl1].
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On one hand, if the thickness could be determined without excision, it would reduce
the number of needless operations. On the other hand, if the operation is necessary,
knowledge of the precise penetration depth can be used to decide on the safety margins
kept during the surgery, to ensure that all the afflicted tissue is removed already during

the first excision.

Various techniques have been considered to offer noninvasive means to investigate the
extent of the depth infiltration of skin cancer. Optical methods such as confocal mi-
croscopy and optical coherence tomography are capable of resolving structures of a few
micrometers in size. Confocal microscopy is even capable of resolving tissue structures
with cellular resolution [Raj95|. However, the long measurement duration of more than
5 minutes for a single lesion [Pel07|, in combination with the a maximum penetration
depth of 350 pm at a wavelength of 1064 nm [Raj99|, limits the practicality of using
confocal microscopy as a standard tool for melanoma detection. By comparison, mod-
ern optical coherence tomography systems, are capable of creating 3-dimensional images

with micrometer resolution within less than a minute.

In general, the penetration depth of optical methods is limited by the strong scattering
occurring in skin. In contrast, ultrasound waves can travel through several centimeters of
living tissue without significant attenuation. Ultrasound devices, such as those commonly
used in prenatal care, work with frequencies in the low megahertz range, which allows
deep penetration but limited resolution. High frequency ultrasound systems, specifically
designed for dermatology, allow high resolution while still maintaining a high penetration
depth relative to optical techniques. With a 75 MHz system, a 3 mm penetration depth
and a lateral resolution of 21 pm has been achieved |Gui08]. The contrast mechanism
in ultrasound imaging originates from changes in the acoustic properties, which cause
reflections. Regarding melanoma detection, this contrast is low, due to similar acoustic

properties of regular and pigmented skin.

Optoacoustics (OAs) combines optical contrast with acoustic resolution. Discovered in
1880 by Alexander Graham Bell, the optoacoustic effect describes the creation of pressure
waves by altering the radiation intensity absorbed by the sample. The phenomenon
has experienced a renewed interest since the adoption of powerful pulsed lasers in the
1960s. While in the beginning the field of optoacoustics was mainly confined to gas

spectroscopy, its focus has now shifted toward biomedical applications. In the last few
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decades, groundbreaking progress in the fields of optoacoustic endoscopy, microscopy
and small animal tomography followed. Using fiber-based illumination, endoscopes can
be built which are capable of producing, for example, a 100° image, demonstrated on a
rabbit colon in [Lil4]. OA microscopy can create images of living tissue with a lateral
resolution of a few micrometer [Hail4],[Haj15]. By realizing a system which utilizes the
pump-probe technique to enhance the axial resolution beyond the bandwidth limitations

of the transducer, single bovine erythrocytes can be resolved [Mat14].

One of the unique features of OAs is the large range of wavelengths that can be used.
Even without labeling, high contrasts can be achieved through a multitude of intrin-
sic optical absorption agents, i.e., melanin, hemoglobin, carotene, and so on. Due to
the large bandwidth of wavelengths available for use in OAs, individual absorber con-
centrations can be determined. Most prominent is the example of the differentiation
between oxygenated and deoxygenated blood [Lil4],[Yaol3],|Zha06],[Tz016]. Even more
impressive are results from an OA microscope, which not only produces high resolution
images but also yields information like blood oxygenation, vessel diameter, and even

blood flow [Ninl5|.

In optoacoustics, the resolution of a measurement device is defined by the precision
with which the origin of the pressure wave can be determined. Only regions which are
both in the path of the optical irradiation as well as in the field of view of the acoustic
detector contribute to the signal. Thus, in the case of a single detector setup, the
resolution is determined by the extent of the optical or the acoustic focus, depending on
which is smaller. Most high-resolution OA microscopes can be ascribed to the class of
optical-resolution microscopes. They operate near the surface of the sample in a depth
of a single mean free path, where optical lenses can create foci much smaller than any
acoustic detectors. If, however, the region of interest is deeper within the sample, intense
scattering renders optical-resolution devices useless. Acoustical-resolution setups are
capable of measuring well beyond the optical diffusion limit; depending on the acoustic
frequencies considered, they can reach several millimeters into the skin [Omal3],[Omal4].
Optoacoustic tomography can reach much deeper still. By using multiple detection
points and modern image reconstruction algorithms, high resolution can be achieved
with neither optical nor acoustical focusing. With that, OAs can cover multiple length

scales from organelles to organs [Wan12|, working in depths from 1 mm to 12 cm [Uppl7].
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Along with all the unique advantages of combining optical contrast with acoustical res-
olution, comes the challenge of incorporating both the detector and the illumination
into the setup without one negatively affecting the other. In OA microscopy, this was
achieved by guiding the light around the acoustic detector to create an optical focus
underneath. However, this method fails if multiple detectors are used, or if a broader
illumination area is desired. To circumvent the dilemma of shadows in the illumination
altogether, transparent detectors were designed. With these, the optical and acoustical

path can overlap without interference.

In [Zha08|, a setup is presented which utilizes a Fabry-Perot interferometer to detect
acoustic pressure transients directly at the surface of the sample. By positioning the
illumination and detection on the same side of the specimen, backward-mode measure-
ments are facilitated, as opposed to forward-mode, which works in transmission. This
setup is especially useful for research on skin where the region of interest is accessible
from one direction only. While the scanning of the Fabry-Perot interferometer is very
fast, the optical detection method is surpassed by traditional piezoelectric transducers
with respect to reliability and sensitivity. In 2005, Niederhauser et. al. used indium tin
oxide (ITO) as electrode material to create a transparent piezoelectric transducer for OA
depth profiling [Nie05]. Even though the technique showed promising results, it was not

investigated further.

In this thesis, a transparent transducer with ITO electrodes on piezoelectric polyvinyli-
dene fluoride (PVDF) was developed. The aim was to build a handheld OA setup
capable of determining the thickness of melanoma, in-vivo and noninvasively. Except for
the knowledge of the principle functionality of an ITO-PVDF detector, this work was
done from the ground up. To be able to focus on the experimental aspects, a single
detector was used, keeping the scope with respect to data acquisition and processing to
a manageable amount. For that reason, no resolution values will be presented. Instead
of a focus on imaging this work is concerned with establishing the bases of melanoma
thickness determination using a handheld OA setup. We successfully validated the capa-
bility of the setup with measurements on phantoms which matched the simulated results.
This setup was then used to conduct noninvasive in-vivo measurements in a brief pre-
clinical trial. Although this first layout of the setup experienced some limitations, we
are confident that, in the future, the technique can be further developed into a useful

measurement system.
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This thesis is structured as follows: Background knowledge is presented in Chapter 2, to
illuminate the OA effect in the context of this work. Additionally, the relevant properties
of human skin are explained, as is the MeDiOO project, in which this thesis is grounded.
Subsequently, in Chapter 3, the theoretical basics of OAs are described, followed by ex-
emplary curves resulting from simulations to visualize the fundamental signal properties.
Chapter 4 contains the experimental facts, from the production of tissue phantoms to
the design of the OA detector itself, and the different setups which it was used in. At the
end of this chapter, the data postprocessing is described. In Chapter 5, the experimen-
tal results are presented and discussed, starting with measurements on tissue phantoms
and other self-made phantoms representing the intermediate steps in the progress of the
development. The validation process of the phantom measurements also includes the
comparison to simulation. Finally, the results of the clinical measurement are presented

and discussed.






Chapter 2

Background

In Section 2.1 optoacoustics (OAs) as relevant for this thesis and with respect to the
broader meaning in framework of the research field will be elaborated. First the OA
effect in general is explained with focus on the dominant processes relevant for the later
discussion. Please note that the description here is from the phenomenological point of
view. The theoretical description can be found in Chapter 3. At the end of this section
the state-of-the-art is presented. In Section 2.2 the human skin is described in broad
terms, including an explanation of how the values used for the optical absorption and the
speed of sound were obtained. Subsequently, Section 2.3 will provide a few background
details about melanoma occurrence and staging. The MeDiOO project in which this
thesis was grounded is presented in Section 2.4. At the end of this chapter the way
to calculate the maximum permissible exposure (MPE) is shown and compared to the

irradiation intensities used in the preclinical trials.
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2.1 Optoacoustics

In the modern use of the words, optoacoustics (OAs) and photoacoustics are absolutely
interchangeable!. They both describe the transformation of radiation energy into ther-
moelastic pressure waves. With the advent of modern lasers this technique experienced
great progress over the last decades. Historically photoacoustic setups describe gas filled
chambers in which a sample is irradiated by a chopped light beam. In those cases, the
sample was either in the gas or solid state. The resulting acoustic waves are conveyed
by gas to a microphone. For the measurements on gaseous samples, photoacoustic reso-
nance was used, for which the gas is contained in a resonator and by tuning the chopper

frequency, resonance could be observed [Kar84].

Another example for traditional photoacoustic spectroscopy can be found in [Gie86]. The
setup consists of two interconnected gas chambers, one of which contains the microphone.
The other chamber is cylindrical with an open and a closed side. Through the closed side
the chopped light beam is coupled in while the open side is pressed on the sample, in this
case a human forearm. Besides the sensitivity of the resonator the chopping frequency
determines the probing depth of the measurement. However, photoacoustic spectroscopy
only determines the amplitude of the integrated signal and thus only indirectly yields
information about the depth profile of the absorber. Modern setups are different in that
they do not depend on light choppers, which necessitate working with lock-in ampli-
fication, instead they utilize pulsed lasers. Powerful laser systems enable illumination
with very short pulses producing stronger and sharper signals. Quickly progressing the

method now extends into many fields of science.

We chose to use the word optoacoustics instead of photoacoustics because, historically it
represents the generalized world of the optoacoustic effect independent of the setup or na-
ture of the sample. Additionally, there are regional differences. Whereas photoacoustics

is usually used in the US, European scientist often use optoacoustics.

'A thorough history of the nomenclature, including several other names, can be found in [Man16]
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2.1.1 The Optoacoustic Effect

The most basic description of the OA effect is the conversion of radiation energy into
pressure. In principle any radiation, including particle radiation, can initiate the process.
In practice however the vast majority of applications use electromagnetic radiation in the
visible or infrared spectrum. A variety of mechanisms can transfer the radiation energy
into local deformation of the sample (i.e. pressure). Some of these mechanisms ordered by
increasing conversion efficiency are: Electrostriction, thermal expansion, photochemical
changes, boiling or ablation, and breakdown or plasma formation |[Tam86]. Although
the conversion efficiency, that is from radiation energy into pressure, is higher in the
latter three, they are impractical for most applications due to their invasiveness. This
is especially relevant for measurements on living tissue. Electrostriction is not invasive
and produces pressure even in transparent samples. However, the conversion efficiency
is far too low to generate a detectable signal. Even in samples with very low absorption
coefficients (j1, = 107°cm™!), absorption-based phenomena dominate [Gus93]. In
general, and for this work in particular, the OA effect refers to the thermal expansion

only, more specifically to the thermal deexcitation channel of optical absorption.

After light is absorbed the energy can be directly transformed to heat, which is called
thermal deexcitation, or it can be deexcitated through nonthermal channels such as:
luminescence, photochemistry, photoelectricity, and energy transfer [Tam86]. All these
phenomena are examples of the photothermal effect. After excitation all these chan-
nels subsequently transfer parts of the energy into heat. Depending on the channel this
happens with a delay. While photoelectricity acts on time scales in the order of nanosec-
onds, photochemical chain reactions are capable of delays several magnitudes longer.
This would produce spurious OA signals. Fortunately, these effects are negligible in

comparison to thermal deexcitation.

If we imagine OAs as a two-step process, it can be divided into the optical irradiation and
the subsequent propagation of the resulting pressure wave, in other words, we distinguish
the optical and the acoustic domain. The optical irradiation introduces thermal energy,
distributed according to the absorption profile. This heat distribution is then partly
transferred into pressure by thermal expansion. The mathematical description can be
found in Section 3.1. It is important to note, that only the energy converted to pressure

is present in the OA signals discussed later. This conversion is more efficient when the
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FIGURE 2.1: Diagram of OA pressure generation. In the center the process relevant to
this work is framed in a green rectangle. The red descriptions underneath the blocks
indicate the reasons why this aspect is not included. Inspired by [Tam86] and [Loh98]

irradiation time is short, which again is a reason for the fast developments in the field
after introduction of commercial high-power lasers with pulse lengths in the nanosecond
range. For a descriptive understanding we here assume instant irradiation, which as
will be elaborated later is a valid approximation. Thus, after creating the initial OA
pressure profile the optical irradiation has no further influence on the process and only
the acoustic processes are considered. Most of this work focuses on the propagation of
this transient pressure wave. From here on out, any description of waves, reflection or

propagation is referring to purely acoustical effects if not denoted otherwise.

The initial pressure distribution resembles the optical absorption profile in the sample.
With the speed of sound of the surrounding medium, the pressure transient propagates

in all directions. Two modes of OA detection can be distinguished. The forward mode is
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defined by the detector being on the opposing side of the illumination. From a practical
point of view this has the advantage that the path of the illumination to the sample
is separated from the path of the stress transient to the ultrasound detector. For the
dermatological application desired in this work, however, the forward mode is imprac-
tical. The idea is to design a measurement setup that investigates a suspicious lesion
without harming the patient. To realize the forward mode, either the ultrasound sensor
or the illumination source would have to be implanted under the skin. Alternatively,
the detector could be placed on the other side of the considered body part. Unfortu-
nately, intermediate structures with vastly different acoustic properties than skin, such
as bones, ligaments or air cavities (lungs) constitute impenetrable barriers for the signal.
Thus, the only way to design a device that can be used noninvasively is for it to work
in the backward mode. In the backward mode illumination and detection are placed on
the same side of the sample. With regular ultrasound transducers?, which are opaque,
this poses another challenge. Any optical equipment in between ultrasound detector and
sample would disturb the OA signal and vice versa, the detector would produce a shadow

in the illumination. To solve this conundrum optically transparent detectors are used.

All measurements in this thesis are performed with a transparent piezoelectric transducer,
the design of which is elaborated in Section 4.2. Using a transparent detector allows for
the detector to be placed on axis with the illumination. Due to issues with the backing
layer, that is the layer used to better match the acoustic impedance of the detector with
its surrounding, not all measurements are on axis even though the transparent detector
would allow it. When the illumination is not directed through the active area of the
detector, it is necessary to position the detector far enough form the sample to allow
the light beam to pass underneath. If the distance between detector and sample is large
compared to the lateral extend of the acoustic source, it is called far field condition.
When the detector is placed directly on the sample, it is called near field condition. The
meaning of near and far field conditions will be explained in detail, with examples of
simulated signals in backward mode, in Section 3.2. The approach to OAs presented in
this section is reduced to the mode of operation used for the measurements presented in
this thesis. However, the field of OAs is much broader, even if only transparent transducer
setups are considered. To give an overview of different approaches and applications the

state-of-the-art is presented in the subsequent section.

2The words transducer and detector are used interchangeably.
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2.1.2 State-of-the-Art

As stated before, the OA effect was discovered by Alexander Graham Bell in 1880. How-
ever, progress was slow until the development of lasers which could produce high power
pulses with durations in the nanosecond range. Only in the 1990s did the extraordinary
evolution accelerate. Since then the topic expanded form a promising technique to a
distinguished field, including its own scientific journal. While in the beginning the main
idea was to use OA spectroscopy to determine the contents of gasses, nowadays biomed-
ical imaging applications dominate the field. For the medical use, three categories for

the modern OA setups can be designated: 1) Endoscopy 2) Microscopy 3) Tomography.

The main criterion an endoscope must satisfy is miniaturization. Especially in small
animals, bodily orifices can be very narrow. Optical endoscopes are widely used in
multiple medical fields to visualize the interior of the colon or esophagus. However,
optical endoscopes only work very superficial. OA endoscopy on the other hand is capable
of reaching depths of several millimeters |Uppl7|. In [Lil4| an endoscope with a diameter
of 12.7mm is presented which can create images with an angular field of view of 100°,
demonstrated on a rabbit colon. A major obstacle in establishing OA endoscopy in
medicine is the fact that any gas volume in between the detector and the sample prohibits

the OA transient to be measured.

The distinction between microscopy and tomography is hard to define. Roughly speaking,
the capability of a microscope is defined by the focus it can achieve inside of the sample.
Whereas the tomographic images are mostly produced by postprocessing of the data
through elaborate algorithms and are not as defined by the hardware limitations. While
most OA setups utilize some kind of focusing, it is the central feature of any microscopic

setup.

OA microscopy produces high resolution images by creating a tight focus in the sam-
ple. In most cases both the optical illumination as well as the acoustic detector are
focused. Depending on which focus is smaller we speak of optical-resolution or acoustical-
resolution microscopy. There are two major techniques used to overlay the foci. One is
to surround the detector with a ring-shaped mirror to guide the light around the OA
detector and to ensure that the foci overlap [Zha06], [Wan09]. The other method is to
use a prism which is optically transparent but has an acoustical border inside off which

the pressure waves reflect [Yan14]. Both techniques are capable of producing images
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with a resolution of a few micrometer [Wan12|, however the penetration depth is limited,

especially for the optical-resolution microscopy.

In any case, the OA microscopes are quite cumbersome and must scan mechanically
over the sample to create a 3-dimensional image. Most high-resolution OA microscopes
comprise a single detector which is fixed relative to the illumination. That way the whole
detector head or the sample must be translated to scan the region of interest. While
optical scanning can be implemented in a fast and elegant way using a galvanometric
scanner, the acoustic scanning requires the focus area of the detector to be moved by
mechanically translating the detector itself. In [Qil7] the scanning effort was reduced
by somewhat separating the optical from the acoustical scanning. The galvanometric
scanner guides the illumination pulses on straight lines over the sample, each line going
through the center by a different angle. In the beam path an angled cover glass is placed
not changing the optical but only the acoustical path. The pressure waves, diverted away
from the optical beam path by the cover glass, are detected by a cylindrically focused
transducer. The big advantage of the cylindrical focusing is that a whole line scan is in
the field of view and can be recorded without moving the detector. After each line the
acoustic transducer is rotated so the field of view matches the corresponding path of the
optical scanning. Due to the elongated transducer focus this technique is determined by
the optical-resolution, resulting in the limited penetration depth. Because of their rather
superficial imaging capabilities of a few millimeter both OA microscopy and endoscopy

are limited in their medical utility [Upp17].

By contrast, OA tomography is capable of imaging deep into scattering samples [Deal3].
In [Xial3| a system is presented able of 3D tomography of a human breast. With a field
of view of 170x170x170mm? the whole breast can be imaged in a single measurement.
However, there are several issues that would have to be resolved for the 3D scanner to
be applicable in medicine. The detector array, containing 8 transducers, is scanned in 2°
steps over a total of 240° in circle around the sample. This means that in combination
with the illumination, the whole space around the sample except for the side the breast
would enter, is occupied by the setup. In addition, the space in between the sample and
the detectors must be filled with water, further aggravating the execution of the measure-
ments in-vivo. By contrast, measurements on small animals allow the experimentalist to

sedate the specimen and to place it inside the setup. The animal is placed in a membrane
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to shield it from the water but still allow the light to enter and the ultrasound waves to

leave the sample.

In [Buel0] the perfusion of a mouse kidney is imaged with video rate. The mouse was
injected with Indocyanine Green (ICG), a dye used in medical diagnostics, which is highly
absorbing in the near infrared. Exogenous contrast agents are very useful to improve
penetration depth and image contrast. The agent must be a strong optical absorber
while being nontoxic and biodegradable [Uppl7|. If a stable contrast agent fulfilling
these requirements could be found, it might revolutionize the field of OAs. Already,
concentrations in the order of pM can be detected |Tarl5]. For research areas where
contrast agents cannot be used due to lacking means of transporting them to the desired
location or the applications are impeded by health concerns, the measurement setups
must function with low contrast. This makes the transducer design especially important
for OA tomography. Depending on the application it is used for, other requirements have
to be met as well. In Figure 2.2 a table is depicted, comparing the three major types
of ultrasound detectors. They are distinguished by the physical means with which the

pressure is translated into a measurable signal.

Piezoelectric Optical Capacitive Good
Bandwidth o + + +
Sensitivity + o0 L= Medium
Miniaturization (S0 E + o
Cost efficiency + - i Poor
Parallelization + - +

FIGURE 2.2: List for the comparison of different acoustic detection technologies used
in optoacoustics. Based on [Lut13]

In the following the properties of the three categories are discussed, briefly. Because
in this work a piezoelectric transducer is used, most comparisons are focused on that

category.

Optical detectors, that is, those which use optical means such as interferometry, sur-
pass piezoelectric detectors with respect to the bandwidth. The acoustic bandwidth
is relevant for high resolution, because sharp changes correspond to high frequencies.
Nonetheless, commercial piezoelectric transducers are available up to 100 MHz of center
frequency, corresponding to a resolution of around 10 pm. As will be discussed later the
bandwidth of the piezoelectric transducer itself is not the limiting factor in the context

of this thesis. In terms of miniaturization, optical setups are far superior to piezoelectric
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setups, particularly regarding endoscopic applications. Not included in the list above is
reliability which is highly important for medical applications. Especially in combination
with the accustomed use of regular ultrasound device in the clinics, the medical field
might prefer piezoelectric transducers. In addition, the cost efficiency of the optical de-
tection technique must be improved for it become viable in widespread use. Regarding
mass production possibility, capacitive detectors are advantageous [Ome02|. Large ar-
rays can be produced with micromachining, they are called capacitive micromachined
ultrasonic transducers (cMUTs) [Cal05]. cMUTSs have been proposed as an alternative to
piezoelectric detectors in OA imaging almost a decade ago [Vai09]. However, the lack in
sensitivity limits the utility, especially for biomedical applications where samples often

provide low contrast.

Transparent Detectors and Melanoma Investigation

The central motivation for the setup developed in this thesis is its potential use in
dermatological examinations. Therefore, backward-mode measurements are required?.
As is often discussed in this thesis, OA setups working in the backward-mode can be
improved by using transparent detectors. While the research of transparent piezoelectric
transducers is far behind their optical counterpart, they might compliment them in
the future. For now, the optical detectors are dominating the OA field regarding the
capabilities of imaging human skin and cutaneous vascular networks. Subsequently,
devices are described which are representative of the potential utility of transparent

detectors. Afterward the current state of melanoma investigation using OAs is presented.

The most advanced technique is using a Fabry-Perot interferometer [Zha08|,|Zhall]. It
utilizes the interferometric effects caused by the OA pressure waves deforming a thin
polymer layer. The local deformation of the Fabry-Perot interferometer is recorded by
optically scanning over the whole surface. The combination of all those depth profiles
results in a 3-dimensional image. In 2008 Zhang et al. presented their setup capable
of 3D imaging soft tissue. Widened laser pulses from a tunable OPO illuminated the
sample through the interferometric layer. A wavelength range of 600-1200 nm allows

targeting of many contrast agents and a deep penetration into biological specimen. Due

3For a visualization of the forward and backward mode please refer to Figure 3.1.
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to delays in the data acquisition each measurement step took 1s. In principle this
technique of optically scanning an interferometric surface can be very quick, limited only
by the runtime of the acoustic waves. An optical technique, which is very interesting
but at an early stage of research, is using micro ring resonators as transparent OA
detector [Lil4]. In [Don14] this technique is used in an endoscopic device showcasing the
utility of transparent detectors and the necessity of investigating different approaches for

their design.

There are very few cases of transparent piezoelectric transducers described in literature.
Even though, the poled PVDF foil often used as the piezoelectric layer in OA detectors
is transparent, the electrodes are not. Only few materials are transparent as well as
electrically conducting. In [Jae05] it was shown that even a sodium chloride solution is
sufficiently electrically conducting to function as electrodes. Far superior with respect
to conductivity is indium tin oxide (InyOs : Sn, ITO). ITO is a wide-bandgap oxide
semiconductor, which is both optically transparent in the visible and infrared wavelength
range and electrically conducting [Gra02]. In contrast to water, ITO can be attached to

the piezoelectric layer without the need of a waterproof tank to be built around it.

Preceding this work only a single publication used an ITO coated PVDF film as a trans-
parent OA transducer. In a research paper from 2005 Niederhauser et. al. presented their
setup capable of recording the depth profile of the optical absorption in a layered dye
sample in backward-mode [Nie05]. While the main focus of the article lies on the mea-
surement results and the principle advantages of the setup, instead of its specific design,
some of the described features can be found in the setup developed here. Centerpiece
was a 40 pm thick piezoelectric PVDF film upon which 200 nm I'TO was vapor deposited
on both sides. The active area was circular with a diameter of 3mm. It was not specified
how the active area was connected to the electrical amplifier. As backing layer, a 2cm
thick PMMA sheet was used. A clingfilm was placed on the ITO layer for mechanical
protection. Glycerin was used as adhesive, to achieve an acoustical connection between
the active area and the backing layer as well as the protection clingfilm. Even though the
setup was described to appear quite rudimentary it could record the OA depth profile of
the dye solution well enough that the absorption coefficient could be determined from the
resulting curve. The principle functionality of the setup presented here is similar to the
setup presented in [Nie05|. However, in contrast to our setup, it was neither handheld

nor constructed sufficiently robust to be used in clinical measurements.
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There are some experiences with the use of OAs for measurements on melanoma. In
[Oh06] an OA microscope, utilizing a ring mirror to focus the illumination into the sam-
ple underneath the ultrasound transducer, was used to image a melanoma inoculated into
a nude mouse. By working with both near infrared and visible wavelengths (764 nm and
584 nm) the tumor-feeding blood vessels as well as the tumor itself, up to 0.5 mm deep
into the mouse, could be visualized. Also working with melanoma in nude mice, [Zhol4]
investigated the merits of illuminating through the skin next to the tumor instead of
directly through the tumor itself. This approach has the advantage of the reduced ab-
sorption of regular skin in comparison to pigmented skin, allowing for deeper penetration.
However, while it produced valid results in nude mice, it is questionable if it is applicable
to humans. Melanoma are often wide spread, which reduces the light bypassing around

the tumor to illuminate it from below.

Preceding this work only a single study could be found which tested the usefulness of
OA measurements to determine the thickness of melanoma in-vivo. In total 15 lesions
were examined, for 9 of those the histologically determined thickness was compared to
the thickness measured by OA imaging [Chol5]. Even though the values agree well the
results are not enough to establish the setup as precise enough for medical use. For the
measurements a commercial device was used (Vevo Lazr 2100, Visualsonics Inc.). The
setup is described in [Zhol5] where a handheld OA probe was created to detect both
melanoma depth and volume at high speed. The transducer array resembles the standard
piezoelectric transducers used for medical ultrasound imaging. At the long side of the
array illumination fibers are placed allowing to create a 2D image with each lager pulse.
Unfortunately, the authors do not share the details about the image reconstruction they
used. Thus, their results cannot be compared to ours. Even though they determined the
thickness by analyzing the images which is not possible with the setup presented here,

it shows that melanoma thickness determination using OA is feasible.
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2.2 Skin
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FIGURE 2.3: Schematic of the human skin. [WikiSkin]|
Structure

Human skin can be divided into three layers namely the epidermis, the dermis and the
subcutis. The deepest of those is called the subcutis or hypodermis and comprises the
subcutaneous fat layer. On the abdomen this loose connective tissue can be several
centimeters thick. Next in the direction of the surface is the dermis, a 2-4 mm thick layer
mostly consisting of collagen fibers [Cos07]. The dermis is responsible for the structural
integrity and flexibility of the skin. On top of the dermis lies the stratum basale or
basal layer which is the deepest part of the epidermis. Depending on the thickness of the
epidermis the basal layer is at depths ranging from 0.05 to 0.1 mm for hair skin (arms,

chest, face...) and up to tenfold this depth for glabrous skin (palms and soles) [Dre04].

Melanoma emerge in the epidermis, for that reason we will focus manly on this layer of
the skin. Even though keratinocytes constitute most cells in the epidermis they are of no

relevance in the context of this thesis. At the basal layer the melanocytes reside which
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produce the melanosomes containing the melanin mainly responsible for skin pigmenta-
tion. Together with the other cells produced in the basal layer the melanosomes rise to
the skin surface. At the beginning of their life cycle, the melanosomes have a diameter
of approximately 400 nm and the melanin grains contained in them have a diameter of
about 159nm [Bas00]. Because melanoma is the central motivation for this work, they

are described separately in Section 2.3.

Absorption in Human Skin

While for the absorption in the dermis hemoglobin dominates, melanin is the main
endogenous absorber in the epidermis [Smill]. Two kinds of melanin are distinguished
in mammals, eumelanin and pheomelanin [Mag77|. In human skin the volume ratio
of eumelanin to pheomelanin is estimated to be 20:3, favoring the brown over the red
appearing type [Karl2|. This ratio is different in red haired people, which is of no
concern in this context because we are only interested in the contrast in absorption

which correlates with melanin concentration indifferent of its type.

The melanin concentration in skin is difficult to determine and varies strongly, the weight
percentage of melanin in human melanoma was found to range over more than an order
of magnitude (from < 0.0025% to 0.84% by wt.) for dried ex-vitro samples [Wat81]. In
2012 a literature survey of the last decades by Lister et al. [Lis12] showed that in-vitro
and in-vivo measurements of the absorption coefficient of the skin scattered significantly.
Until today no explanation could be found for these irregularities. Theories about the
influence of the skin thickness, for example, could not be verified. One source for an
estimate of the absorption coefficient is a summary of optical skin properties by Steven
L. Jacques |Jac91],[Jac98|. The calculations are based on the measurement of the ab-
sorption coefficient of a single melanosome (17'¢*%), the skin baseline (ub2*¢!m€) and the
concentration of melanosomes (C™¢*) in the epidermis. The baseline was created from
measurements on bloodless rat skin in an integrating sphere and the melanosome con-
centration was estimated from comparison of normal skin to melaninless vitiligo skin

reflectance measurements.

pbaseline — 0244 4+ 85.3 x exp(— (A — 154)/66.2))
el = 6.6 x 101 x A(=339)
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ept ;
Hap — Cmels % Mznels 4 (1 o Cmels) % Hgaselzne

Where ) is the wavelength in nm and g’ " the calculated absorption coefficient of the

epidermis. These calculations are simplified which is obvious considering that they only
include melanin as an absorber and do not allow for any differences in individual humans,

such as age. Jacques himself declares them as a “starting point”, to get in the right region.

Using the melanosome concentrations from [Karl2| to calculate the absorption coefficient
for the epidermis p" of very fair (C™¢ =0.0255) and dark skin (C™¢s =0.305), we
obtain for a wavelength of 532nm, 1.46 1/mm and 16.9 1/mm, respectively. In the con-
text of this work these values are important in two ways. First, they offer an estimate of
the penetration depth and second, they give an approximation of the expected contrast
in absorption between melanoma and regular skin. Black and Caucasian skin have the
same density of melanocytes [Gorl3|. The differences in pigmentation results from a
varying production rate of melanosomes [Lin07|. Thus, it is reasonable to conclude that
the melanin concentration and consequently the absorption properties of melanoma are
comparable to black skin. As stated before, these are estimates which lack certain pa-
rameters such as hemoglobin and keratin concentration. Therefore, the equations given
above yield an almost constant value for the contrast between melanoma and surround-
ing tissue over a broad range of wavelengths, not allowing for complex contrast changes.
According to the literature the highest contrast yet achieved between a melanoma and

its surrounding tissue is 68 at a wavelength of 764 nm [Wan08].

Speed of Sound

In OAs runtimes are measured which afterwards are converted to distances. To determine
thicknesses using OAs the precise sound velocity of the investigated sample is essential.
The length or depth of an object can only be determined as precise as the speed of sound is
known. Unfortunately, biological tissue such as the human skin is prone to exhibit a large
fluctuation in their properties. Besides OAs the speed of sound is essential for medical
ultrasound imaging. Ultrasound imaging is a well-established method in multitude of
medical fields, including the examination of fetuses in prenatal care or precisely guiding
the needle to the correct nerves for anesthesia. For most purposes the pressure waves are

used to penetrate several centimeters into the patient, thus, averaging local fluctuations
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in the speed of sound. Dermatological exams on the other hand take place in the first
millimeters of the skin rendering local changes in acoustic properties even more crucial.
Furthermore, it is much more difficult to determine the precise sound speed of a thin
layer as compared to big structures such as kidneys or muscles. In addition to these
measurement challenges the speed of sound is influenced by changes in temperature or
the ultrasound frequency used. Fortunately, it was found that the frequency plays a

negligible role and may be omitted in these considerations [Mor95].

Many articles, especially those treating the fundamental theory of OAs, use a speed of
sound of 1500 m/s regarding living tissue including human skin. Presumably this number
is based on the sound velocity in water which is 1481 m/s. According to [Agall], the
sound velocity in human skin, not distinguishing between epidermis and dermis, ranges
from 1498 m/s to 1710m/s. Due to the large fluctuations we decided to utilize the
mean value calculated from literature in [Mor95] which yields 1595 ms~! for the dermis
and 1645ms~! for the epidermis in human skin. Please note that the measurements in
[Mor95| were performed on ex-vivo samples, which may have changed acoustic property
compared to living tissue. However, the work presented here is mostly qualitative and
does not depend on exact values. If the sound velocity is in the correct region relative

to the other materials involved, the predictions are valid.

2.3 Melanoma

Commonly known as black skin cancer, malignant melanoma is a life-threatening disease
afflicting the skin. Primary cause of melanoma is exposure to intense UV radiation,
at a young age. Thereby, melanocytes which are located at the basal layer between
the epidermis and the dermis are altered to produce a tumor. Due to the high risk of

metastases it is the deadliest of all skin diseases.

In 2012, worldwide 55 thousand people died from melanoma [Int14|. In the same year
20,800 persons were newly afflicted with the disease in Germany alone, which represents
4% of all new cases of cancer [Robl5]. As can be seen in Figure 2.4 the diagnoses of
melanoma rose significantly over the last decade. Reasons for this rise include higher life

expectancies and a more comprehensive screening. However, life style changes such as
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increasing sun-bathing during summer vacations and excessive use of tanning beds can

be linked to the rise in new cases as well [Int14].
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FIGURE 2.4: Number of diagnoses per 100.000 inhabitants of in-situ neoformation of
malignant melanoma in Germany of the years 2005-2012. Men in blue, women in black
and the total in gray. [Bar14]

Since the 1980s the so called ABCD method has been applied, to distinguish a melanoma
from a regular mole in a medical examination [Rig05]. Four features are investigated:
Asymmetry, Border irregularity, Color variation, Diameter [Sanl6]. In 1985 it was
suggested that patients check themselves by the ABCD method [Fri85], however the
criteria are still too complex for laypersons to judge the sincerity of a lesion. Later, an
E was added, which stands for evolving or enlarging. However, this criterion is hard to
screen, because the physician only obtains a snapshot of the lesion. When a lesion is
determined to be suspicious the dermatologist either takes a biopsy which is common
in the USA, or the lesion is excised which is the preferred method in Germany. After
the excision the nevi can be staged. With increasing knowledge, the staging process of
melanoma was revised over time from the Breslow thickness in the 70s [Bre70]| to more
complex staging since (|Bal01|, [Rub10]). One constant over time was the relevance of the
penetration depth or thickness of the tumor. While 5-year survival rates are around 99 %
for thin melanoma which have not penetrated the epidermis, the rate drops to 15% for

later stages of the disease [Her12).
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2.4 The MeDiOO Project

This work is almost entirely rooted and conducted inside the framework of the MeDiOO
project. MeDiOO stands for Melanomdickenbestimmung mittels Optoakustik und OCT
which translates to: "Melanoma thickness determination via optoacoustics and OCT™".
OCT is short for optical coherence tomography and is a purely optical method to ob-
tain 1-3D images. In the project a commercial OCT (Telesto-II, 1300 nm central wave-
length, Thorlabs GmbH, Germany) was used to obtain high resolution tomographies of
melanocytic lesions |Varl7]. In the same clinical studies the data for this thesis was

taken.

Aim of the MeDiOO project was to create a device that combines the modalities of
OCT and OA to measure simultaneously. In addition, a third modality was added,
Raman spectroscopy, which instead of imaging enables us to obtain information about
the chemical composition of a sample. Both Raman and OCT are purely optical methods
which simplifies their combination and we decided to create a Raman-OCT and a separate
OA device. However, as a proof of principle we show the possibility of performing an
OCT through the OA detector film presented in this thesis. In Figure 2.5 the comparison
of two OCTs is depicted. In Figure 2.5a) an OCT image of the measurement standard
(APL-OPO01, Arden Photonics Ltd) is visible. The pattern belongs to the part of the silica
phantom used to investigate the lateral resolution of OCT. The phantom is traversed by

lines with changing distances which appear as dots in the plain of view considered here.

«— Detector Film

FIGURE 2.5: OCT image of a measurement standard with and without detector film.
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In the OCT image of the phantom by itself several features can be distinguished. The
horizontal line in the middle marks the surface of the phantom, its curvature results from
focus effects. Underneath several arrays of dots are visible showing the cross section of
the lines with the plane of observation. The individual points can be resolved for every
but the two leftmost blocks. For Figure 2.5 b) depicting an OCT image of the same
phantom, this time with the OA detector film on top, the resolution is comparable. In
addition to the brightly visible detector film, its reflections off the sample surface overlay
the phantom pattern. In both figures vertical lines appear which are produced by high
intensity areas where sensor saturation yield image processing artifacts. Without the
detector film only few of these artifacts are produced with the most prominent example
being on the sample surface on the right-hand side. The same artifact is visible below the
OA detector film in Figure 2.5b). However, the most artifacts of this kind are produced
by the detector film, especially in regions where the film is orthogonal to the OCT beam.
The reflections from the detector film reduce the signal strength of objects underneath.
By comparison of the intensity values of the lateral resolution pattern with and without
the detector film, we found a signal decrease of approximately 10%. Thus, it is possible to
conduct high resolution OCT through an OA detector film. However, if the detector film
would be employed by itself, internal acoustic reflections would distort the OA signal.

To reduce these reflections a backing layer is needed.

For this work PVA-hydrogel and PMMA were used as backing layers, both created to
much signal loss or distortion to create valuable OCT images. Nonetheless only the
detector itself is essential for OA measurements while the backing layer could be adjusted
or in principle even omitted. Consequently, it should be possible to create a backing layer
that allows OCT to work unimpeded. However, the focus of this thesis is the creation
of a functioning OA setup, therefore the OCT and OA setup where build up and tested
separately. The clinical measurement procedure with the three modalities is presented

in the subsequent section.

Clinical Procedure

For the MeDiOO project measurements in the clinic of dermatology in Rostock were
carried out. As described earlier, OCT and Raman are purely optical, non-contact

methods whereas OA necessitates skin contact for transmitting ultrasound. Following
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FIGURE 2.6: Photograph of the
OA setup as used in the clinical
study. The cart is mobile and can be
wheeled. Except for the laser source,
which was removed to reduce para-
sitic signal pickup, all equipment is
included. The high-speed data ac-
quisition card for the OA measure-
ments as well as the power supply
OA Head and the PC are located in the body
of the rack. The energy monitoring
setup is placed on top of the table to
facilitate the needed energy calibra-
tion before the measurements. The

/‘ - loose-end wire on the floor is used for

patient grounding. Hanging from a
Energy bend metal rod the OA measurement
Monitoring head can be swiveled to any position

within the reach of the signal cable.

Patient /

Grounding Wire

this distinction, the clinical measurements were performed by a combined OCT-Raman

probe and a separate OA handheld setup.

For the combined measurements, first the patient was examined by the dermatologist to
assess whether any suspicious lesions are present. In case of a positive result the patient
signed an informed consent agreeing to take part in our study. Afterward the medical
doctor drew a sign around the lesion marking where the incision would happen. The
lesions were documented by regular photography and dermatoscopy, which is a specially
designed closeup photo technique. First of the three modalities to be used on the lesion
was OCT. After selecting the appropriate self-build spacer ring for the individual lesion,
a fast OCT image was acquired to verify the correct positioning. This was followed by
a high-resolution OCT for later evaluation. Subsequently, without moving the OCT-
Raman probe a Raman spectrum was obtain of the lesion. For reference measurements
the probe was then positioned approximately 2 cm next to the lesion on a spot of regular

skin.

In preparation for the OA measurements the patient was then grounded. The grounding

wire was placed as close to the lesion as possible. If the concerned body part allowed for it,
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the wire was wrapped around several times. To maximize the area of contact aluminum
foil was connected to the wire and used as grounding pads. For the OA measurement
a drop of distilled water was poured on the lesion using a squeeze bottle. Only a small
amount is needed to create an ultrasound conducting layer between the lesion and a
circle of approximately 3mm in diameter around the detector. By eye the OA detector
was positioned above the middle of homogeneous or small (1-3 mm @) lesions. For bigger
lesions or ones with irregular pigmentation multiple positions were chosen at distinct

locations such as the darkest region.

Finally, a commercial ultrasound system was used for reference measurement which was
compared to the OCTs. The ultrasound device DUB100-12 Bit from TPM is specially
designed for dermatology. The most crucial difference to typical ultrasound devices is
the very high central frequency of 100 MHz, resulting in a high resolution but shallow
penetration depth. Exact positioning of the ultrasound head was complicated because
it covered a skin area much larger than the lesion. To validate that the lesion was
included in the scan, the ultrasound image was observed in real time. At the end of the
measurements, the subtle imprint left by the ultrasound head was used make sure once
more, that the position and orientation matched the presumed plane of the histological

cut, indicated by the surgical drawing.

Immediately after the measurements the patient was brought to the operation room
for the excision. The medical staff responsible for the analysis of the suspicious lesion
proceeded in the regular way but made sure the orientations of the histological cuts
were in accordance with our measurements. Especially for the OCTs it is prudent to
know the orientations because unambiguous features are rare and if the orientation is
unknown it is not possible to match the histology to the correct slice of the OCT. For a
detailed description of the OCT-Raman probe, please refer to the dissertation of Arthur

Varkentin.
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2.5 Safety and Ethics

In this work in-vivo measurements on human skin were performed which necessitates cer-
tain ethic commitments. Most importantly, every person examined in the clinic signed
an informed consent after being thoroughly informed by a medical doctor. At any time
during the procedure, the patients were free to quit the study. To protect the eyes ap-
propriate laser goggles were handed out to the patients before the measurements. For
the measurements themselves, it is necessary to direct the laser directly at the skin, for
which the maximum permissible exposure (MPE) needs to be considered. The MPE lev-
els can be found in the BGI832 (Berufsgenossenschaftliche Informationen fiir Sicherheit
und Gesundheit bei der Arbeit) or the ANSI Z136.1 (American National Standards Insti-
tute). For lasers with a pulse duration between 1079 to 10~7 seconds and a wavelength

400-700 nm the MPE is as follows:

For a single pulse:

MPEgnge = 200Jm ™2 = 0.2mJ mm™>

For a single pulse in a train of pulses:

MPEtTain — MPEsingle SN0

To make sure that the intensity is well below the MPE values, the pulse energy is care-
fully monitored, and the illumination area is chosen large enough. For simplification
the area was determined by illuminating a sheet of plotting paper and observing the
diameter by eye, through the safety goggles. By including only the part of the beam
which is bright enough to be seen, it is ensured that the area is underestimated in the
calculations. This procedure yielded an illumination area of at least 27 mm? (diameter
of circular beam was about 6 mm) which means a maximum allowed pulse energy of
at least 5mJ. In principle, the pulses used in the experiments described here could be
considered as single pulses because each measurement needs only a single pulse and the
time in between measurement can be chosen freely. However, to save time and be on
the safe side we consider the 10 measurements performed at each position as a train of
pulses which gives us an explicitly underestimated MPE of 2.8 mJ per pulse. As can
be seen later all energies used stayed well below the very restrictively calculated MPE

values given here.






Chapter 3

Theory

3.1 Generation of OA Signals

In OAs two major regimes are discriminated: thermal confinement which considers il-
lumination durations that are short compared to the thermal conduction and stress
confinement which is the stronger condition that describes illumination times that are
much shorter than the time scale of stress relaxation. Due to the availability of lasers
with pulse durations < 10ns, most current OA setups satisfy stress confinement as does
the one considered in this work. Thus, in our case, the OA effect can be divided into the
optical excitation and the subsequent propagation of the acoustic waves. By irradiating

the sample with high intensity electromagnetic waves, heat is introduced to the system.

The heat equation describes the distribution of heat for a closed system, without energy

loss through radiation or change in particle numbers.

pcp 0T (7, ) — aV*T (7, t) = H(7,t) (3.1)

Here, p represents the mass density, c, is the specific heat at constant pressure, T' the
temperature, « the thermal conductivity, and H the heating function. As we consider
a setup in stress confinement, thermal confinement is fulfilled by default. That means
that the change in temperature caused by heat transfer is negligible on the time scale of

the considered illumination.

29
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Thus, equation 3.1 is reduced to:

pepOeT(7,t) = H(T, ) (3.2)

The introduced heat is partially converted into pressure, which is denoted as pgy to rep-

resent the initial pressure profile of the OA transient [Gus93|.

po(7,t) =T H(T,t) with I'= 052/pc?) (3.3)

I', called the Griineisen parameter, represents the efficiency with which thermal energy
is converted into mechanical stress or pressure. c is the speed of sound, § is the thermal
expansion coefficient. This rise in pressure is the source of the OA signal and solves the
inhomogeneous wave equation, which describes the wave propagation with a non-zero
source term. By assuming stress confinement, the source term for the inhomogeneous
wave equation can be factorized into a purely temporal and a purely spatial factor. In
the case of the nanosecond excitation pulse the temporal term can be expressed as a

delta function and thus simplify the equation greatly [Bur07]:

[0F — V2] p(7,t) = 8, po(7) (t) (3.4)
Except for ¢t = 0 the problem is reduced to a homogeneous wave equation with pg as
starting value.

With help of the Green’s function this partial differential equation can be solved to

obtain:

. . L po(F/) o
p(7,t) = 4m<9t /S/(F,t) 7= mdS/(r,t). (3.5)

—

S denotes the integration surface for which |7 — 77| = ¢t [Deal2]. This way the pressure

at the detection point 7 is related directly to the initial pressure po(77).
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Initial Pressure Profile

In the preceding section the heating function H(7,t) is introduced to describe the en-
ergy distribution in the OA sample. Assuming stress confinement or at least thermal
confinement the temporal evolution of the energy distribution can be neglected. Thus,
the distribution is defined only by the absorption profile and light distribution. For
simplicity we only consider the depth profile and assume a homogeneous absorption of
ta(2) = pa, with pg as the absorption coefficient. To determine the light intensity I in
the depth z the light attenuated in the layers above has to be taken into consideration.
In general scattering contributes to the attenuation coefficient as well, yielding the at-
tenuation coefficient pqee = ps + g With g as the scattering coefficient. To determine
the intensity distribution I(z) when illuminated with Iy, we start by dividing the sample

into intervals with a thickness of Az

I(z=0)=1I (3.6)

I(Az) = Ip — Io(panAz) (3.7)

I(2Az2) = Iy — To(pareA2) — (I — To(pateA2)) pran Az (3.8)

= Io(1 — pattAz)? (3.9)

(3.10)

= I(nAz) = Ip(1 — prauDz)" (3.11)

= I(z+ Az2) = I(2)(1 — papAz) = 1(2) — 1(2) Azptars (3.12)
e+ 2916 - pt(a) (3.13)
= I'(2) = I1(2)(— att) (3.14)

= I(z) = Iy Hart? (3.15)

This behavior is called Beer-Lambert law [Dem07|. Assuming non-uniform attenuation

it can be expressed as follows.

I(z) = Ipe™ Jo 1ee(®)9 (3.16)
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Here, the included scattering coefficient is used to express the fraction of light which is
redirected and thus not part of the beam anymore. Therefor light scattered back from
deeper in the sample is not considered. In any case, this formula can only be used to
approximate the light distribution in complex samples, such as biological tissue. If, how-
ever, scattering is very low in comparison to the absorption or mostly forward scattering
occurs the absorption coefficient can be used instead of the attenuation coefficient. This
way the energy distribution, and thus, the initial pressure depth profile can be determined

through the absorption coefficient alone.

po(2) o p(z)e™ Jo na@)d? (3.17)

3.2 Acoustic Near and Far Field

The terminology of the far field is often used in physics and is synonymous with having
a viewpoint which is very far away from the object of interest so that the dimensions of
the processes involved are negligible compared to the distance. One of the most popular
examples is the dipole whose radiation patterns are regarded as spherical in the far field
even though the dipole itself possesses a different symmetry. In OAs the term carries a
slightly different meaning.

ST . Initial Pressure

Beam Profiles /
j Backward Mode - — Forward Mode

e . Far Field Near Field
S~ a5 : a
T— o | 3 g z
c— 5 A e ﬁ ...... @ e - eV @
Spm——— U a 1 2 3
>
x Absorbing Layer

Intensity

FIicURE 3.1: Sketch of simulation setup. On the left-hand side, the illumination is
depicted including different beam profiles. On the right-hand side, the absorbing layer
is presented where the illuminated part, with radius ag, is colored in green. At the
top of the absorbing layer the initial pressure depth profile is indicated, horizontal
arrows represent, the relevant directions of propagation. Exemplary detector positions
are denoted with 1 ,2 and 3. Detector positions 1 and 2 are in the far- and near
field, respectively, and in the backward mode regime, that is on the same side as the
illumination. The forward mode regime is on the opposite side of the absorber where
the third exemplary detector is located.
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Regarding the propagation of ultrasound waves acoustic diffraction is essential for its
understanding. First, we consider the near field condition in its simplest form. We
assume an optically thin absorbing layer which extends infinitely in the xy plane and has
a thickness of B in the z direction. The layer is illuminated homogeneously and instantly,
thus the OA pressure can be represented by a box function. In this scenario, independent
of the point of view, that is the position of the detector, all that can be detected is a plane
wave. That way the detected pressure profile is always the box function of width B/c,
¢ denoting the speed of sound, and is unchanged for any distance. This changes if the
lateral dimensions of the OA source volume become finite and the plane wave symmetry
is broken. From the borders of the source volume diffraction affects the profile. In the
extreme case, where the distance between layer and detector is much larger than the
lateral extent of the source volume, acoustic diffraction dominates the measured profile

to resemble the derivative of the original pressure distribution.

In between these extremes the appearance of the resulting curve becomes quite unintu-

2|2|
pag’

itive and needs to be simulated. The dimensionless diffraction parameter D = with
z being the distance between detector and sample, p the absorption coefficient and ag
the beam radius, describes which regime is valid for a specific setup [Kar96],[Pal00]. In
the case of an absorbing region (sample) which is smaller than the irradiation beam, ag
becomes the radius of the absorbing material. If D << 1 near field conditions apply and
diffraction is negligible, while D >> 1 on the other hand describes far field conditions

and diffraction dominates the wave form.

In Figure 3.2 various simulated examples for different values for D are presented. For
the simulation, the source code developed by Oliver Melchert! was used, with minor
modifications. In the simulation an absorbing layer was illuminated from the direction
where the detector is located, i.e., in backward-mode. In this case the beam radius
and absorption coefficient were kept the same, while the distance between detector and
sample was changed. The beam profile in this case was chosen to be a flat top with steep
slopes, making it quite similar to a top hat. Later in this section the effects of different
beam profiles are discussed. With increasing distance, the pressure amplitude attenuates.
To show the changes in the shape of the curves the simulations are normalized to their
highest value. Also, to increase comparability, the run time delay resulting from different

distances was removed, positioning all starting slopes to zero time.

Yhttps://github.com/omelchert /SONOS/
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FIGURE 3.2: Simulated data to visualize the transition from near- to far field conditions
in backward-mode. The diffraction parameter ranges from 0.12 in purple (near field)
to 7.53 in red (far field) and is changed by increasing the distance between sample
and detector. Further increase of the distance, and thus D, only slightly narrows the
features and is omitted for clarity. Near field conditions recreate the original pressure
profile (between 0 and 1 in retarded time) and the negative pressure feature of the
acoustic diffraction follows with delay. In the far field the diffraction overlays with the
absorption profile, finally yielding a curve resembling the first derivative of the initial
pressure profile (red curve).

The purple curve (D = 0.12) represents the closest detector position which is well inside
the near field regime. From retarded time 0 to 1 the curve matches the absorption
profile, broadened by the assumed thickness of the detector. Following the first slope
which represents the beginning of the absorbing layer the amplitude decays according to
the Beer-Lambert law. The end of the layer is determined with the signal dropping to

Zero.

At approximately 2.7 retarded time the diffraction signal arrives. The form resembles the
original absorption profile with inverted sign. For the detector position second closest
to the OA source (green curve), the signal from 0 to 1 on the retarded time axis is
unchanged. And after some delay the diffraction signal follows this time resembling the
original profile even more. The further the detector is removed the closer the diffraction

signal follows behind the initial pressure signal.

The light blue curve (D = 0.47) shows the beginning of the intermediate regime between
the near and the far field. The diffraction signal reached the main signal and affects its
form which now differs from the initial pressure profile. Note, even though the tail of

the signal is altered the rear slope marking the end of the absorbing layer is still visible,



Chapter 3. Theory 35

though hardly distinguishable. Further towards the far field (D = 0.94 to D = 1.88)
the diffraction signal cuts further into the main signal until the rear end of the layer is
marked by a dip and the curve drops into the negative values earlier each time. In this

intermediate regime the form of the curve is unintuitive, even in this simple example.

When the real far field is reached the curve resembles the first derivative of the original
pressure profile. Here D = 7.53 is the highest value presented. Higher values where
omitted due to little additional changes, which can be inferred from the signals D = 3.76
to D = 7.53. At those values the diffraction has almost fully caught up with the signal
leaving only a positive peak at the beginning of the layer and a negative dip at the end.
In the far field the thickness of the layer can be determined easily by measuring the
distance between these two features. Please note, that the width of the peaks would be

infinitesimally small for an ideal point detector in the extreme far field.
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3.3 Influence of the Beam Profile on the OA Signal

Besides the influence of the detector on the measurements, which in parts will be dis-
cussed in the subsequent section, the beam profile is essential for the form of the curve.
As mentioned earlier, diffraction is an effect which is localized at the radial fringes of
the irradiated sample. For that reason, there is no diffraction when an infinite plane is

considered as source volume (extreme near field).
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FIGURE 3.3: Visualization of the influence of the illumination beam profile on the

OA signal. On the left side simulated OA measurements are presented. On the right

side the related beam profile is shown. For comparability all measurement curves are

normalized and shifted in time to begin at zero time. The same diffraction parameters
used for all three beam profiles and the curves are colored accordingly.

In Figure 3.3 the OA signals for three different beam profiles and different values of D are
presented. On the left the measurement curves are shown and, on the right, the respective
beam profiles. As with the simulation for the far and near field discussion earlier, all
curves are normalized and shifted in time for comparability. From top to bottom they
are top hat, flat top and Gaussian. The top hat is the most intuitive with relatively sharp
features. Because of the clear cut in the beam profile the onset of the diffraction is also

very localized, see purple curve in top panel of Figure 3.3. The form of the diffraction
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transient is similar to the original absorption profile. A very different appearance shows
when the illumination occurs with a flat top profile. Here, the diffraction signal, visible
with delay after the main signal (see purple curve in middle panel), differs strongly from
the initial pressure distribution. Instead of the Beer-Lambert behavior the diffraction

signal rather resembles a bell curve.

The far field measurements on the other hand are very similar which can be explained by
the nature of the far field conditions. The central assumption for the far field is that the
distance of the observer is large compared to the intrinsic length scales of the process. In
that case the signal is reduced to its main features which for the flat top is the constant
part of its profile. The Gaussian beam profile produces a different signal even in the far
field (yellow curve in bottom panel). Instead of a symmetrical initial peak where both
flanks resemble each other, the falling edge appears with a smoother exponential decay.
The same holds true for the dip. In the near field the difference becomes more prominent.
Except for the rising flank of the initial peak and the beginning falling flak of the dip
all other parts of the curve are obviously different to the other beam profiles. Also, one
must be careful when discussing near field conditions regarding Gaussian profile, because
its curved shape is changing on any scale. Which is why, in contrast to the top hat, the
parameter for the beam radius relevant for the diffraction is more complex. Here ag for
the Gaussian beam profile is defined by the lateral distance where the function is reduced
to 1/e of its maximal value. The lateral distance of half the maximal value could be used
as well. However, in the context of this thesis the Gaussian beam profile is of limited

interest, because all experiments are performed with a beam profile close to flat top.

To be more realistic, the simulations discussed here assume a detector of finite thickness
which leads to an averaging over time. However, the detector is still idealized in terms
of is directivity, that is the dependence of the sensitivity on the detection angle. Real
detectors are more sensitive to normal incident waves, which will be elaborated in the
subsequent section. Because diffraction is an off-axis signal by definition, the directional

response of a detector limits the influence of diffraction.
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Directivity or Directional Response

For an ideal isotropic detector, only the ratio of the distance between source and detector
to the lateral extent of the source volume is of interest to distinguish between near field
and far field conditions. However, the directional response of physical detectors is always
anisotropic [Smi79|. There are two main reasons for this, the finite size of the detector
and the intrinsic directivity given by the detector material [Pal09]. Often in simulations
a point detector is used which is measuring the pressure exactly at one position. If the
point is expanded to a disk of finite size, the detector can be simulated by integrating
over an array of point detectors arranged in the form of the disk. Even though each
single point detector is isotropic, the resulting disk-shaped detector possesses directivity,
that is comparable to the optical diffraction at a single slit. For an infinitely extended
detector plane, only waves incident in the direction normal to the detector surface would
be detected. Real detectors usually extend a few millimeters or less in lateral dimensions

which, on its own, is not enough to explain the directivity found [Xial3c].

In addition to the integrating effects the material properties have to be considered. Al-
though material related directivity is present in any piezoelectric material, we will focus
on PVDF here (see Section 4.2.1). In the case of PVDF, the polymer is poled to ex-
hibit the required piezoelectricity, which is an anisotropic process that contributes to
the detector directivity. For the detectors presented in this work, the PVDF film was
biaxially poled. Poling is the process of stretching a polymer while applying a strong
electromagnetic field. This leads to an alignment of the dipoles and thus creates piezo-
electric properties in suitable materials, such as PVDF. Through stretching biaxially, the
piezo strain constants along the plane of the film are similar. However, the piezoelectric
response along the direction normal to the surface of the film is much stronger, which
is called thickness mode. Thus, even assuming a point detector, made of PVDF, the

normal component would be dominant.

Finally, another factor affecting the directional response of the detector is the dependence
of the reflection coefficient of the acoustic waves on the angle of incidence. It is rarely
possible to match the acoustic properties so that the pressure waves can enter the detector
film without any loss due to reflection. With increasing angle, the reflection coefficient

increases as well which in turn leads to further directivity.
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3.3.1 Acoustic Reflection

Like any propagating wave, acoustic waves are affected at boundaries at which the prop-
erties of the medium change. At the boundaries the solution to the wave equation must
satisfy continuity conditions, i.e. conservation of energy and momentum. If only plane
boundaries are regarded the reflection conditions are simplified by the translational in-
variance which constitutes an unchanged component of the wave in the direction parallel
to the plane. Comparable to the propagation of light this condition leads to Snell’s
refraction law. The continuity condition at the boundary require that the sum of the
reflected and the incident wave equals the refracted wave in pressure. Expressed in terms

of the reflection and transmission coefficients R, T we obtain:

1+R=T (3.18)

For simplicity we will consider the special case of a wave with normal incidence passing
through a plane boundary from medium 1 into medium 2, for a detailed description please
see |Bre90|. After solving the wave equation in accordance with the above-mentioned

boundary conditions the reflection coefficient takes its most intuitive form:

_p2xca—pr¥a :Z2_Zl
pLxc1+p2*xco Lo+ 2y

(3.19)

with p and ¢ being the mass density and the sound velocity, respectively. The indices
denote the respective medium to which the parameter belongs. Z describes the resistance
of a medium against pressure waves, comparable to the electrical impedance which is a
meagsure of the dynamic resistance to applied electrical fields. Most importantly for later
discussions are the different signs carried by the reflection coefficient depending on which
medium has the greater acoustic impedance. Two cases are to be distinguished. First, if
the wave travels from the high impedance layer into the low impedance layer (Z; > Z5)
we speak of a soft boundary and the sign changes. Secondly, assuming the wave travels
from the low impedance layer into the high impedance layer (Z; < Z3) and the reflection
coefficient is positive, we speak of a hard boundary. Reflections on a hard boundary
preserve the sign which in the extreme case of Z; << Zy (R = 1) entails that incident
and reflected waves are identical except for the direction of propagation. Reflections on

a soft boundary, Z; >> Z (R = —1), switch the sign of the pressure.
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3.4 Signal Deconvolution

The convolution of two functions (fi, f2) is defined as follows |Baer09].

(e )0 = o [ il = wpa(wda (3.20)

According to the convolution theorem, the product of the Fourier transformed functions

equals the Fourier transformation of the convolution of the functions |Baer09|.

Flfix fol = FA] - Flf] (3.21)

In practice it is rarely possible to measure only the physical phenomenon of interest.
Besides noise and signal pickups from the experimental environment, the measurement
setup itself alters the output signal. This becomes obvious when an infinitesimally short
pulse is detected, i.e., the input signal is the Dirac delta function §(¢). The delta function
contains all frequencies in equal amplitude. However, the output signal will convey some
frequencies stronger than others. Thus, in response to the delta function any real system
will produce an output signal specific to its setup, called the impulse response function
(IRF). Mathematically speaking, any output signal is the convolution of the input signal
with the IRF.

Jout = (fin * frrr)(t) = 217T/ Jin(t — ) frrr(uw)du (3.22)

For the present work, the output signal is given and the IRF can be obtained, or at least
approximated, through measurement. To determine the input signal the convolution

theorem is used.

Flfout] = Flfin] - Flf1rF] (3.23)

To determine the unknown f;, we deconvolve frrp from f,,; which in the Fourier space

is efficiently done by division.

1 Jr[fout]
Flfin] = Flfrnr] (3.24)

By inverse Fourier transformation we obtain fi,.
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The Gibbs Phenomenon

In order to reduce noise or unwanted transformation artifacts it is sometimes necessary
to remove high frequencies during the deconvolution process. However, without these
frequencies fast changes in the signal cannot be reproduced. This effect is described by

the Gibbs phenomenon.

If a function with a jump discontinuity is approximated by the partial sum of the Fourier
series, overshoots occur at the position of the discontinuity [Baer09]. To recreate this
infinitely sharp feature an infinite series is needed. By cutting of higher frequencies,
fast changing features yield so called “ringing artifacts®. Interestingly, the size of the
overshoot is not depending on the frequency cutoff but only on the height of the jump.
The oscillation of the ringing depends on the cutoff frequency. For visualization of the

artifact, three different frequency cutoffs are presented in Figure 3.4.
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FIGURE 3.4: Beer-Lambert input signal (purple) compared with different output sig-

nals. The data was Fourier transformed, parts of the frequencies removed, and trans-

formed back. a) All frequencies are preserved (curves overlap). b) Highest 60% are
suppressed. c) Highest 90% are suppressed.

To facilitate the comparison to the OA signals presented later, the signal shape follows
the Beer-Lambert law as described earlier. This signal is Fourier transformed, then
frequencies above the cutoff are filtered out and finally the signal inverse transformed.
In Subfigure a) all frequencies are retained during the transformation, yielding an output
signal which is identical to the input sample. If, however, any frequencies are suppressed

the ringing artifacts appear. In Subfigure b) 60% of the frequencies are suppressed
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yielding distinct artifacts at the discontinuities. Because these filters are representing the
effect of a real-life setup they must confirm to causality, which is why they do not affect
the signal before the discontinuity. In Figure 3.4¢) even more frequencies are removed,
thus, differences between input and output signal increase. Note that, the oscillation
into the negative after the second discontinuity is equal in amplitude in Subfigures b)

and c).

In Section 5.4.2 the clinical measurements are presented. During the data processing a
frequency cutoff at 20 MHz was necessary. Taking the Gibbs phenomenon into account,
the signal shape can be explained quite well, which helps to relate the unintuitive signal

shapes to possible absorption profiles.
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Material and Methods

In this chapter the experimental part of this thesis is presented. It begins with the
description of the hydrogel phantoms and the method with which they were created.
Subsequently, in Section 4.2 the design, fabrication and properties of the transparent
transducer film are explained. This detector film is the centerpiece of all OA setups
presented in this work. Section 4.3 contains the details about the general setup used
for all measurements, including the energy monitoring, as well as the individual detector

setups used. Concluding, in Section 4.4 the signal processing is elaborated.

43
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4.1 Polyvinyl alcohol Hydrogel Phantoms

Phantoms for OA measurements are special in that they are required to have the correct
acoustic as well as optical properties. The aim of this work is to investigate melanomas,
for which phantoms are needed that mimic human skin. Polyvinyl alcohol hydrogels
(PVA-Hs) are suitable tissue phantoms, for their acoustical similarity to soft tissue
[Kha03],[Maz10]. As the name suggests, hydrogels consist mostly of water which de-
termines their acoustic properties to a high degree. Thus, both the speed of sound as
well as the density are comparable to water. Although, the water concentration in hu-
man skin varies greatly (~20-70 %), depending on the regarded skin area, hydration and
depth [Suh05],|War88], the acoustical properties are comparable to water and hence hy-

drogels.

In contrast to water, both hydrogel and soft tissue possess a flexible structure of intertwin-
ing fibers made of polymer or collagen, respectively. For the hydrogels this inner structure
is created by the polymerization. To bring about polymerization in hydrogels, chemicals
can be added, or they could be irradiated with ~-rays or electron beams |[Has00]. How-
ever, chemicals leave behind toxic residue and irradiating the sample is inconvenient.
On the other hand, the freezing and thawing method |[Has00| provides a convenient way
for intrinsic polymerization. PVA consist of polymer chains and when solved in water
the chains can move freely, without bonds between the chains. However, when the gel
is cooled the chains cross-link, that is, connections between polymer chains are formed,
giving the hydrogel a flexible structure. Unfortunately for our purposes, the freezing of
the water would cause micro pores in the hydrogel yielding turbidity. As a countermea-
sure anti freezing agents have to be added. Dimethyl sulfoxide (DMSO) is often used
because of its high solubility [Houl5], however, it is hazardous for humans and needs
to be removed after the fabrication which is inconvenient. Ethanol on the other hand
is fairly harmless and can be left in the phantom even when put in direct contact with
skin. The original production recipe was created by Christian Suhr and Merve Wollwe-
ber [Woll4]. In this thesis, the phantom preparation was improved regarding the optical

clarity and general reproducibility.
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4.1.1 PVA Hydrogel Preparation

The basic ingredients for the PVA-H preparation are listed in Table 4.1.

Ingredient Supplier and product name Amount
Polyvinyl alcohol Sigma-Aldrich 363146, Mw 85-124 99+% hydrolyzed | 7.2 ¢
Pure ethanol Carl Roth, ROTIPURAN ®> 99,8 %, p.a. 20 ml
Distilled water Inhouse filter system 36g
Melanin (synthetic) | Sigma-Aldrich, M0418-100MG Omg,
4.5 mg,
45mg,
or 90 mg

TABLE 4.1: List of ingredients for the hydrogel preparation.

Clear Hydrogel Layers

In a closed 100 ml screw neck bottle (Carl Roth, X712.1 Rotilabo) PVA granule and
distilled water in a weight mixing ratio of 1:5, is placed in a water bath on top of a
magnetic stir heater (IKA, RET control-visc). Using the temperature probe the water
bath is kept constant at 94 °C while the 4 cm stirring bar rotates at 350 RPM. Due to
the high viscosity it is important to use a stir heater with a strong magnetic hold on
the stirring bar, otherwise constant vigilance and adjusting of the rotation frequency is

needed.

After 40min of stirring the aqueous solution should be homogeneous and completely
clear. If visual examination reveals undissolved PVA, the process is to be continued
as long as necessary. To prevent the hydrogel from freezing a total of 20 ml of ethanol
is added in steps of 5ml, 5ml and 10ml. Using a pipette, the ethanol is trickled on
the inside of the bottle to warm it up before it comes into contact with the PVA-water
mixture. Nevertheless, white schlieren form at the phase boundary and need to be
dissolved. Therefore, after every step the bottle is closed and placed back in the water

bath and stirred until the solution is clear again.

The progress can be improved by increasing the rotation speed, so the stirring bar flips
over and that way the higher regions of the gel are reached. Before carefully opening

the bottle, especially after the ethanol is added, it is important to let it first cool for
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a minute to prevent boiling and excessive evaporation. Sometimes schlieren are formed
above the mixture and have to be removed by tilting the bottle to rinse the inner walls.
When the last 10 ml of ethanol are added and all schlieren are dissolved the bottle is
again taken out of the water bath and allowed to cool down. After approximately 3-4 min
it has cooled enough so that it can be touched but must be opened carefully because
overboiling is still possible.

At approximately 60 °C the hydrogel shows a viscosity comparable to honey and can be

stirring adding stirring freezing
ethanol
-14°C
| a=>

FIGURE 4.1: Process of PVA hydrogel preparation.

poured into the mold. For the layered structures utilized for the experiments presented
in this thesis the molds were composed of two window glass plates encompassing a single
ring determining the thickness of the phantom. Depending on the desired thickness either
a 1 mm thick commercial spacer ring made of steel or a 3D printed acrylonitrile butadiene
styrene (ABS) ring with optional thickness is chosen. The ring is placed on one of the
glass plates and subsequently filled with hydrogel. To remove air entrapments the ring
is overfilled and left to settle until every part up to the edge is filled with hydrogel. Due
to the overfilling of the gel over the ring edge the second glass plate first makes contact
with the viscous solution, squeezing it into every niche, thus removing any air bubbles
left. The material flowing over the ring can be removed easily when the polymerization
is finalized. To perform a single freezing and thawing cycle the phantom is placed in a
freezer at -14°C for 2 days. After the sample is taken out of the freezer it is kept at

room temperature to thaw.

The rest of the unpolimerized gel can be stored in the closed screw neck bottle at room
temperature for weeks without notable changes. Only the loss of ethanol through the
repeated heating and opening of the bottle might be problematic because it raises the

freezing temperature, which in term increases the risk of obtaining turbid hydrogel.
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Absorbing Layers

The main aim of this work is to analyze the OA properties of human skin. As men-
tioned earlier, melanin is the main absorber in the epidermis and is presumably the only
relevant contributor to the OA signal. We compared natural melanin from sepia offici-
nalis with synthetic melanin and due to the close resemblance of the two and the higher
cost efficiency the synthetic melanin was chosen for the experiments (see Table 4.1).
The mentioned resemblance concerns the phantom preparation in terms of clustering
and distribution in the phantoms. Regarding the absorption, [Bas00] found the absorp-
tion coefficient of synthetic melanin to be significantly higher compared to the natural
chemical. Owing to the stronger absorption less melanin is needed, which prevents the
clustering that occurs with high concentrations. Melanin is an aggregate of molecules

robust enough to withstands both the heating and the freezing of our production process.

To ensure a homogeneous distribution of the absorbers without clusters it is added early,
together with the PVA. Before weighing, the synthetic pigment is ground thoroughly
for several minutes until no grain can be found anymore. The stirring process may be
prolonged when melanin clusters are visible. However, some of these clusters are very
robust so that even hours of stirring at 94 °C is not enough to break them apart. Thus,
if clumps of melanin outlasted the grinding, they were present in the final phantom. The
hydrogel layers endured only for a few days after preparation, because of that, individual
specimen were not named. Instead they are categorized after the amount of melanin

used (see Table 4.1).
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FIGURE 4.2: Photographs of PVAH layers after freezing. Left: Clear PVAH with

3mm thick 3D printed ring. Middle:45 mg recipe of melanin in 1 mm thick spacer ring.

Right:1 mm thick layer, prepared after 90 mg melanin recipe, held in front of ceiling
lamp.
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In Figure 4.2 different layers of PVAH are presented, after they have been taken from
the freezer. In the left photograph a 3mm thick layer of clear hydrogel is depicted.
The ring for this sample was printed using a 3D printer to enable us to flexibly choose
the thickness. To remove slight irregularities and make sure the thickness is precise,
the ring was filed down by hand. The thickness was verified by caliper measurements.
The photograph in the middle shows a 1 mm thick cylinder of PVAH produced after the
45 mg melanin recipe, producing a deep brown color. The 1 mm metal spacer rings are
commercially available; their thickness was verified using a caliper. At the outside rim
of the spacer ring excess material is visible, which is pressed out of the ring when the
upper glass plate is applied. An excess is necessary to ensure that no gas bubbles are
left behind. On the right-hand side, a photograph of a 1 mm thick sample created after
the 90 mg recipe shows such a gas bubble. In this picture the layer is held in front of
the ceiling light. Here no excess material was poured into the ring. Fortunately, the
measurements presented in this work needed only an area of a few square centimeters,

thus gas bubbles or irregularities at the edges could be ignored.

4.1.2 Phantom Preparation

Once the samples are thawed, which takes a few minutes at room temperature, they can
be combined to create the phantom. The glass plates are removed by hand or in more
difficult cases leveraged apart by using a screwdriver or a metal spatula. Depending
on the temperature reached at that point, the material has become very flexible and
caution has to be applied not to create fissures in the sagging layer. Thicker layers
can be loosened from the ring by pressing with the fingers. Especially with the 1 mm
samples this would damage the hydrogel layer. In those cases, a scalpel is used to cut the
layer off as close to the ring as possible. The detached PVAH samples are temporarily
put into petri dishes filled with distilled water. Now the layers are ready to be stacked
in the desired order. Throughout the whole process it is important to retain a film of
water on the hydrogel to prevent desiccation on the one hand and sticking together of
the layers on the other hand. After the OA measurements are performed the layers can
be separated and stored again. They can be kept for days in a bath of distilled water,
however, after only a few hours the properties begin to continuously change (speed of
sound and consistency). Clear layers should be stored separately to prevent them from

been stained by the melanin which is washed out of the absorbing layers.
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4.2 Transparent Ultrasound Transducer

In this section the transparent detector used for the OA measurements is presented.
The centerpiece of the detector is a 9um thick polyvinylidene fluoride (PVDF) film
(Precision Acoustics, Dorchester, UK), which is biaxially stretched and poled to achieve
piezoelectricity (Properties listed in Table 4.2). Upon the PVDF film 50 nm indium tin
oxide (ITO) is sputtered as electrodes. The general idea of the detector was developed by
Merve Wollweber [Wol06] and Ronald Krebs [Krel0]. In their works metal electrodes are

used which are not transparent, but it functioned as a proof of principle for the self-made

transducer.
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FIGURE 4.3: Transmission spectra of PVDF film with (purple) and without (green)

ITO electrodes. ITO reduces transparency drastically below 400 nm, at 600 nm trans-

mission is maximal (80 %) and decreases slowly towards higher wavelengths. At 532 nm

transmission is still above 70 %. Oscillations are due to interferometric effects of the
thin film.

In contrast, the transparency of the presented PVDF-ITO detector can be seen in Fig-
ure 4.3. The green curve represents a spectrophotometer (Uvikon 931, Kontron In-
struments) measurement on the same type of PVDF film used for the metal electrode
transducers and the purple curve represents the measurement through the PVDF film
in addition to both I'TO electrodes. Both curves are affected by interferences which pro-
duce oscillations especially for the longer wavelengths. Below 400nm, the ITO layers
absorb strongly which reduces the transmission. At 532nm the transmission is above

70 % allowing illumination through the detector film using that wavelength.

In this section the function principle via the piezoelectric effect will be presented. Sub-
sequently it will be explained how the detector is designed and fabricated. This section

ends with an analysis of the actual active area of the detector.
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4.2.1 Piezo- and Pyroelectric Effect in PVDF

Polyvinylidene fluoride (PVDF) is a polymer often used as insulation for wires. Like
many polymers PVDF is cheap to produce and easy to manufacture in a desired shape.
However, unlike any other known polymer it exhibits an extraordinary strong piezo-
electricity if treated accordingly, surpassing even some of the traditional piezoelectric
crystals. Compared to detectors using lead zirconate titanate (PZT) as base material,
PVDF detectors have a higher bandwidth [Xial3c|,[Man84| and lack the problem of

reverberation [Ora06].

In order to achieve these extraordinary properties, the PVDF film is mechanically stretched
while a strong electromagnetic field is applied. This treatment, called poling, creates
permanent electric dipoles in the direction of the applied field. When the polymer is
deformed these dipoles are shifted, which creates an electrical potential that can be

measured as a voltage (see Figure 4.4 right).
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FIGURE 4.4: Left: Heckmann-diagram after [Loh98] visualizing the coupled effects in

the piezoelectric detector. Right: Illustration of the principle of piezoelectricity. At the

top, both centers of charge, @~ (blue triangle) and QT (pink triangle), lie on top of

each other, indicating neutrality. At the bottom, deformation separates the centers of
charge which creates an electric dipole.

Piezoelectricity refers to the conversion of pressure into voltage and vice versa. As the
Heckmann diagram suggests, piezoelectricity is connected to thermoelasticity and pyro-

electricity (Figure 4.4 left). The dipoles create a voltage regardless of how their charges
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are shifted. For example, if the material is heated, the thermal vibrations yield a volume
expansion which in turn produces a change in voltage. This effect is called pyroelectric-
ity, sometimes also referred to as secondary piezoelectricity. The main difference between
the two effects is that piezoelectricity works in both directions. Piezoelectric transducers

produce a voltage when pressure is applied and create pressure when a voltage is applied.

Density 1780 5
Longitudinal Sound Velocity 2250 2
Refractive Index 1.42
Piezo Strain Constant (thickness mode) —-30 %
Maximum Usable Temperature 75-80°C

TABLE 4.2: Properties of the biaxially stretched PVDF film. As written on the data
sheet provided by Precision Acoustics.

4.2.2 Detector Design and Fabrication

In this thesis, the acoustic detector is made of a piezoelectric film (PVDF, see previous
section) with electrodes sputtered on both sides. The form of the electrodes is designed
to be smooth. Any sharp corner would vield local spikes in electric field intensity and
thus make the detector more susceptible to disturbances, especially for high frequencies.
As can be seen in Figure 4.5 on the left, the two electrodes overlap at the tips to form a
circular area. This is the active area of the detector which is discussed in the subsequent
section. To suppress crosstalk and parasitic effects between the conducting paths leading

to the active area, their distance was chosen to be several millimeters.

Usually, electrodes are made from metal to ensure optimal conduction. However, for
the design of the detector presented in this work it is essential for the electrodes to be
optically transparent. Indium tin oxide (ITO) is one of the few materials which are
optically transparent as well as electrically conducting. ITO is a n-type semiconductor
with a band gap of ~4eV [Kim99|. Thus, electromagnetic radiation in the visible and
near infrared does not have enough energy for a band-to-band excitation, rendering ITO
transparent in that wavelength range. At the same time, the carrier concentration is
sufficiently high to facilitate electrical conductivity. These two properties make ITO the

ideal material for the electrodes of a transparent transducer.
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In the production of organic light-emitting diodes, known as OLEDs, sputtering is well
established as a means to create a thin layer of ITO for the use as transparent top elec-
trode [Tiall]. Utilizing the existing facilities and know-how of the Institut fir Hochfre-
quenztechnik in Braunschweig, I'TO was sputtered onto both sides of the 9 pm piezoelec-
tric PVDF film described in the previous part. Sputter deposition is a form of physical
vapor deposition where gas ions (here Argon) are accelerated by a magnetic RF field
to form a plasma. From this plasma the argon ions are accelerated towards the ITO
target by an applied voltage. The ions hit the target hard enough to ablate ITO parti-
cles which propagate, almost unhindered by the thin gas, through the chamber onto the
sample (PVDF) positioned on the opposite side, see Figure 4.5. Obviously, this is not a
directed particle beam, instead anything in that direction is covered by a homogeneous
layer. The desired structure is created by a sputter mask that covers everything but the
areas, intended to become the electrodes. To ensure that the mask is stable enough to
be used in the production of several detectors it was cut out of a metal sheet. Due to the

finite thickness of the sputter mask its inner walls throw a small shadow in their near

vicinity.

Sputter Masks on PVDF Film
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FIGURE 4.5: Left: Photograph of the detector film with enhanced contrast for visibility.
The white circle highlights the active area. Right: Sketch of the sputter setup used for
the detector production (after [Win11]).

The sputter process is depicted in schematic form in Figure 4.5 on the right. While
not being disclosed, the sputter parameter such as gas pressure, sputter duration, and
bias voltage were finely controlled following the protocol of OLED production. The
temperature rise produced during the process is unknown. It is safe to assume that the
temperature stayed below 80 °C which is the threshold where the PVDF film would lose

its piezoelectricity.
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4.2.2.1 Active Area

ro [ mm

xro [/ mm
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FIGURE 4.6: Microscopic views of the OA detector film at the location of the active

area. The electrode overlap almost forms a circle but is slightly elongated in z; direc-

tion. The black lines represent the findings of the active area mapping measurement
elaborated in the text. [Jon16]

To determine whether the active area of the OA detector matches the area where the
electrodes overlap, Jonas Kanngiefer, in his master thesis investigated the detector sys-
tematically. As was explained earlier, every piezoelectric detector that absorbs radiation,
functions as a pyroelectric detector as well. By scanning over the detector film with a
pulsed laser beam, the localized heating produces a pyroelectric effect at any place with
finite absorption. From spectrophotometer measurements we know that the ITO elec-
trodes increase the absorption, however the areas with bare PVDF film absorb as well
and thus produce a pyroelectric field. Independently of the amplitude of the pyroelectric
effect only the active area should produce a measurable signal. Voltages produced in an
area without electrodes, cannot be detected due to the lack of an electrical connection to
the data acquisition card. An interesting question was, whether the active area expands
to the regions with only a single electrode as well as the possibility of the active area

being smaller than the region of overlap.

Using a pinhole the beam diameter of the 532 nm laser pulses (~10ns) from an optical
parametric oscillator (OPO) (Ekspla PG122/UV) was reduced to 200 pm and directed
at the detector film suspended in air without being attached to a sample. By tuning a
3-axis positioning stage the beam is scanned laterally over the detector film in steps of

100 pm. At each position 10 measurements are taken for averaging.
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In theory, the self-designed sputter masks would produce an active area at the overlapping
electrodes in the form of a circle with a diameter of 1mm. The sputter masks are
produced out of a metal sheet by laser cutting following a CAD-file design. Therefore,
only marginal errors are expected from the masks themselves. However, the masks are
placed on both sides of the PVDF film by hand which probably caused the deviations of
the area of overlap from the planed design. As can be seen in Figure 4.6 the overlap of
the electrodes does not form a perfect circle. In the pyroelectrical mapping of the active
area (see Figure 4.7) these positioning errors cause the 0.1 mm elongation of the active

area in the z1 direction.
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FI1GURE 4.7: Determination of the active area of the OA detector: Map of intensity

levels created by scanning a ~ 200 pm wide beam in 100 pm steps over the detector.

The overlap of the measurements is indicated with intensity colored rings next to the

axis, representing the highlighted row and column in the graph. The active area extends

approximately 1.1 mm in 7 and 0.9 mm x5 direction. Inset: Photograph of the detector
at the overlap of the ITO electrodes, illustrating the scanning axes. [Jon16]

As can be seen in Figure 4.6, the electrodes appear lighter at the edges. This effect
is likely caused by the metal masks casting a shadow during the sputter process. It is
to be expected that any mask with a finite thickness will affect the sputtered layer in
close vicinity to the inner side walls of the structure. Matching these fringe effects, the

active area extends only 0.9 mm in the zo direction even though the masks appear well
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aligned in that dimension. Probably, a combination of a slight misalignment and the

fringe effects is responsible for the reduced extend in the xz9 direction.

Overall the active area is in good accordance with the expectations and the deviations
are understood and do not affect the OA signal. More importantly this shows that the

active area can be determined visually without the need of elaborate measurements.

4.3 Optoacoustic Setup

In this section the OA measurement setup is elaborated. Following the description of
the electrical preamplifier, the process and setup for the energy calibration is explained.
Finally, the OA setup used in all measurements and the different detector configurations

are presented in detail.

4.3.1 Electrical Preamplifier

FIGURE 4.8: Photograph of the custom build preamplifier.

To ensure that the preamplifier meets the demands imposed by the setup, we worked
in close cooperation with taberna pro medicum GmbH (tpm) who developed the signal
amplifier according to our specifications. Especially in the beginning of the experimental
work the form of the signals and, thus, the occurring acoustic frequencies, were not
well known. Although it is possible to determine the frequency response and eliminate
its effects in post-processing, we decided to sacrifice high amplifications for a constant
amplification over a broad band of frequencies. After developing the circuit board an
amplification of 6dB over a frequency range of more than 200 MHz was determined,

which is greater than any expected signal would require.
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The symmetric design allowed for the desired functionality independent on the orien-
tation of the detector film. Note that, it is not possible to confirm the piezoelectric
orientation of the film before installing it in the OA setup. While the orientation is
marked on the film at first it is likely that it will get lost in the sputter process. For-
tunately, due to the symmetric design the orientation merely changes the sign which is
convenient in the data processing. As can be seen on the left-hand side of Figure 4.9 the
input impedance is chosen high (97.6k2) to ensure a good sensitivity despite high resis-
tivity values of the ITO electrodes. To suppress electrical ringing, 0.5 pF capacitors are
included in the feedback loops of the operational amplifiers. A regulated power supply
(PeakTech 6210) was chosen to ensure that the signal is not altered by variations in the

applied voltage.
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FI1GURE 4.9: Layout of the circuit board for the preamplifier as used in this work.

4.3.2 Energy Calibration and Monitoring

Any laser source exhibits energy variations to a certain degree. Depending on the optical
components used down the beam path the energy uncertainty is increased further. Espe-
cially when aiming at clinical use, it is highly important to monitor the energy in order
to stay within the safety limits. As described earlier (see Section 3.1), the amplitude of
the OA pressure wave depends linearly on the absorbed energy through the Griineisen
parameter. Thus, the irradiation energy is an important element in the understanding

of the resulting shape of the OA signal.
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Energy can be measured directly by directing the beam at a calibrated photo diode or
a pyroelectric detector. However, it is not feasible to conduct such straight forward
energy measurements and illuminate the sample at the same time. To circumvent this
predicament a second indirect measurement is implemented that correlates with the
output energy but is not impeding the beam from reaching the sample. By measuring

the energy directly and indirectly at the same time the indirect measurement can be

calibrated.
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FIGURE 4.10: The energy calibration relates the actual energy leaving the fiber with
the intensity of stray light measured by a photodiode next to the fiber. a) Setup for
energy calibration b) Maximum voltage measured by the energy detector (pyroelectric
absorber) corresponds to the pulse energy. ¢) Temporal integral over photodiode signal
creates reference value proportional to the energy. d) Energy calibration with 1000
measurement points. Fit shows linearity and good agreement.

Energy Monitoring Setup

In our case the illumination is fiber-based which renders the use of beam splitters for the
energy calibration setup inconvenient. To obtain an indirect measurement of the pulse
energy a photodiode is placed next to the fiber. Through the transparent fiber jacket a
fraction of the light is coupled out and detected by the photodiode. The amount of this

stray light can be increased by bending the fiber, however, this leads to a dependence
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on the room temperature corrupting the precision. By logging the temperature of the

laboratory, we managed to remove this effect in postprocessing [Jon16].

Fortunately, the photodiode used (S1336-18BQ, Hamamatsu Photonics) is very sensitive
at the relevant wavelength. By running the photodiode with 5V reverse bias, the signal
is strong enough even when working with an unbent fiber. Thus, while working in the
visible spectrum we refrain from bending the fiber. Figure 4.10 shows the reference
measurements which are used to correlate the diode signal with the actual puls energy

leaving the fiber.

FIGURE 4.11: Photograph of the pyroelectric detector used to calibrate the system.
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4.3.3 Beam profile

For the illumination the laser is coupled into a multimode fiber which determines the
beam profile. The OPO (NL303G + PG122UV, Ekspla, Lithuania) produces a very
unsymmetrical energy distribution with high intensity regions and even local minima.
However, due to the long path through the fiber of more than 10 m which leads to mixing
of all modes, the pulses become homogenized as can be seen in Figure 4.12. The Ultra
50 laser source produces a much better beam shape, however, after the long fiber the
result is the same. The beam exhibits a flat-top profile. In contrast to top-hats profiles,
the flat-top profiles have smooth flanks leveling off from the center of constant intensity.
For a detailed description and visualization of the influence of the beam profile on the

signal shape, please refer to Section 3.2.

TR O gl L

FIGURE 4.12: Beam profile after more than 10m of fiber, as measured with a beam
profiler (LBP2-VIS2, Newport).
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4.3.4 Optoacoustic Measurement Setup
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FIGURE 4.13: Sketch of OA measurement setup. DAC stands for data acquisition card.
DAC 1 is used for the energy monitoring as described earlier.

Laser

In the process of this thesis multiple setups where created which mostly differ in the
specific use of the detector film. Subsequent to this section, the different detector setups
will be elaborated. Here, the core elements of the OA measurement setup are presented.
Two laser sources were utilized. In the beginning an optical parametric oscillator, OPO
(NL303G + PG122UV, Ekspla, Lithuania) was used. For optoacoustics, the visible beam
exit producing 3-6 ns pulses in the wavelength range 420-709 nm was used. Depending on
the wavelength the energy varied form a few hundred microjoule to several millijoule. To
ensure sufficient energy, most measurements were done with 532 nm resulting in energies

of approximately 1 mJ after the fiber.

Later, a compact single wavelength laser at 532 nm was utilized (Ultra50, Quantel Laser,
France), in particular, for the use in clinical measurements. Independent of the specific
setup the laser was controlled by an OA-software, programed in close cooperation with
SciResolve and configured exclusively for our hardware configuration. In the PC which
controlled the process two data acquisition card are included, one (DAC-I) for the energy
calibration and monitoring as described earlier (ADLINK PCle 9814) and another (DAC-
IT) for the recording of the OA signal (Agilent U1065A, up to 8 GS/s). It is noteworthy
that high requirements have to be met by DAC-II. The card achieves a sampling rate of
up to 8 GS/s which is expected to record any OA signal with sufficiently high temporal
resolution. All setups presented in this work are fiber based. Setups using the OPO
include a 10m long fiber needed to guide the pulses from the bulky laser source to the
setup. The Ultrad0 laser source on the other hand is small enough to be accommodated
close to the experiment. Furthermore, a commercial fiber coupling module is attached
to the Ultrab0 laser source facilitating significantly higher coupling efficiencies compared

to the self-built coupling used with the OPO.
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4.3.5 Detector Setups

In this section the different detector setups are presented. For all the setups the same
design of the detector film with ITO electrodes was used. The data acquisition setup
connected to the preamplifier is also the same for all measurements. The main difference
regarding the functionality of the detectors is the backing layer. In case of the setup used
in the Angular study hydrogel was employed, for the clinical measurements PMMA was

used.

Angular Study

To analyze the detectors capability to measure signals arriving from different directions
as well as first off-axis measurements in the far-field, a short study was performed in
which the source volume was moved underneath the detector film. For this, so called
Angular study, a special setup was created using a 3D-printer. All setups have the

vertical holder for the preamplifier in common which can be seen in Figure 4.14 (left).

Tiltable
Lens Holder

Preamplifier

Fiber

lcm

FIGURE 4.14: Sketch of the OA setup for the Angular study to investigate off-axis

measurements. Inside of the tiltable part on the right the fiber is directed at a single

collecting lens. The active area is highlighted in purple. For clarity the PVAH backing

layer on top of the detector as well as the data and power cables from the amplifier
were omitted.
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The ITO electrodes of the detector film are fixed to the contact pads of the preamplifier
by plastic screws covered with softer plastic to prevent damage of the film. A 3D-printed
frame is connected to the holder of the preamplifier so the side of the detector film
can be fixated. For illumination an attachment was created which facilitates tilting the
fiber holder. The hole in the narrow side around the fiber is tight so no further fixation
is needed. Inside the holder, the hole widens to accommodate the single collecting
lens with a focal length of 10mm. Due to the finite extent of the fiber facet (800pm)
and the diverging beam path the beam waist is approximately 3mm in diameter. The
actual spot size at the absorbing layer might be deformed by refraction at the sample
surface. However, simulation assuming a spot size of 3 mm recreates the measurements

well (see [Mel]). The experimental measurements are presented in Chapter 5.1.2.

The necessary backing layer which consist of a piece of PVA-H put on top of the detector
is not included in the figure. In theory, the detector film is thin enough compared to
the relevant acoustic wavelengths so that it becomes acoustically transparent if brought
in between two layers with the same acoustic properties [Jae05]. For measurements on
living tissue, PVA-H is a close match in acoustic properties and can be used as backing
layer. However due to the high cost in time and effort to create the hydrogel and keep
it wet and at the right position during measurements we chose a different setup for the

clinical measurements which is presented in the subsequent section.

Clinical OA Setups

For clinical use the detector setup needs to satisfy the following demands, that mostly
concern the area of contact with the patient. a) The contact area must not be larger
than a few centimeters, otherwise many regions on the body cannot be reached. b) The
contact area must withstand repeated use with the associated mechanical strain as well
as cleaning with disinfectant. ¢) All parts of the measurement head must be fixed so they
stay in position when measurements need to be taken, for example, from underneath the
patient. d) The detector film must be visible at all times, to ensure proper positioning
on the nevus. e) The detector setup should be light and small enough to be operated
with one hand, which not only simplifies the measurement procedure but reduces the

effort of grounding the experimentalist greatly.
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FIGURE 4.15: Photograph of handheld clinical setup. To both sides of the OA setup
the patient grounding is visible. Due to its transparency the active area of the detector
film cannot be seen above the nevus.

While hydrogels are well suited as a backing layer for their acoustic similarity to living
tissue, they are impractical with respect to the actual measurement procedure in the
clinic. Due to their consistency they cannot be fixated and need to be kept wet through-
out the process. Instead a 5mm thick piece of PMMA glued on top of the detector
functions as backing layer. To protect the detector film from mechanical strains a second
PMMA sheet was glued underneath. In all cases the high precision optodic bonding
was performed by Maher Rezem [HOT, internal communication| using Norland Optical
Adhesive (NOA 85V) which is highly transmissive for visible light. The adhesive was
cured using UV radiation at a wavelength of 365 nm over a time of approximately 15 min.
Based on similar bonding processes the thickness of the adhesive layer is estimated to
be between 10 pm and 50 pm. Although PMMA itself is not ethanol resistant, repeated
cleaning and disinfecting had no visible effect on it. During the clinical measurements,

a nonalcoholic cleaning solution was used, which was provided by the physician.

In Figure 4.15 the clinical setup is depicted. The plastic case holding the preamplifier
and the illumination fiber (880 pm) was produced with a 3D-Printer. Using the backing
layer, the detector film was fixed to the setup by being skewed to a frame. The drilling
hole holding the fiber was created tight enough to keep the fiber in position at 18 mm

above the active area.
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4.4 Signal Processing

In this section the processing from raw data to the OA signal is described. Depending

on the setup only specific post-processing steps are needed.

4.4.1 Subtraction of Electromagnetic Noise

The Nd:YAG lagers used in this work are pumped by flashlamps and are g-switched. Due
to the large currents needed to run the laser, strong electromagnetic noise is emitted. Any
sample and especially the human body, functioning as an antenna picks up this signal
and conveys it to the OA detector to produce paragitic signals. In the case of the Ultra
50 laser source which is used for the clinical measurements this unwanted radiation is
small enough so that proper grounding of the patient and the signal cable in combination
with placing the laser in the opposite corner of the room is enough to reduce the noise

to an acceptable level.

On the other hand, the Nd:YAG pump laser of the OPO used for the measurements with
variable wavelengths produces such massive parasitic signals that it has to be subtracted
in post-processing. To achieve that, reference measurements with blocked illumination
beam where performed before and after the regular measurements. Unfortunately, the
form and amplitude of the parasitic depends strongly on small changes in the positioning
and grounding of the patient which signifies that the patient must remain in the same
position throughout the measurements. Even slight repositioning of the wires used for
the grounding may render the dark measurements unusable for the subtraction process

afterwards.

In principle, a single dark measurement would suffice. However, to monitor whether the
noise changed over the time of the experiment at least two measurements are needed.
Here, we measured the noise with blocked illumination at least twice before and twice
after the measurement series to be able to obtain a reliable background. Variations in
trigger times, up to half the oscillation period of the parasitic signal, lead to shifts in
the background noise which in turn yields significant errors in the background subtrac-
tion. To avoid this effect the measurements are synchronized by shifting the background
so that the maxima of a specific peak overlap. By comparing the different background

signals, deviations were found which cannot be explained by the trigger shift. Possible



Chapter 4. Material and Methods 65

0.5 T T T T T
= Background
= Raw Data
S 0 Cleaned Signal i
©
C
2
n
< -05
@]
o
()
N
© -1k
£
[©]
=
5 -1.5
(]
C
w

2 ] ] ] ] ]

0.8 1 1.2 1.4 1.6 1.8 2

Time (us)

FI1GURE 4.16: Exemplary subtraction of background signal created by the OPO system.
The noise begins around the trigger time and extends several hundred nanoseconds into
the signal. Its magnitude is often bigger then the OA signal at 1.3 — 1.5ps).

contributors are pulse to pulse differences in the electronic g-switch driver or the flash-
lamps. It is important to prevent changes in the grounding in between measurements,
as this will change the pickup characteristics which in turn may lead to parasitic signals
of various frequencies. Fortunately, even when measuring with the OPO laser source
the remaining wiggles of the parasitic signal, after background subtraction, are small
compared to the OA signal itself. However, as will be elaborated later, the recorded
signals are a convolution of the OA signal and the instrument response function. There-
fore, in addition to the noise subtraction, a deconvolution algorithm is used in order
to reconstruct the original OA signal. This process is highly sensitive to the wiggles in
the parasitic signal and ultimately prevents a comprehensive signal reconstruction for

measurements using the OPO.

4.4.2 Removal of the Pyroelectric Signal

To measure in the near field we created a transparent transducer through which the
sample could be illuminated without the need of complex optics to guide the laser pulse
around, as must be done otherwise [Wan09]. However, any real material has a finite
absorption and so does our detector. As described earlier, when piezoelectric materials
absorb energy and, thus, are heated, the pyroelectric effect creates a signal, here called

Pyro. The Pyro in the case of measurements on human skin far exceeds the magnitude
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of the OA signals. Unfortunately, the size and form of this effect depends on several
parameters, most of which cannot easily be controlled. For instance, the added capacity
of the surrounding material of the active area, such as distilled water, affects the mea-
surements of PVDF membrane hydrophones [Bac82]. The influence of the capacity, in
the context of the OA detector presented here, will be addressed later in exemplary man-
ner. This in practice unpredictable behavior necessitates the removal of the pyroelectric
effect. Removing it by suppressing the relevant frequencies is sensitive to errors because
neither the frequencies of the Pyro nor the OA signal are exactly known, and an overlap

exist in many cases.
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FIGURE 4.17: The pyroelectric signal is removed by subtracting a polynomial fit of
10th order. The resulting data should only include the OA signal.

However, it is possible to fit a curve to the pyroelectric signal, which can be used to
subtract it afterwards. Fitting the progression of the pyroelectric signal is facilitated by
the use of a fronting layer. This layer defines a time period after the trigger in which
the OA signal cannot yet arrive at the detector. In the case of our detector, the first
0.2ps of the signal after the arrival of the laser pulse at the sample, only contain the
background noise and the pyroelectric signal. Even if the background noise could not be
removed completely by the aforementioned method its oscillating behavior is averaged
out during the fitting procedure. While in theory the underlying physical effects in first
approximation of the Pyro can be described with exponential functions, we found that a
universal approach produced much better results. Thus, a polynomial function of 10th
order is fitted to the measurement omitting the regions expected to feature pronounced

OA signals. To use the time after the OA signal, its endpoint must be determined for the
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individual measurement and the sample used. Only the transition time of the acoustic
wave through the fronting layer can be used for the process of fitting independent of the
sample. The resulting curve after subtraction of the pyroelectric signal can be seen in

Figure 4.17

In an earlier setup it was necessary to remove voltage offsets produced by differing
grounding levels depending on whether the wall plug or the grounding of the optical
tables was used. Even though revised grounding methods superseded those needs, any
post-processing software contains lines which determine the level of the pre-trigger signal

and subtract it from the complete measurement.






Chapter 5

Results and Discussion

In this chapter the results of the OA measurements are presented and discussed. First,
the measurements on layered hydrogel phantoms are shown and compared to simulations
based on the code by Oliver Melchert [internal communication|. Afterwards the effect
of diffraction is illustrated in an angular study on a single hydrogel absorber layer.
Subsequently, in Section 5.2 the impact of parasitic capacities on the pyroelectric signal
is visualized. At the end of the section it is shown that the pyroelectric signal amplitude
correlates well with the energy absorbed in the detector film. Section 5.3 contains the
details and the validation of the deconvolution method used for measurements with
the clinical detector setup. Finally, in Section 5.4 the in-vivo measurements on human
skin are presented. To show the potential of wavelength scans in OAs an exemplary
measurement series using the OPO as laser source is briefly elaborated. However, the
utilization of this particular OPO introduces too much noise to the signal so that it was
not used in the clinical measurements. This chapter concludes with the presentation
of the clinical measurements which were conducted in the framework of the MeDiOO

project.
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5.1 Layered Phantoms

To validate the intermediate steps toward a handheld OA device for clinical application,
earlier versions of the transparent detector were used for measurements on layered hydro-
gel phantoms (see Section 4.1). PVA hydrogel (PVA-H) has acoustic properties which,
due to the high water content, are close to those of living tissue. Additionally, the PVA-H
can be created transparent and by adding absorbers it can be used for OA measurements.
To match the acoustic properties of the samples, hydrogel was used as backing layer for
measurements on PVA-H phantoms. Because the peace of hydrogel placed on top of
the active area is not plane, the illumination could not be directed through the detector
itself. For the illumination from the side, space between detector and sample is needed

which sets the measurement into the far field regime (see Section 3.2).

5.1.1 Far Field Measurements of Multiple Layers

In this section, far field measurements of layered PVA-H phantoms are presented. The
samples were created by stacking 1 mm thick layers with different absorber concentra-
tions. To validate the resulting signals, they were compared to simulated data. Based
on the Poisson integral in cylindrical polar coordinates, the numerical simulation was
customized to efficiently calculate the pressure propagation in layered media. This the-
sis focuses on the experimental side of these experiments, please refer to [Blul6| for

additional information on the numerical simulations.

As depicted in Figure 5.1 the only optical component involved is a multimode fiber
(Ceramoptec, Optran WF 800/880N, 800 pm core diameter, NA 0.22) through which the
laser pulses from the OPO are guided. At a wavelength of 532nm the light pulses are
visible, and the positioning could be done by hand. The fiber was positioned in a way
that allowed the excitation to occur as close to the detector normal as possible without
illuminating the active detector area, which means a steep angle and close vicinity. As
backing layer, a piece of PVA-H was placed on top of the detector. The surface of the
PVA-H piece is irregular. To prevent deformation of the illumination pulse by refraction,
the backing layer was aligned to end shortly after the detector edge and to allow the laser

pulse to enter the sample through a planar surface next to the detector (see Figure 5.1).
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FIGURE 5.1: Sketch of a) the experimental setup and b) the three different tissue
phantoms PI, PII and PIIL. The label “C” stands for clear PVA-H while “S“ represents
a low and "M“ a high melanin concentration. (As created for [Blul6])

The detector was placed directly on a 3 mm thick clear PVA-H layer. For phantom PI a
1 mm thick layer of PVA-H with a high concentration (45 mg see Section 4.1) of melanin
followed. The high concentration layers are labeled with the letter M, representing the
"melanoma’ part of the skin. Underneath the absorbing layer a thick layer of clear PVA-
H is placed to prevent acoustic reflections from the bottom of the sample to interfere
with the measurement. In contrast to PI, Phantom PII has a 1 mm thick layer of PVA-H
with a low melanin concentration (4.5mg) on top of the M layer. The low concentration

layer is labeled S, representing the "regular skin”.

In the case of PIII this low concentration layer is 2 mm thick. Obviously, it is unrealistic
that a melanoma is covered by 1mm or more of regular skin. However, the idea is to
show the capability of measuring changes in absorption in addition to the thickness of
a single layer. In theory one could determine the absorption profile of a layer with high
followed by a layer with low concentration as well. However, in practice the back-end
signal is too small to be detected. Please note that the absorption in the M and S lay-
ers is much smaller than in melanoma or skin. Higher concentrations of melanin yield
irregular clustering which prohibits a controlled and homogeneous absorption coefficient
in the hydrogel. On the other hand, as discussed earlier, synthetic melanin was used
which exhibits lower absorption compared to natural melanin anyway. Nonetheless the

measurements on these phantoms validate the capabilities of the detector film.
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In Figure 5.2 OA measurements on the three phantoms are compared. Using a sound
velocity of 1500m/s the OA signal was plotted over depth instead of time. All signals
were shifted so the first absorbing layer begins at O cm. In the case of PI where the only
absorbing layer is of high concentration this leads to a steep peak followed by a shallow
valley and ends with a minor dip. The leading flank represents the onset of the absorp-
tion. While the created pressure profile in the M layer would follow the Beer-Lambert
law, the detected OA signal is deformed by diffraction. Instead of an exponential decay
the signal drops below zero and slowly rises again. The dip at 0.4cm denotes the end
of the absorbing layer. Between 0.5cm and 0.65cm a second and much broader dip is
visible. Most likely this feature is caused by reflections from inside the backing layer.
Due to the uneven form of the backing layer, reflections are spread out and the signal
is broadened. The simulated data (blue dashed line) does not include a finite backing

layer, thus, it remains at zero after the back-end dip.
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FIGURE 5.2: Comparison of OA signals of a) PI b) PII und c) PII. Experimental (yel-
low) and theoretical (blue) results agree well in all features of the far field measurements
[Blu16]
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The leading peak in the measurement curve of PII, originating in the S layer, is much
smaller than for PI. As described in Section 3.1, the OA signal amplitude is proportional
to the absorption coefficient. At 0.4 cm the onset of the M layer produces a tall peak
in accordance with the higher absorption coefficient. Following the small diffraction
valley, the dip at 0.5 cm indicates the back-end of the M layer. Please note, that a low
frequency oscillation overlays the signal even before the OA signal arrives, in the case
of the OPO it is quite substantial in amplitude. This is likely a parasitic signal, picked
up from the laser pump or the cooling system. In addition to slight inhomogeneities
in melanin distribution the parasitic signal explains the difference between experimental

and simulated data from 0.3cm to 0.4 cm.

Finally, the OA measurement on PIII exhibits a small bump representing the beginning
of the § layer followed by a stretch of almost zero amplitude only disturbed by the
aforementioned pickup. The peak at the onset of the M layer is bigger than the S layer
bump. However, it is small compared to the M layer peaks for PI and PII. The lower
intensity of the light passing through 2mm of S type PVA-H and the further widened
beam, both explain the reduced signal. Intuitively, scattering might contribute to a
reduction of the light reaching the M layer in PIII. However, scattering is not included
in the simulation and the agreement between the two curves suggests that it plays a

minor role.

Small deviations from the expected thickness of 1 mm for the individual layers can be
explained by compression of the soft samples caused by the weight of the setup pressing
from above. Another contribution to the differing thicknesses is the fact that hydrogels
may exhibit different sound velocities even when they are produced according to the
same recipe. By converting the time-based experimental signal to the depth-based signal

as presented here, these speed variations translate to thickness variations.

Overall simulation and measurement data agree very well for this far field experiment.
This illustrates the validity of the assumptions with respect to the detector setup. Ad-
ditionally, it shows that this simple setup is capable of producing signals that represent

physical facts without too much noise or parasitic signals.
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5.1.2 Investigation of Angular Dependence of OA Signals (Angular
Study)

FIGURE 5.3: Sketch of setup for the investigation of the angular dependence of the OA

signal. After passing the fiber(F) the laser beam is focused by a single lens (L) into

the PVA-H sample. By changing the illumination angle the beam is moved over the

absorbing layer (A) containing melanin (see Section 4.1). The detector is labeled D and

the rotation angle a. The PVA-H backing layer on top of the detector is not shown to
increase clarity.

As can be seen from the sketch in Figure 5.3 the setup includes a single lens which focuses
the laser pulses at a wavelength of 532 nm into the sample. A detailed description of the
measurement setup can be found in Section 4.3.5. The sample consist of PVA-H layers,
starting with 13 mm of clear hydrogel followed by 1 mm of absorbing layer created with
4.5mg melanin, which leads to comparably low absorption (see Section 4.1). At the
bottom the phantom ends with 2mm of clear PVA-H. The focus of the laser beam pulses
is widened by the extent of the fiber end facet as well as refraction at the sample surface.
Using fine scaled paper, the beam diameter at the depth of the absorbing layer was
determined to be approximately 3mm. Whenever the distance between detector and
source is large compared to the lateral extent of the source volume the measurements
are considered to be in the far field. As explained earlier far field measurements are
affected by acoustic diffraction, deforming the original pressure profile to resemble its

first derivative.

For angles between 60° and 75° the illuminated source volume is underneath the detector
and the curves can be compared to the examples of on axis measurements in the preceding
section. After a leading compression peak representing the beginning of the absorbing
layer a diffraction valley follows. At approximately 0.7 ps the small rarefaction dip is in
accordance with the lower boundary of the 1 mm thick absorbing layer assuming a sound

velocity of ~1500 .
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F1GURE 5.4: OA far field measurements showing the effects of acoustic diffraction.

Some measurements are shifted in time to compensate for thickness variations of the

top PVA-H layer (see text). The leading compression peak represents beginning of the

absorbing layer and is followed by a rarefaction valley caused by diffraction. At approx.
0.7 ps a rarefaction dip indicates the end of the absorbing layer.

The data for the plot was smoothed and some of the curves had to be shifted to com-
pensate for runtime variations caused by changes in the pressure with which the detector
setup was placed on the sample. Unfortunately, it is not feasible to fix the setup to
prevent these variations due to the flexibility of the 3D-printed polymer as well as the
non-ridged detector film and backing layer.

Nonetheless, after shifting the datasets the systematic changes of the curves with differ-
ent angles become clear. While at smaller angles (60-75°) the curves are quite similar,
towards 90° the appearance of the curves changes. The increasing lateral distance yields
a delay of the leading flank. Not only the position changes but the form as well. Off the
normal direction of the layer the plane wave components vanish, and the amplitude de-
creases greatly. This results from the change of the characteristic geometry of the source
volume from the perspective of the detector. Simply put, instead of a plane surface

underneath the detector observes the source volume from the side.
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5.2 Analysis of the Pyroelectric Effect

The central novelty of the setup presented here is the capability of measuring under
near field conditions. To achieve that the detector is brought in close vicinity of the
sample while the illumination is directed through the active detector area itself. This
circumstance introduces a pyroelectrical signal to the measurements. In this section the
influence of the sample as a parasitic electrical capacity is described. First, this was
done using a metal plate as sample, then the measurements were performed on different

persons.

As described earlier (see Section 4.2.1), any piezoelectric sensor is also susceptible to
temperature variations which produce a thermal expansion that in turn causes a pyro-
electrical signal. When illuminating the sample through the detector, as performed in
the clinical study, the OA signal is overlaid with the signal from the pyroelectric effect.
Even though it is not the desired signal it can be used to monitor the energy of the laser

pulse.
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FIGURE 5.5: Influence on the pyroelectrical signal by a parasitic capacity. a) Schematic

description of the experiment: The top panel shows full illumination as used in clinical

measurements, the bottom panel shows partial illumination narrowed by black tape.

Left or right position of the metal plate is illustrated by colored frames. b) Measure-

ments with full illumination. c¢) Slit measurements. Except for energy normalization
the data was not manipulated.

For the setup used in this work the pyroelectric signal is not only depending on the
temperature variations but, is affected by the electrical setup such as the preamplifier.
Because the input impedance as well as the capacity of the preamplifier are constant,
they may be disregarded in the analysis of the pyroelectric signal. On the other hand, the
capacity of the OA detector itself, that is the area at which the ITO electrodes overlap,

changes when a conducting object is brought into its close vicinity. Figure 5.5 illustrates
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this effect with a simple setup in which a metal plate is placed underneath the detector
at different positions. In Figure 5.5 a) two different illumination spots are sketched. At
the top the full illumination is presented, as it was used in the clinical measurements.
Below that the partial illumination is shown. Black tape is used to limit the width of the
laser spot to the active area. The comparison to the slit measurements is needed to show
that the variations are not produced by changes in the illuminated area but by changes
in the capacity only. For each illumination mode four positions of the metal plate were
investigated. The metal plate was either far removed (no sample) or partially underneath

the electrodes (left and right) or covered the entire detector setup (full metal).

In Figure 5.5 b) and ¢) the measurement curves are presented, for full and partial il-
lumination, respectively. Note that the colors are matched to visualize which setup
corresponds to the measurement. The idea is to obtain an understanding of how the
introduced capacity changes the pyroelectric signal. To mitigate the effects of optical
reflections, the metal plate was covered by black tape. If the capacity change is not
affecting the signal there would be no difference between the measurements, however,
this is not the case. By introducing the metal plate, no sample to full metal, the am-
plitude increases drastically for both illumination types. In the case of the metal being
positioned under the left electrode the effect of the introduced metal plate is comparably
small which can be explained by the setup of the detector film. The electrode on the
left side of the detector is underneath the film, thus the electrode is on the same side
of the piezoelectric medium as the introduced capacitor plate. On the other hand, the
right electrode is on top of the detector film and, thus, forms a capacitor with the metal
plate and the piezoelectric film in between. This effect is visible for the two illumination
configurations. In both cases the metal left curves resemble the no sample curves as well
as the metal right curves resemble the full metal curves. Slight differences are visible in
that the no sample and metal left measurements almost fully overlap in the partial illu-
mination case while deviating from one another for full illumination, whereas the Metal
Right and Full Metal measurements show a more precise overlap in the full illumination.
These variations are most likely produced by small placement errors of both the black

tape for the illumination slit and the metal plate.

One has to keep in mind that these measurements are conducted with the hand-held setup
designed and used for clinical use, limiting the possibilities to this study. There are no

facilities to mount the OA detector on an optical table and even if there were the presence
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of the large metal object would influence the measurement. To avoid any parasitic
capacities the measurements were performed on top of a plastic cupboard and the OA
setup was held and positioned by a grounded experimentalist. The introduced metal
plate was grounded as well. Without grounding of the metal plate, the measurements
showed the same trends, however the noise levels dominated the signal and complicated

the comparison.

Due to the similarity of the different illumination spots it can be assumed that only the
illumination of the active area affects the pyroelectric signal to a relevant extent, which
is consistent with the finding of the active area mapping in Section 4.2.2.1. The illumina-
tion of the individual electrodes, that is, removed from the active area, has no detrimental
effect. Additionally, it is shown that only capacities introduced under the right electrode
are relevant for the magnitude of the pyroelectric signal. This is easily understandable
and controllable in the artificial setup. For in-vivo measurements it becomes more com-
plicated, because the electrical properties of the patients cannot be standardized. The

problem increases when the patient would move during the measurement.
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FIGURE 5.6: Wavelength dependence of the energy normalized maximum of the py-
roelectric signal. Not only is the ratio of pyroelectric maximum to laser pulse energy
influenced by the irradiation profile (compare Elias and Elias10mm) but highly depen-
dent on the subject. The yellow line represents the absorption of the detector film
determined via a spectrophotometer. Different measurement series are color coded.
Measurements series were divided in two parts, indicated by use of different symbols.

As explained earlier, the effects on the capacity of the OA detector setup by a patient

are quite complex so that the pyroelectric signal cannot be used to determine the laser
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pulse energy reliably. However, to prove the principle feasibility to use the pyroelectric
signal for energy calibration and validate our assumptions about its origin and details,
the pyroelectric data for different wavelengths and persons was evaluated. In contrast
to OA measurements the focus lies on the pyroelectric signal. Therefore, instead of
subtracting the fit of the pyroelectric effect, its maximum amplitude was investigated.
Thus, the data presented here can be regarded as metadata of OA measurements. It
shows the correlation of the maximal amplitude of the pyroelectric signal with the energy
of the incident laser pulse. The same method is used in commercial pyroelectric energy

detectors.

Pyroelectric energy detectors exhibit a linear correlation between the energy of incident
electromagnetic radiation and the produced voltage. Because the produced voltage is
absorption dependent, and in turn wavelength dependent, the conversion factor needs
to be determined for each wavelength individually. This relationship is reflected in the
comparison of the energy normalized maximum values of the pyroelectric signal fit, to
the absorption spectrum of the detector film determined by use of a spectrophotome-
ter. As can be seen from Figure 5.6 the trend of the purple triangles, representing two
measurements on the volunteer, corresponds well with the absorption spectrum of the
detector film. Note that, out of logistical reasons', the high and low wavelengths were

investigated separately, as indicated by the changing orientation of the triangles.

Even though it is not possible to exactly reproduce a measurement setup when working
with living samples, the two sets of measurements overlap very well. From that we
can deduce that the determining factors were reproduced. As described earlier, the
detector setup for clinical use features a fronting-layer, determining the distance between
detector and sample. The fiber end was positioned 18 mm above the sample. When
this setup was used to measure on my forearm the wavelength dependence is shown
to be similar, while the magnitude of the pyroelectric maxima was increased. This
indicates the complex behavior of the pyroelectric effect, as hypothesized above. It is
reasonable to conclude that the two human specimens available for the measurements
have different parasitic capacities which in term influence the pyroelectric signal. Finally,
to showcase the influence of the light intensity, the fiber facet was moved closer to the

sample (see Eliasl0mm). Again, the trend is similar but as expected the magnitude

'Most crucial: Safety goggles do not cover the whole spectrum.
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increased significantly. The OA measurements in the high wavelength range of that

series of measurements, i.e. the blue squares, are presented later.

5.3 Deconvolution With IRF - Ink On Glass

In this section, the validation of the post-processing is shown. More precisely, the decon-
volution of the OA signal from a test sample is compared with simulation. The setup used
in this experiment is the hand held setup used in the clinical studies (see Section 4.3.5).

These results are also published in [Blul9].

Optical
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FIGURE 5.7: Handheld setup as used in the clinical studies. a) Sketch of experimental
setup. For clarity the adhesive layers, surrounding the detector film, are omitted. b)
Photograph of handheld sensor on grid paper. [Blul9]

Point spread functions (PSF) or more generally instrument response functions (IRF)
represent, the effect the measurement setup induces on the signal. The most straightfor-
ward way to obtain the IRF is to measure on a sample which produces a delta function
as signal. In the case of our setup, a 1D delta function is needed, or in terms of the
optoacoustic source, an infinitesimally thin absorbing layer. Thin layers can be created
by coating a glass plate with coal or any other strong absorber. Unfortunately, it is
difficult to obtain a thin layer of sufficiently high quality which can sustain both the dis-
tilled water as well as the mechanical strain during measurements. It is, however, much
simpler to use a thick sample with such high absorption that the penetration depth and,

thus, the contributing absorbing layer becomes vanishingly thin. Here, a 1.65 mm thick



Chapter 5. Results and Discussion 81

piece of black plastic was used. Note that, it is important to use a sample which is thick
enough that the acoustic reflections occur outside of the relevant measurement time win-
dow. Also, the sample should be acoustically homogeneous to prevent reflections inside

the sample.

In general, the resulting pressure wave is not a delta function in its purest form. Nonethe-
less, it can be assumed as such if the signal duration is shorter than the theoretical limit
of the resolution. From the physical point of view, the axial resolution is limited by the
thickness of the detector. If the spatial extent of the transient signal is smaller than
the detector film thickness, it cannot be resolved. For the detector presented here, the

thickness is close to 10 pm corresponding to an absorption coefficient of 100 ﬁ for the
smallest resolvable signal length, assuming similar sound velocities of detector and ab-
sorber, which is a reasonable value for black plastic (The precise absorption coefficient is
too high to be measured). During the data processing of the pure OA signal, frequencies
above the acoustic frequency of 20 MHz are suppressed, thus, the achievable resolution is
reduced further. This is necessary to prevent amplified noise and transformation artifacts
from rendering the signal unusable. With the 20 MHz cutoff frequency and the speed
of sound in the plastic, the minimum absorption coefficient, required for a reasonable
delta peak sample, can be roughly approximated as follows: 20 MHz signal frequency
corresponds to 50ns signal duration. During that time, the pressure transient travels
0.11 mm at a sound velocity of 2150 m/s (black plastic). In other words, signals created
in a depth of less than 100 um apart cannot be resolved. This means that due to the
20 MHz cutoff the minimal absorption coefficient needed is reduced to 10 m—lm which is

far below the absorption coefficient of the black plastic. Thus, it is justified to use the

measurement on the black plastic to deduce the instrument response function.

To showcase that the resulting IRF can be used to reproduce the original pressure signal
by deconvolution, we created a simple test sample. In order to display the capabilities
of this method the features of the pressure profile have to be thin. Using a permanent
board marker, we applied black ink on a 4 mm thick plate of borosilicate glass. Although
the thickness of the ink layer cannot be determined by any means available to us, it could
be seen by comparison with electrical tape that it is distinctly thinner than 100 pm. To
ensure acoustic coupling, a drop of distilled water was applied between the fronting layer
of the detector setup and the ink. As explained earlier, after measurement of the raw OA

signal, the pyroelectric signal contribution was removed from the signal, both for the IRF
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measurement as well as from the signal of the ink-on-glass sample. Regarding the IRF,
only the main OA signal is relevant, thus the measurement is zero-padded to remove the
reflections (see Figure 5.8a). To prevent sharp edges that would yield artifacts in the

deconvolution, a time domain Butterworth filter is used.

In Figure 5.8a, it can be seen that the overall form of the IRF and the signal of the ink
are very similar in shape, which is to be expected because both result from measurements
on black layers. The main difference lies in the change of acoustic impedance from ink
to glass which is absent in the black piece of plastic used for the IRF. By means of a
fast Fourier transformation (FFT), both signals are converted to the frequency domain
for the deconvolution. Most of the frequency spectrum has to be suppressed in order to
prevent noise and parasitic signals to dominate the back-transformed signal. As shown
in Figure 5.8b, a second Butterworth filter is used in the frequency domain to suppress
any contributions to the signal with frequencies above 20 MHz. If the cut-off frequency
were chosen only a few MHz higher, the resulting signal would dominated by noise.
Subsequently the FFT of the ink signal is divided by the FFT of the IRF and back-

transformed to obtain the processed pressure profile.
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FIGURE 5.8: Visualization of post-processing. (a) OA signal of the instrument re-
sponse functions (IRF) and ink-on-glass sample after removal of the pyroelectric signal
(green and red). IRF was zero padded to prevent transformation artifacts. (b) Fre-
quency spectra of IRF (green) and the ink-on glass-signal with 20 MHz cut-off (red),
the Butterworth filter for the 20 MHz cut-off as applied on the signal (turquoise), and
the resulting signal after deconvolution (blue). (c) Back transformed signal (blue) and
1D simulation (brown) agree well. All features of the signal can be identified. [Blul9]

To visualize the validity of this approach, the deconvolved signal is compared with a

1D finite-difference simulation of the ink-on-glass setup. The program code and its
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description are made available on GitHub?. Because acoustic diffraction is a product
of propagation in multiple spatial dimensions, it is not present in 1D simulations. The
setup is designed to work in the near field, so diffraction is negligible. Diffraction only
plays a significant role at long runtimes of the signal. It probably contributes to the

differing appearances of signal features at times >1.4 s in comparison to the simulation.

In Figure 5.8c the simulated signal is plotted besides the deconvolved measurement of the
ink-on-glass sample. For good comparability, the first peak in both curves were shifted to
zero in time. Instead of the single broad peak of the unprocessed signal, the deconvolved
data curve features a sequence of sharp peaks. The sequence of peaks, starting at 0ps,
represents the OA signal of the black ink which is subsequently followed by a series of
reflections from the inner boundaries of the ink. Shortly before 0.5 s, the reflection from
the detector film back through the fronting layer to the sample and back to the detector
again is visible. Approximately 1 ps later, the reflection of the glass—air boundary reaches
the detector, again followed by the reflections inside the fronting layer. Finally, in the
plot, the second reflection from the glass—air boundary, which is created by the part of
the first reflection that is reflected off the glass—ink boundary is visible. The reflection of

the backing layer to air surface arrives at 3.61 ps and, thus, is not included in the plot.

The simulation is added to the graph to visualize that every feature in the measurement
is accounted for in the model of the sample. For simplicity, the density of all layers
was set to 1kg/dm3. Due to the generic nature of the sample, we refrained from im-
plementing a multivariable optimization to find the acoustic parameters which perfectly
recreate the measurement. The actual speed of sound and thickness of the black layer
of ink are not very essential. However, the same deconvolution process can be applied
to any measurement data recorded by this detector setup. In the subsequent sections
measurements on human skin, using the same detector, are presented. Because the exact
morphology of the living tissue specimen is unknown, it was necessary to validate the

deconvolution process beforehand.

In Table 5.1 the sound velocities and thicknesses of the different layers are listed. The
speed of sound for any polymer strongly varies depending on its specific production and

has to be determined for each individual piece.

?Omelchert/LEPM-1DFD. Available online: https://github.com/omelchert/ LEPM-1DFD (accessed
on 8 May 2019)
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Layer Material Soundvelocity [m/s| Thickness [mm]

1 PMMA 2777 5

2 Adhesive 2000 0.02¢
3 PVDF 22500 0.01
4 Adhesive 2000 0.02¢
5 PMMA 2777 0.5

6 Ink 1500° 0.04%
7 Glass 5640 4

TABLE 5.1: Material layers as used in the measurements and simulation. Most values
were determined through caliper and acoustic runtime measurements. The data sheet
of the adhesive does not include the sound velocity which thus had to be estimated like
the thickness of the adhesive and ink layers. Estimated values are labelled with “a”.
The sound velocity of the PVDF film (labeled with b) was taken from the data sheet.

5.4 OA Measurements on Human Skin

This section is about the measurements performed on human skin. Contrary to Sec-
tion 5.2 where at the end the changes of the pyroelectric effect were presented for differ-
ent human subjects, this section only considers the OA signal. First, wavelength scans
using the OPO as laser source are shown. In Section 5.4.2 the clinical measurements
are presented. Even though three detector setups were tested in the clinical trials only
measurements with one detector produced evaluable results. At the beginning of Sec-
tion 5.4.2 an overview is given of the lesions measured with the detector setup, those
discussed in detail are highlighted with a grey background. Due to grounding problems,
not every lesion examined resulted in useful measurements. The patient head, for exam-
ple, is difficult to ground. Additionally, a lesion was not measured on if ethical argument
spoke against it, e.g. the skin was open. Other lesions could not be measured on because
of large irregularities of the skin surface. To get reliable signals the surface needs to
be somewhat plane when the detector setup is pressed on it. All measurements of the

clinical detector are presented in the Appendix A

5.4.1 OA Wavelength Scans

As described earlier, one of the main advantages of using an OPO is the large wave-
length range which can be used. This enables us to conduct OA measurements with
different wavelengths and from these spectral responses the composition of known ab-

sorbers can be inferred, or absorption spectra of unknown absorbers can be created. In
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general, the wavelength choice is only limited by the absorption of in the sample. When
the absorption is high the penetration depths becomes small, on the other hand, small
absorption reduces the signal-to-noise ratio as well as the contrast between layers. For
the specific setup used in this thesis the transmission through the detector film imposes
another restriction on the usable range of wavelengths. As shown in Section 4.2 the
transmission drops significantly below 400 nm. However, regarding skin measurements
such short wavelengths yield very small penetration depths and, thus, are useless for
OA depth profiling. With the OPO available to us, the wavelength range from 432nm
to 652nm was scanned in 10 nm increments. At each wavelength 5 measurements were
performed (a different evaluation of these measurements was shown in Section 5.2). Due
to safety concerns the whole spectrum could not be obtained in a single turn but had
to be sequenced. A safety goggle covering the whole visible wavelength range would be

highly impractical.

As described in Section 4.4 the OPO introduces much noise which must be removed in
post-processing which in turn needs reference measurements that increase the likelihood
of errors. Keep in mind that due to the influence of the parasitic capacity the person who
is examined has to keep still throughout the whole measurement sequence, including the
reference measurements. Therefore, these measurements were only performed on volun-
teers under laboratory conditions. Nevertheless, the OA signals in most measurements
were not prominent enough to allow a thorough evaluation. In Figure 5.9 the best data
set is presented. The colors represent the corresponding wavelengths. In this case the
measurements were performed on a mole on my own forearm from 532nm (green) to

632nm (red) in 10nm increments and 5 measurements for each wavelength step.

The left plot shows the raw data and the fitting curve used to remove the pyroelectric
signal in the same color as the corresponding data set. Note that, the parasitic noise from
the laser source dominates the signal significantly. The curve is shifted in time, so the
OA signal starts at Ops. After the removal of the pyroelectric signal and the subtraction
of the background measurement (see Section 4.4) the signal-to-noise ratio improved, as
can be seen in the middle plot. Here, the noise level is below the signal level. By
comparing the curves in the region around —0.2ps, it becomes clear that the parasitic

signal varies for each individual measurement and, thus, cannot be completely removed
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FIGURE 5.9: OA measurements of a mole on the lower arm. Colors represent the
wavelength used from 532 nm (top, green) to 632 nm (bottom, red) in 10 nm increments
and 5 measurements for each wavelength. To improve visibility and file manageability
only every 10th point is plotted. Otherwise the curves would appear thicker with high
frequency noise. The left plot shows the raw data in addition to the fit curve of the
pyroelectric signal. In the middle, the OA signals after removal of the pyroelectric sig-
nal and background are presented. Please note that the remaining parasitic signal at
—0.2 ps differs between curves. The plot on the right depicts the signal after deconvo-
lution with the instrument response function. After the data processing the signal to
noise ratio decreased, impeding in depth analysis of the OA curves. A decrease of OA
amplitude is visible with increasing wavelength.

by background subtraction. Between —0.2 ps and 0 ps the curves show a slight downward
trend which indicates an imperfect removal of the pyroelectric signal, likely caused by
the noise. The OA signal is clearly visible from Ops to 0.2ps for all wavelengths. As

expected, the amplitude decreases with increasing wavelength.

On the right-hand side of Figure 5.9 the signals are depicted after the deconvolution with
the instrument response function. Again, this process produces a strong elevation of the
parasitic pickup, which distorts the signal. Due to the high noise level, a quantitative
evaluation is not feasible. However, like in the middle column the amplitude of the OA

signal changes inversely proportional with the wavelength. In addition, the falling edge,
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starting just after Ops, changes its form. While at 532 nm the OA signal drops quickly
the slope in case of 632nm is comparably flat. These findings are in accordance with
the expected evolution of the absorption coefficient of melanin, that is decreasing with
increasing wavelength. As discussed in Section 2.2 with a better signal-to-noise ratio the

absorption coefficient could be deduced from this slope.

Further improvement is needed to obtain quantitatively usable information. That way
it would be possible to directly measure the absorption spectra of melanin or the human
skin in general. Probably this is not feasible with the OPO available to us due to the
very high noise pollution it produces. For the presented measurements the fiber had to
be moved closer to the skin, increasing the radiation exposure as well as compromising
the near field conditions. Higher pulse energies would improve the signal to noise ratio
but would soon exceed the MPE levels. Additionally, due to the poor beam profile of the
OPO, higher energies often burn the fiber facet during the coupling process. Realistically,

a different OPO with significantly less electromagnetic pollution is needed.
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5.4.2 Clinical Measurements

The clinical measurements took place in the frame work of the MeDiOO project (for
description of procedure see Section 2.4). In coordination with the dermatological clin-
ics of the university clinics of Rostock and Goettingen we conducted measurements on
suspicious lesions on human skin. The data was processed as described in Section 4.4
for the clinical detector setup and the Ultra 50 laser source. In this section the results
of the OA part of the measurements are presented. In contrast to OCT and especially
Raman measurements the OA measurements at their current state are not related to the
nature of the melanocytic nevus. Thus, it is of no interest whether the investigated nevi

are benign or malignant.

The section is structured by lesions in a non-chronological manner. To ensure anonymity
all the lesions are named without connection to the patients. The system we chose to
encode the samples is sorted by week, day of the week, patient number on that day and
lesion on that patient. With that, the second lesion on the third patient on Thursday of
the first measurement week would be labeled W1-4-3-2.

For every lesion, first the OA signal is presented and discussed followed by a photograph
of that lesion taken by a dermatoscope which is a camera specifically designed to take
closeups of skin marks. Additionally, the histopathological slice is presented as used for
the regular medical assessment. For completeness, the orientation of the surgical cuts as
indicated by the surgeon are presented. The medical staff later used this drawn symbol to
determine the orientation of the histopathological cuts. Please note that it is not part of
the standard medical procedure to determine the precise location of the histopathological
cut, the main interest there is to find the thickest part of the lesion which is indicative
of the stage of the cancer in case a lesion turns out to be melanoma. We must be very
careful when correlating the histology and specific features in the OA signal. In addition
to the uncertainty in the precise location, the different approach of histopathology in
comparison with OAs has to be kept in mind. The histology is not designed to determine
the absolute concentration of melanin. While relative concentration changes are visible
in the histology, the staining process is too complex to infer statements of melanin

concentration in any quantitative way.

To showcase possible absorption profiles that could produce these OA signals, simple

models are added. Please note that this is not the same as measuring the thickness of
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the nevi. These measurements and their analysis are meant to present the potential of
the OA setup developed in this thesis. For definitive thickness determination further

improvements of the hardware and post-processing would be needed.
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FIGURE 5.10: Overview of OA measurements with clinical detector setup from week
2 (upper panel) and 3 (lower panel): Individual plots are named after the nevus. Violet:
Raw data. Light blue: 10th order polynomial fit to remove the pyroelectrical signal.
Orange: Signal after removal of the fitted pyroelectric signal. Dark blue: Processed data
after deconvolution of the instrument response function. Note: W2 2.1, W2 4.1 and
W2 5.1 consist of two measurements each. Multiple measurements where acquired due
to visibly different areas on the nevi. Measurements with a light gray background are
discussed in detail in the results section. All measurements as well as the corresponding
histology and photograph of that lesion can be found in the Appendix A.
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OA Measurements of Lesion W3-3-2-1

Lesion W3-3-2-1 was located on the upper leg, which facilitates easy electrical grounding.
However, despite proper grounding and other precautions unwanted changes occur, due
to the complexity of in-vivo measurements. In Figure 5.11 the parasitic pickup is clearly
distinguishable in the time between -0.2-0ps when the laser pulse was triggered but no
OA signal has reached the detector yet. This pickup likely stems from the flashing of
the pump lamps inside the laser system. In this case it has approximately twice the
amplitude of the remaining noise at other times. However, this is only due to the good
grounding conditions. As will be presented in the subsequent sections, this ratio increases
when a proper grounding is impeded. Even though the pickup here is relatively low, it

complicates the analysis of the OA signal.
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FIGURE 5.11: Post-processed signal form W3-3-2-1 lesion of the third week (purple).

Beer-Lambert model of the absorption profile (blue). Yellow dots represent the model

curve after a bandwidth cutoff at 20 MHz. Changes due to the Gibbs phenomenon

neatly recreate the OA measurements. The ray column in the background corresponds
to the histopathological thickness.

The blue curve depicts a Beer-Lambert curve representing the absorption profile in ho-
mogeneous media. As thickness of the simulated layer the value from the histology was
used (213 pm). Assuming a sound velocity of 1645m/s the transit time for that layer
yields the gray column in the background of the graph. To match the effects of the Gibbs
phenomenon on the measurement data (see Section 3.4) which is caused by the 20 MHz
cutoff in post-processing, the simplified pressure distribution profile was subjected to the

same frequency cutoff. By reducing the bandwidth of the Beer-Lambert curve to 20 MHz
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the yellow dotted path results. Assuming perfect near field conditions and the absorbing
layer as homogeneous, this would reproduce the measurements. Obviously, the biological
tissue cannot be assumed to be perfectly homogeneous which makes the overlap of the
processed curves quite remarkable. Both the purple lines and the yellow dots form a tall
peak in the beginning, which falls off and is overlaid by oscillations. After 0.2ps the
OA signal has decayed to zero and in case of the measurements only the parasitic noise
remains. Due to the homogeneous modeling of the simulated curve a single absorption
coefficient can be determined. The simulation as presented in Figure 5.11 yields an ab-
sorption coefficient of 15 ﬁ In Section 2.2 the absorption coefficient of black skin was

calculated to be 16.91/mm.

These measurements are very promising with regards to the overall agreement with the
model. This indicated, that the assumptions made for the model are valid enough to
predict the OA signal for this lesion, that is, when the penetration depth is known.
However, concerning the thickness determination without knowledge of the morphology,
an overall agreement of the two curves does not suffice. For example, by doubling the
assumed thickness in the model, the main peak and the general progress of the mea-
surements are recreated equally well (not shown). This can be explained by the small
size of the kink at the end of the absorber, which is the main difference between the
models using different thicknesses. An algorithm to optimize for the thickness in the
model to match the experiment data should therefore weigh this region more strongly.
Unfortunately, other variables would need to be taken into account, such as the ab-
sorption coefficient, further complicating the analysis. Adding onto the challenge, the
pickup signal overlaying at least the beginning of the OA signal, is highly depending on
many factors during the measurement which are hard to control, especially in-vivo, and
cannot be removed to a satisfying degree in post-processing. Therefore, a multi-variant
optimization to determine the thickness, is sensible only after these other challenges are
addressed. Nonetheless, these measurements showcase the potential of the measurement

setup and post-processing.

The regarded lesion was located on the thigh which simplifies proper grounding. It is
relatively easy to wrap the wire around extremities and especially the upper leg through

its high deformability keeps a large contact area to the grounding wire. As Figure 5.12
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F1GURE 5.12: Histology and photograph of lesion W3-3-2-1. The blue symbol at the

bottom right corner represents the drawing of the surgeon indicating the orientation of

the cuts and thus the orientation of the histology. In this case the histopathological cut

is slightly off the horizontal. The thickness was determined to be 213 pm. Scale in the
bottom is in millimeters.

shows, in a visual examination the lesion appears to be quite homogeneous with high
contrast in comparison to the regular skin. The precise position of the histopathological
cut is not known because it is not of interest for the regular medical procedure. From
communication with the medical staff we know that the investigated layer is positioned
in the center, because the thickest part is assumed to be in that region. With surface
dimensions of approximately 1.5x2mm? for this lesion, the detector covers a big part of
it. Thus, it is very likely that the measured region overlaps with the histopathological
slice. In the upper part of Figure 5.12 the histology shows a homogeneous penetration
into the papillary dermis. Here homogeneous is meant as opposite to an individual region
of increased melanin content protruding into the surrounding tissue. In that regard the
sample is ideal for our device because narrow absorber structures in the skin would, by

default, yield far field signals which need a different approach in the signal analysis.

Lesion W3-3-2-2 is very similar, to the lesion discussed here regarding appearance, thick-
ness, and location on the body. Both were located on the same person. To avoid repeti-
tion an in-depth discussion of W3-3-2-2 is omitted. In Appendix A, OA measurements,
histology and photographs of each lesion can be found on consecutive pages allowing for

an easy comparison.
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OA Measurements of Lesion W2-5-2

In contrast to lesion W3-3-2-1 the measurements of lesion W2-5-2 (see Figure 5.13) cannot
be explained by a homogeneous absorption. Because of the complexity of biological
samples, an optimized fit of the simulated curve to the post-processed measurements
would be of little validity. For the fit to yield proper results the simulation would need
to include the three-dimensionality of the measurement setup as well as the sample. At

tht current state this would very likely produce ambiguous results at best?.
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FIGURE 5.13: Post-processed signal of lesion W2-5-2 (purple). In the region -0.2-0 ps
large parasitic oscillations are visible. Estimated Beer-Lambert model assuming inho-
mogeneous absorption of the lesion is depicted in grey. Yellow dots represent the model
curve after a bandwidth cutoff at 20 MHz. Even though the presented model is unlikely
to reflect the real conditions it shows that the result can be explained by realistic skin
properties without the assumption of erroneous measurements. The gray column in the
background represents the thickness of the lesion as determined by histopathology.

Instead of the simple Beer-Lambert model of homogeneous absorption, the model here
was extended to allow for the superposition of several absorption coefficients at different
depths. This way the varying absorption properties in three dimension are expressed in
the one dimensional absorption profile. The reduction of the dimensionality produces
unrealistic behavior when regarded as a truly one-dimensional sample. For instance, in
the used model the pressure profile exhibits three peaks that increase in altitude. In
the 1D picture this represents a strong increase in absorption by a factor of two for the

second peak and again a factor of three for the third peak. For the concerned lesion

3This is a matter of current research in our group.
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this would mean that the absorption coefficient is almost at 100mm™"! in the third layer
which is a factor of six higher than can be expect in African skin. When considering the
three-dimensionality of the sample, the emergence of multiple peaks superposing each
other can be explained by lateral differences in absorption, which are combined into a

single signal by the OA detector.

Another puzzle piece for investigating the specific form of the signal is the topology
of the skin surface. This lesion was located on the abdomen of an older person; thus,
the skin was not very firm. By applying pressure with the OA head, the surface is
flattened to a certain extent but small wrinkles are still possible. Any wrinkle filled with
water would lead to a delayed beginning of that part of the OA signal relative to the
signal of neighboring locations. This could also explain the slower rise of the first slope
beginning at t=0ps. The model presented here is not conceived to determine the actual
absorption properties of the lesion, but to show that it is possible to explain the results
without assuming erroneous measurements. In any case, the simulation would need to
include a lot more parameters than the one-dimensional absorption profile, to describe

the resulting curves in detail.

As mentioned earlier, the field of view of the detector can be imagined as a cone whose
opening angle is determined by the detectors directionality and every moment of the OA
meagsurement represents an integration over a conic section area. Thus, comparison of OA
curves to the histopathological cuts (histology) have to be made carefully, for histology
displays only one lateral dimension. In Figure 5.14 at the top the histology of lesion
W2-5-2 is depicted. Even if the field of view of the OA measurement overlaped with this
2D cross-section, features extending orthogonal to the histology plane could not be seen.
At the edges of the histology, regions are visible with lower levels of pigmentation. Such
features might also explain the occurrence of peaks in the signal beneath the surface of
the specimen. In the dermatoscopic photograph at the bottom of Figure 5.14 a net of

brighter spots is visible, which match the pattern of the papillae.

Unfortunately, the standard procedure necessitated by medical protocol, does not include
an exact localization of the depicted histology slice, thus, we merely know its orientation
relative to the nevus and that the slice is cut from the central region of the lesion.
Nonetheless, histology can give broad information on the structure of the pigmented skin

region, because it can be assumed that the general morphology is similar throughout the
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FIGURE 5.14: Photograph and histology of lesion W2-5-2. The histology at the top
shows a penetration depth of 265.44 pm as determined by the medical staff. The blue
symbol at the top left of the photo represents the drawing of the surgeon indicating
the orientation of the cuts and, thus, the orientation of the histology. In this case the
histopathological cut is vertical in the picture. In comparison to W3-3-2-1 the lesion
appears much lighter in the photograph with the dermal papillae showing as circular
irregularities. At the edges of the histology inclusions of less colored regions are visible.
The scale is measuring in mm.

lesion. Please note that this assumption is only appropriate for this benign skin mark
and is unlikely to hold true in aggressive types melanoma where erratic growth might

produce a variety of morphologies.

At the bottom of the lesion the transition into less pigmented tissue is not abrupt,
especially when considering the extended area over which the measurements average the
signal. These smooth fringes need to be considered to explain the signal presented earlier.
Even though the model follows the measurements well, especially at the large slopes of
the curves, the last part of the OA signal (0.15-0.2ps) appears to be underestimated
by the simulation. This can be explained by the branching nature of the lesions lower
boundary, as well as the non-zero absorption of the regular tissue beneath, which is not

represented in the model.

Another adverse factor for creating an optimized model is the significant parasitic signal.
In the region between -0.2-0ps in Figure 5.13 large oscillations are visible, comparable
in size to the OA signal. Although the oscillations seem to decay greatly before the OA

signal arrives, they may still affect the measurement. For lesions located on the torso, in
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this case on the belly, the method of grounding by wrapping a wire around the patient
is impeded due to the large volume acting as an antenna for the noise. To manage these
oscillations and make them negligible compared to the OA signal a fully encompassing
cage would be needed including large area contact pads to ensure good conduction to
the patient. However, for this prototype we had to rely on a belt of aluminum foil to

assist the grounding wire.

OA Measurements of Lesion W3-2-2-2
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FIGURE 5.15: Post-processed signal of lesion W3-2-2-2 (purple). In the region from -

0.2-0 us large parasitic oscillations are visible. Estimated Beer-Lambert model assuming

homogeneous absorption of the lesion is depicted in light blue. Yellow dots represent

the model curve after a bandwidth cutoff at 20 MHz. The gray column represents the

thickness of the lesion as determined by histopathology. The investigated lesion is very
thin which leads to a single peak in the OA signal.

In the previous section the potential complexity of measurements on an inhomoge-
neous nevus is discussed. Due to the reduction from a 3-dimensional sample into a
1-dimensional measurement, not all the information can be retained. The main chal-
lenge would lie in the interpretation of the ambiguous results for the underlying melanin
contribution. This problem is intrinsically coupled to the limited experimental resolution.
With increasing resolution, the results would become more unambiguous. Here, a lesion
is presented which is very thin, so that a single homogeneous absorption layer suffices
to recreate the measurement in the model. This measurement is suitable to investigate

the smallest resolvable depths of the OA measurement and the used post-processing.
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The histopathology produced a thickness of only 95.65 pm which is close to the thinnest
feature that can be sampled with the 20 MHz cutoff?.

In Figure 5.13, the main part of signal is a single, almost symmetric, peak. The strong
oscillations caused by the parasitic pickup complicate the distinction between signal and
noise. Thus, it is not possible to assert with certainty whether the bump succeeding
the main peak is part of the signal. The value used for the absorption coefficient used
for the simulation is 5mm™! which is more than a factor 3 smaller than expected for
melanocytic nevi. In combination with the small depth of the absorber this yields a large
drop at the end of the absorption profile, which in turn produces ringing in the bandwidth
limited model signal. It is unrealistic that the absorption coefficient of the pigmented
skin is that low, thus, other explanations must be considered. In theory the effect of the
absorption coefficient is twofold, it determines the amplitude and the decay rate of the
OA signal. Due to the method of deconvolution used here, the scaling factor is chosen
to suite the height of the processed measurements. There are too many unknown in the
procedure of the clinical measurements to quantitatively correlate this scaling factor to
the absorption coefficient®. However, as can be seen in the Section 5.4.2, the progression
of the signal decay can be correlated with the absorption coefficient, at least for the
simplified model of a single homogeneous absorbing layer without backscattering. The
low total absorption in the layer of the nevus investigated here, caused by its shallow
penetration depth, allows for most of the light to pass through to the regular skin below.
In these skin layers, back-scattering might play a bigger role. For this thin nevus, the
resulting measurement curve does not allow to investigate the nature of its decay. In
other word, it is not possible to deduce whether the original pressure profile follows the

Beer-Lambert law.

The presented curve using the absorption coefficient of 5 mm™!

mainly distinguishes it-
self from data based on a more realistic value of 16 mm™~! by the ratio between the rising
and the falling edge. So instead of using a lower underlying absorption coefficient, the
model can be extended to allow light to reach the absorber through other paths, such as

backscattering, to explain the convergence of the two edges . Even more complex light

paths could be considered. The irradiation beam diameter exceeds the nevus distinctly,

*At least in skin.
®Hence, the use of arbitrary units.
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allowing the possibility of the light travelling around the nevus through scattering (Pre-
sented for Melanoma in nude mice by [Zhol4]). While these light delivery mechanisms
qualitatively explanation, how the pressure at the bottom of the nevus could be raised
in relation to the pressure at the skin surface, they are highly unlike to account for the
amount of energy needed. For simplicity, we assume a model where the additional illu-
mination from below yields an inverse Beer-Lambert profile superposing the absorption
profile from above. In case of an absorption coefficient of 16 mm ™! it would require ap-
proximately half the intensity of the incoming beam. Due to lacking information on the
specific morphology of the nevus, any further extension of the absorption model would
be highly speculative. A depiction of the resulting curve of the superposed Beer-Lambert

profiles can be found in the Appendix B.1.

In Figure 5.16 the lesion can be seen. In comparison to lesion W3-3-2-1 it appears
saliently lighter. However, one has to be careful in attributing the appearance of the
lesion with its melanin concentration and, thus, its absorption coefficient. Even moles
with very high absorption may appear brighter when they are thin. To investigate thinner
layers, the bandwidth problem would need to be addressed first. However, to assert the
hazard of nevi with such small penetration depths is of no concern, because they are still

contained in the epidermis, thus, unlikely to metastasize.

FIGURE 5.16: Photograph and histology of lesion W3-2-2-2. The histology at the top
shows a penetration depth of 95.65 um as determined by the medical staff. The blue
symbol on the left represents the drawing by the surgeon indicating the orientation of
the cuts and thus the orientation of the histology. In this case the histopathological cut
is slightly off the vertical direction in the picture. The scale at the bottom is in mm.
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OA measurement on lesion W2-5-1

As discussed earlier, the penetration depth of the irradiation is limited by the absorp-
tion coefficient. For human skin with a high concentration of melanin the absorption
coefficient is about 17mm™! for a wavelength of 532nm (see Section 2.2). Due to the
exponential decay of the signal, again assuming a homogeneous distribution of absorbers,
the depth in which the end of the pigmentation can be determined depends on the noise
level. In theory, the kink representing a decrease in absorption, thus, the end of the
pigmented region, can be determined at any depth. However, even if we assume the
noise to be negligible small, inhomogeneities in the sample would impede the exact lo-
calization of the lower boundary. For a realistic measurement we can approximate that
any signal with a 10th of the maximal intensity of the OA peak is not distinguishable
from noise or small inhomogeneities. For an assumed absorption coefficient of 17 mm™!
this would correspond to a penetration depth of 135 pm. Obviously, lesions can become
much thicker than that. For dermatological investigation of malignant melanomas, the
thickness range around 1 mm is the most interesting. Therefore, the limited penetration
depth of the laser radiation poses a problem. In Figure 5.17 this case is depicted. A
suspicious lesion with a thickness of 897 pm was investigated. Correspondingly the gray

column in the plot was set to represent the run time of acoustic waves over that length.
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FIGURE 5.17: Post-processed signals of lesion W2-5-1 (purple). In the region from -0.2-

Ops in retarded time large parasitic oscillations are visible. Estimated Beer-Lambert

model assuming homogeneous absorption of the lesion is depicted in orange. Yellow

dots represent the model curve after a bandwidth cutoff at 20 MHz. The gray column

in the background represents the thickness of the lesion as determined by histopathol-

ogy. The OA signal ends long before the actual thickness of the lesion, according to
histopathology, is reached.
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The orange line represents the simple Beer-Lambert model which corresponds to a homo-
geneous absorber. Even with an absorption coefficient of 13 mm™!, which is lower than
expected for melanocytic tissue, the OA signal would decay below the noise level long
before the bottom of the lesion is reached. This example clearly shows that a wavelength
of 532nm is too short for the investigation of melanoma into the depth of 1mm. In
addition, this specific nevus is highly irregular. Histopathological cuts determined very
different thicknesses for different locations. The histology slice producing a thickness of
897 pm is depicted in Figure 5.18. Another histology slice (not shown) determined the
thickness of the nevus to be 353 pm. In the photograph below the lesion can be seen.
As before, the fish like mark on the top left represents the drawing of the surgeon deter-
mining the orientation of the histopathological slices. There are arguments to suggest a
correlation between thickness and darkness, but there are too many factors to consider
to rely on such rules of thumb. The measurements presented here are performed in the

region of the dotted circle in the photograph.

It is well possible that the histopathology producing the 897 pm thickness was measured
at a different position. Being limited by penetration depth at a wavelength of 532nm it
is only possible to confirm a thickness of more than 135pm, as explained before. The
histopathology slice in Figure 5.18 also shows that it is not realistic to use the intensity of
the histology marker to determine the melanin concentration or the absorption behavior

in general.
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FIGURE 5.18: Photography and his-
tology of lesion W2-5-1. Histology
(top) shows a thickness of 897.38 pm.
The blue symbol on the left repre-
sents the drawing by the surgeon in-
dicating the orientation of the cuts
and thus the orientation of the histol-
ogy. Here, the histopathological cut
is vertical in the picture. The scale is
in mm. The white dashed circle in-
dicates the area where the measure-
ment was performed, it lies on top
of the darker part on the right-hand
side. The lesion is highly inhomo-
geneous. The form of the boundary
deviates from a circle. Throughout
the lesion the pigment concentration
varies as visible by eye.






Chapter 6

Conclusion and Outlook

In this thesis a self-build handheld OA setup was developed. The goal was the creation of
a handheld setup for clinical measurements on pigmented skin lesions, suitable to meet
the demands imposed by day-to-day use. Centerpiece of this setup is a piezoelectric
PMMA film on which ITO electrodes are sputtered to create an ultrasound transducer
capable of recording OA signals. Optical transmission spectroscopy confirmed trans-
parency of the detector in the infrared and visible wavelength range, down to 400 nm.
For lower wavelengths transmission dropped to zero due to high absorption in the ITO

layers.

To validate the functionality of intermediate detector setups and provide information on
various features of the OA signal, phantom studies were conducted. Specimen composed
of stackable PVA hydrogel layers with varying melanin concentrations facilitated mea-
surements under laboratory conditions without the complications of in-vivo procedures.
The resulting OA signals mapped the absorption depth profile of the phantoms and
proved the fundamental capacity of this kind of transparent detector setup to determine
the thickness of absorbing layers in the far field regime. To investigate the influence of
acoustic diffraction on the OA signal, off-axis measurements were performed. For these
measurements the OA source was moved to different locations underneath the detector,
by tilting the illumination angle. It could be shown that small deviations from the detec-
tor axis (<5°) produce only minor changes in comparison to on-axis signals. Therefore,
far field measurements where the illumination occurs from the side of the detector, still

can be regarded as on-axis.
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In order to facilitate near field measurements, the illumination was performed through
the detector. Due to the non-zero absorption in the active area of the detector itself, this
produced a pyroelectric effect overlaying the OA signal. Comparison to the absorption
spectrum of the detector film showcased the possibility to use the pyroelectric effect
in the signal to monitor the energy of the incident laser pulse. Unfortunately, further
investigations into the pyroelectric signal showed that its amplitude depends, among
other factors, on the electrical capacity of the sample. In case of in-vivo measurements
this parameter cannot be easily controlled, thus, this approach of energy monitoring
was not pursued further. Nonetheless, the pyroelectric signal was used to determine
the precise extent of the detector. The comparison between a microscope image and
the mapping of the active area verified a precise fit to the area of overlap of the two
ITO electrodes. Hence, the transducer production was shown to accurately reproduce
the design of the sputter masks. This was not only important to validate production
fidelity but allowed us to determine the position of the active area by eye, simplifying

the measurement process greatly.

Different setup designs were tested for their viability in the clinical trials. The first
prototypes were unsuited due to impractical handling. Prime examples for this are
the hydrogel backing layers which in theory are the best choice with respect to their
acoustic properties. However, it became obvious that using backing layers, which cannot
be fixed to the detector and dry out in the course of hours, is not feasible for in vivo
measurements. By contrast, regarding measurements on phantoms under laboratory
conditions the PVA-H backing layers proved to be well suited, as is evident from the

successful far field measurements on hydrogel samples presented in this thesis.

A PMMA backing layer provided a well-suited compromise of acoustical properties; sim-
ilar enough to the PVDF film and not too different from living tissue, which is stable

over time and can be fixed permanently on the detector.

In the end, successful OA measurements on pigmented skin lesions, in vivo under rou-
tine clinical conditions, were demonstrated. Thanks to the PMMA fronting layer used
for the clinical setup, the detector was well protected from mechanical strain and of-
fered reliable measurement conditions by creating a fixed time delay before the OA wave
arrived at the detector. During this time window, which is constant for all measure-

ments, only the pyroelectric effect is present and can be fitted reliably. This led to a
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post-processing protocol which could be applied to any measurement performed with
this detector setup. Only minor adjustments have to be made for individual samples, to
optimize the fitting process to include all regions without an OA signal. In addition to
the removal of the pyroelectric effect, the post-processing procedure entails deconvolv-
ing the instrument response function (IRF) from the signal. Due to high noise levels
in the frequency range above 20 MHz during the back-transformation, this part of the
spectrum had to be suppressed. A direct determination of the absorption profile in the
near field measurements was prevented by oscillating artifacts produced by the Fourier
transformation. Several experimental results agreed well with simulations by assuming
a simplified absorption model following the Beer-Lambert law which was submitted to

the same process of Fourier transformation and low-pass filtering.

As a result of these advances, it was possible to show the potential of OA measure-
ments through a transparent piezoelectric detector. Especially in the medical field where
the handling and usability of a device is very important, this technique might have a
promising future. With future investigations with respect to the use of multiple detec-
tors, imaging could be implemented as well. Due to the fast progress in the field of
OAs and the vast wealth of knowledge already acquired, great synergy effects can be
expected. Building on methods already implemented in OA technology, such as partial
view image reconstruction, this new type of setup could become complementary to ex-
isting techniques. Even in a single detector setup this approach showed its potential in

determining the thickness of skin lesions.

Limitations exist for the approach of using an optically transparent detector, which
are unlikely to be overcome in the foreseeable future. While ITO has proven itself to
be highly useful to create electrically conducting but optically transparent coating on
layered structures, it fails in replacing metals in other aspects, such as wiring. Thus,
ITO pathways must function as electrodes to connect the ITO detector to the data
acquisition device, inhibiting miniaturization of the transparent detector setup and in

consequence the use of multiple detectors in close vicinity.

However, there are a few realistic steps which could be taken to allow the setup presented
here to reach its full potential. By rebuilding the setup in a metal case, higher stability

could be accomplished. More importantly, the electromagnetic shielding could be realized
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within the handheld device itself. This would not only improve signal quality but relieve
the experimentalist as well as the patient from the restrictions of the grounding wires.
A CCD camera could be installed above the OA detector to simplify its positioning on
the lesion even more. Furthermore, a tunable and more stable laser source is needed to
determine the thickness of pigmented nevi of 1 mm thickness or more, which is the most
relevant tumor penetration depth in melanoma screening. In this work, a wavelength
of 532nm was chosen, to ensure a strong optical contrast of the OA measurements.
However, with increasing knowledge about the signal properties in combination with the
structural changes mentioned above, less contrast will be needed to evaluate the OA
signal, allowing longer wavelengths to be used. Eventually, a single wavelength could be
determined, that satisfies the compromise between penetration depth and contrast. If
multiple wavelengths are still needed, pulsed laser diodes might present a cost-efficient

alternative to tunable laser sources.

A conceivable future application for the technique presented in this thesis could be inside
of an OA “pen” for dermatologist to enhance the established process of skin cancer
screening. Instead of the dermatoscope, the CCD camera inside the pen can be used to
allow close visual examination of lesions in accordance with medical practice. Therefore,
very little training would be necessary on the part of the physicians. Furthermore, the OA
measurement would facilitate real time depth inspection. In contrast to 3D-tomography,
which needs large computing resources and careful interpretation by the clinician, the
device could produce simple information. Depending on the location of the lesion, the
device could give confidence values that the penetration depth is less than a certain limit

relevant for the staging.



Appendix A

Clinical Measurements

using the SYM Detector Setup

Here, all OA measurements utilizing the SYM detector setup in the context of the clinical
trials of the MeDiOO project are presented. For each lesion! three figures are arranged
in the following way. On the left-hand side, the OA signals after the removal of the
pyroelectric effect are presented in turquoise and the resulting curve after the deconvolu-
tion of the instrument response function in purple. The gray column in the background

corresponds to the thickness as determined by histology.

The histological cut is presented in the top right of the arrangement. Below a photograph
of the lesion is shown. When available these photographs were taken by a digital der-
matoscope which is specifically designed for closeups of the skin. Otherwise the picture

was taken through the optics of an analog dermatoscope.

!For some lesions two positions were measured. In those cases, both measurement series are shown
on consecutive pages under the same headline.

107



Appendix A. Clinical Measurements with SYM Detector Setup 108

Al W2-2-1
>
o
‘©
c
2
wn
<
@)
-0.2 0 0.2 04 0.6
Retarded Time (us)
FIGURE A.1: W2-2-1. Noise dominates the OA signal. In contrast to later measure-

ments the noise oscillations differ strongly in this set of signals, probably resulting from

movements of the patient. Histological thickness is 636 pm. The special camera to take

skin closeups was damaged. Thus, the photo was taken with a regular camera through
the analog dermatoscope.
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FIGURE A.2: W2-2-1. Measurements taken on top of the dark spot in the center of
the lesion. Histological thickness is 636 pm.
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W2-2-2-1. Histological thickness is 197 pm. The seventh OA measure-
ment from the top was distorted through a handling error.

FIGURE A.3:
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F1GURE A.4: W2-2-2-2. Histological thickness is 254 um. The special camera to take
skin closeups was damaged. Thus, the photo was taken with a regular camera through
the optics of an analog dermatoscope.
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FicUure A.5: W2-3-1. Histological thickness is 1.288 pm. The special camera to take

skin closeups was damaged. Thus, the photo was taken with a regular camera through

the optics of an analog dermatoscope. Noise dominates the OA signal impeding the
further use of the data.
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F1cURE A.6: W2-3-2. Histological thickness is 55 pm. The special camera to take skin

closeups was damaged. Thus, the photo was taken with a regular camera through the

analog dermatoscope. The surface of the lesion is very uneven prohibiting a proper
acoustic connection with the detector setup.
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FIGURE A.7: W2-4-1. Histological thickness is 1.428 ym. The nevus extends several

millimeters from the skin, which makes it unsuitable for the OA measurement setup de-

signed in this work. Because the surface is highly uneven which impedes the inspection
with the dermatoscope. The photograph was taken with a regular camera.
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FI1GURE A.8: W2-4-1. Same lesion as before, see previous page. Here OA measurements

were performed at the fringe of the lesion. Due to the curved nature of the surface, the

sensor was not in direct contact with the nevus and the main feature in the OA signal
begins approximately 0.1 ps after ¢ = 0.
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FIGURE A.9: W2-4-2. Histological thickness is 500 pm (left) and 485 pm (right), re-
spectively. Noise strongly dominates the resulting signal. Not even the beginning of
the lesion is distinguishable in the OA signal.
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A.8 W2-5-1

Please note that the precise position of the histopathological cut is unknown. For lesion
W2-5-1, two histopathological images were taken, and two sets of measurements were
conducted at different positions. The images were assigned to the measurement they
match better, respectively. At the location where the nevus is darker, it is assumed to
be thicker. Further studies would be required with exact knowledge of the position of
the histology to be able to directly compare the images to the OA measurements. The

second measurement on this lesion can be found on the next page.
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FiGURE A.10: W2-5-1. The top 10 OA measurements are discussed in detail in the

results section. Due to handling errors the other measurement were rendered unusable.

Histological thickness is 897 pm. The white dashed ring in the dermatoscope picture
indicates the approximate position of the measurements.
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Histological thickness is 353 um. The white

dashed ring in the dermatoscope picture indicates the approximate position of the
measurements.

FIGUurRE A.11: W2-5-1 Light Middle.
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F1GURE A.12: W2-5-2. Discussed in detail in the results section. Strong pickup of the

electromagnetic noise from the laser source. Fortunately, the signal is strong enough

to be discerned nevertheless. Second measurement form the top: energy monitoring

failed due to a handling error of the fiber, thus the energy normalized curve could not
be calculated. Histological thickness is 265 pm.
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FIGURE A.13: W3-2-1-1. Very strong noise dominates the signal. Not even the be-
ginning of the OA signal can be determined. Histological thickness is 364 pm. Der-
matoscopy shows low contrast between nevus and the surrounding skin.
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FIGURE A.14: W3-2-1-2. Histological thickness is 407um. According to the

histopathological cut the thickest part is at the fringe. However, the measurements

are performed approximately in the middle of the lesion. This might explain why the

prominent drop takes place significantly before the determined thickness. Noise levels
comparable to the signal are further impeding the evaluation.
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FIGURE A.15: W3-2-2-1. Histological thickness is 179pum. At a first glance, the OA
curve matches the thickness quite well. However, the two peaks of the main feature
are too similar in height to be explained by the simple absorption model used in this
thesis. A possible explanation might be found in the dermatoscopy image where the
center of the nevus exhibits spots of lighter skin. If we assumed direct correlation to
the absorber concentration, these spots would result in a higher light distribution in
deeper layers. This could also explain why the signal does not return to zero at the
bottom of the nevus.
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FIGURE A.16: W3-2-2-2. Discussed in detail in the results section. Histological thick-
ness is 96 pm.
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FIGURE A.17: W3-3-1. Histological thickness is 2.060 pm. Due to the large size of the
lesion the digital dermatoscope could not be used. Instead the lesion was photographed
next to a ruler. The OA measurements are dominated by noise. Main cause for the
strong noise was the location of the lesion on the head, which is difficult to ground

properly.
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FIGURE A.18: W3-3-2-1. Discussed in detail in the results section. Histological thick-
ness is 213 pm.
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F1GURE A.19: W3-3-2-2. This lesion is similar to W3-3-2-1 which is discussed in detail
in the results section. Histological thickness is 177 pm.
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B.1 Non Beer-Lambert Pressure Profiles
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FiGure B.1: Example of extended absorption profile, modelling additional irradiation
form below.

The simplest OA sample, for nearfield measurements, is a single homogeneous ahsorber
layer with a constant absorption coefficient, which is illuminated from one direction
only. In that case, the pressure depth profile follows the Beer-Lambert law. Obviously,
this is not likely to be the case in biologically grown structures such as melanocytic
nevi. However, ethical concerns and medical necessities do not allow invasive testing
on a nevus before or after the excision. Therefore, we are limited to two-dimensional

slices of the histopathology, at the position of deepest penetration. It is not possible to
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recreate the three-dimensional morphology of the absorber and approximations had to
be made. In Section 5.4.2 a very thin nevus is presented, which increases the likelihood
of the homogeneous absorber model to be valid. However, the small total absorption
allows more light to reach the bottom of the nevus, which could be scattered into the
absorbing layer form beneath. In this case the absorption profile becomes more complex.
To showcase a possible profile, we assumed the illumination from below to behave like
the one form above, only with less light and in the opposite direction. In Figure B.1,
the Beer-Lambert profile of a single homogeneous absorbing layer with an absorption

1

coefficient of 16 mm™" is superposed with another Beer-Lambert profile from the bottom

upwards with half of the intensity of the original profile.

B.2 Surface waves

When the illumination occurs through the detector it creates more than the OA signal
of the investigated sample. One example is the pyroelectric effect which is discussed at
several times throughout this thesis. By contrast, the OA signal from the detector film
itself is not discussed. This is because its contribution is negligible, at least for the setups
presented above. By facilitating the propagation of these OA transients as surface waves

they can be detected.

To distinguish the pyroelectric signal created by the illumination of the detector itself
from the surface waves created by the OA effect caused by the absorption in the detector
film, a simple measurement setup was conceived. The detector film without fronting- or
backing layer was mounted loosely on a plastic frame. That way OA surface waves could

propagate unhindered through the polymer film.

A multimode fiber (880 pm core diameter) was directed orthogonally at the detector
film in a lateral distance of 3mm to the active area. The fiber pointed at an area of
uncoated PVDF, without ITO electrodes. While the lateral distance was constant the
axial distance was changed in between measurements. Due to the diverging beam profile
the illuminated area increased with distance. At a distance of 3mm (red curve) the
beam radius is not large enough to reach the detector. In that case one observes the
electromagnetic noise from the Q-switched laser after the delay of approximately 1 ps,

followed by a small slope. Then follows a big dip leading a series of smaller oscillations.
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FIGURE B.2: Measurements of surface waves created by the absorption in the detector

film. For all measurements the illumination fiber was placed at a lateral distance of

3mm from the detector. The axial distances are listed in the legend. Amplitudes

of surface waves decrease with axial distance. Pyroelectric signal and surface wave
originating from the active area increase with axial distance.

This is the signal of the surface wave. With increasing distance, the surface wave dip
decreases due to the smaller radiation density. At a distance of 3 mm only a small amount
of stray light reaches the detector, which is visible in the small slope between 1ps and
2.5 ps. This slope increases when more and more light reaches the detector area. At a
distance of 15mm the magnitude of the slope dominated the surface wave signal and
over the whole time frame of 15us we recognize the shape of the pyroelectric signal as
presented in the main part of this thesis. In addition to the pyroelectric effect a smaller
feature is visible at the beginning of the signal. This feature is the surface wave created

by the OA effect in the active area.

By illuminating the detector directly, the absorbed energy is partly converted into OA
pressure. For distances of more than 10 mm this feature is too large to be negligible and
would be even larger if the illumination fiber would be placed directly above the active
area. Fortunately, the pressure transients presented in Figure B.2 are surface waves.
Thus, when the detector film is sandwiched in between acoustically better matched
layers, i.e. fronting and backing layer, the OA signal from the detector itself almost
vanishes. This can be seen in any measurement performed with the clinic detector setup.
Presumably, if the OA pressure of the detector film can propagate in all three dimension

it leaves the detector too fast to create a notable signal. Regarding the OA pressure
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created in the detector film outside the detector itself, only a negligible fraction of the

energy will travel along its surface to be detected.

In the master thesis of Jonas Kannengieler the properties of the detector film without

fronting and backing layer are discussed in detail.
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