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Continuous monitoring of cerebral blood oxygenation is critically important
for successful treatment of patients with severe traumatic brain injury and
patients undergoing cardiac surgery. At present, the techniques for monitoring
blood oxygenation are invasive. We propose the noninvasive monitoring of
cerebral venous blood hemoglobin saturation (SvO;) by optoacoustic probing of
blood circulating in the internal jugular vein (IJV). This thesis describes the tests
of the optoacoustic system with three different probes in phantoms, in vitro, and
in vivo in sheep along with different data processing algorithms. A LabView®-
based scanning system, that automatically moves the optoacoustic probe across
the IJV while continuously taking measurements, was developed and used for
testing the optoacoustic probes. Automatic signal processing determined the
signal with the best probe-vessel alignment which was then used for further
processing. The scanning system was tested in phantoms using solutions with

different absorption coefficients and with blood at various levels of hemoglobin
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saturation (SO;). Amplitudes and profiles of the optoacoustic signals recorded
from the phantoms closely followed the SO, changes in accordance with blood
optical properties. These data indicate that the scanning system is capable of
improving the accuracy of noninvasive monitoring of hemoglobin saturation by
minimizing errors associated with lateral misalignment of the probe with respect

to blood vessels.
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CHAPTER 1: INTRODUCTION

Clinical Importance

Of an estimated 1.4 million traumatic brain injuries that occur each year in
the US, approximately 6% result in permanent disability, and 3.6% result in death
[']. Current treatment strategies are aimed at minimizing additional brain damage
due to secondary mechanisms such as edema, ischemia, and hypoxia. In the
intensive care unit, secondary injury is detected through monitoring of cerebral
hemodynamics, electrical activity, and the percentage of oxygen-saturated
hemoglobin (i.e., the ratio of oxygen-bound hemoglobin to total hemoglobin) in
the cerebral circulation. Continuous monitoring of the percentage of hemoglobin

saturation (SO;) can greatly improve the outcome for these patients [*].

Existing techniques for cerebral blood oxygenation monitoring

Currently, there are two methods for monitoring cerebral blood
oxygenation. One method utilizes near infrared spectroscopy, which detects
changes in the absorption coefficient of hemoglobin upon binding oxygen (see
Figure 1). Near infrared spectroscopy can be applied invasively or noninvasively.
The invasive method involves placement of a fiber—optic probe through a
catheter into the IJV to measure continuously the percentage of oxygenated
hemoglobin in the internal jugular vein (SjvO;). The disadvantages of this method
are invasiveness, and accuracy that varies depending on catheter tip placement.
The noninvasive method provides a measurement of the local SO, of both

cerebral blood and tissue by utilizing photon migration to determine the depth in



the sample where the spectroscopic signal is generated [*]. Photon migration
assumes the most likely path of the signal, but due to the multi-layered structure
of the head and strong light scattering in the tissue, this method is very
inaccurate.

Another method uses a trans-cranial probe to measure directly the partial
pressure of oxygen (pO-), which reflects the amount of oxygen dissolved in the
blood ['®'"]. This method is invasive and provides an indication of only regional
oxygenation; therefore, its clinical use is limited.

The existing cerebral SO, monitoring systems are based on infrared
spectroscopy, which utilizes the change in the absorption coefficient of

hemoglobin upon binding oxygen.
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Figure 1: Absorption coefficients of water, oxygenated and deoxygenated blood
with a hematocrit of 5% [*?]. Note that the absorption coefficients of
oxygenated and deoxygenated blood are the same at 800 nm, allowing
the use of this wavelength as a reference point known as the
isosbestic point.



The SO, can be measured from the ratio of the absorption coefficients
determined at two wavelengths. One wavelength is located below 800 nm where
the absorption coefficient of deoxygenated blood is higher than that of
oxygenated blood. The other is located above 800 nm where the absorption
coefficient of oxygenated blood is higher than that of deoxygenated blood. At 800
nm, the absorption coefficient of oxy- and deoxygenated blood is the same. This
specific wavelength is a useful reference point known as the isosbestic point
(isos, Greek meaning equal).

As described above, the jugular venous catheter facilitates these
measurements directly in the jugular bulb using optical fibers that direct the light
towards the measurement site. This direct contact between light and blood
makes spectroscopic detection using a catheter potentially very accurate;
however, problems with the catheter method are: a) invasiveness, b)
measurement variability, which depends on catheter tip placement (e.g., near the
vessel wall), and c) blood clot formation at the catheter tip. Inaccuracies in the
determination of SO, can occur when the catheter tip is placed incorrectly and/or
when a blood clot forms at the catheter tip causing the loss of direct contact with
circulating blood.

Alternatively, near-infrared spectroscopy can be used noninvasively to

measure SO, in the cerebrum (Figure 2) [*'

]. Even though most photons
traveling in the tissue from the light source to the detector follow the indicated
mean path, a significant percentage of photons that contribute to the detected
signal take a different path. Due to the multiple light paths that deviate from the
mean path, this noninvasive method is also inaccurate in monitoring the SO,
['>'8]. Additionally, this method cannot measure venous blood oxygenation

because it measures a signal from a mixture of arterial, capillary, and venous

blood.
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The mean photon path in tissue is a “banana” shape.

Figure 2: Measurement of cerebral SO, utilizing infrared spectroscopy. Photons
exit the light source, travel through the cerebrum, and are detected as
they exit the head. The most probable “mean” photon path is indicated
by the arrows.['"]

Presently, a system capable of noninvasively and accurately monitoring
cerebral blood oxygenation is not available.

Recently proposed as a technique for tissue characterization and
diagnostic imaging, laser optoacoustics combines the merits of optical
tomography (high optical contrast) and ultrasound imaging (minimal scattering of
optoacoustic waves) to yield a noninvasive diagnostic modality with high

contrast, sensitivity and resolution ['®*

]. This work will concentrate on the
determination of hemoglobin saturation in large blood vessels such as the
internal jugular vein (IJV). The advantage of the large blood vessel diameter is
the quasi plane-layered geometry when probed with an optoacoustic probe with a

limited angle of acceptance.



Anatomy and resulting implications for optoacoustic monitoring

The internal jugular vein (IJV) is the only vein that drains cerebral blood.
The IJV also drains some blood from the superficial part of the face and the neck
(Figure 3). Anatomically, the 1JV is a continuation of the transverse sinus, and
begins in the posterior compartment of the jugular foramen at the base of the
skull. A dilatation in the IJV, called the superior bulb, marks its origin from which
it runs down the side of the neck in a vertical direction, initially lying lateral to the
internal carotid artery, and then lateral to the common carotid artery. The IJV
unites at the root of the neck with the subclavian vein to form the brachiocephalic
vein. The left vein is generally smaller than the right, and each contains a pair of
valves, which are located about 2.5 cm above the termination of the vessel [*°].

The jugular veins are ideally suited for measurements with the
optoacoustic technique due to their limited depth of roughly 1 cm, their large
diameter between 8 and 20 mm and the absence of overlying bone which
attenuates and reflects ultrasound. The depth of 1 cm allows sufficient light to
penetrate the overlying tissue to generate the US wave in the IJV. The large
diameter of the IJV reduces curvature effects and allows the treatment of the 1JV
as a quasi layered geometry. The absence of bone greatly reduces signal

attenuation and artifacts which would occur at alternative sites such as the

superior sagittal sinus located within the skull.
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Figure 3: Top: Diagram of the human neck showing the location of internal
jugular vein on either side of the neck adjacent to the carotid artery and
some of the supplying blood vessels [*°]. (This media file is in the public
domain in the United States. This applies to U.S. works where the copyright has
expired, often because its first publication occurred prior to January 1, 1923).

Bottom: Ultrasound Image of the IJV located at a depth of 1 cm with a
diameter of 1 cm.



CHAPTER 2: THEORY AND PRINCIPLES OF OPTOACOUSTICS

To obtain more consistent and accurate measurements of the percentage
of oxygen-saturated hemoglobin compared to the existing methods, we propose
to use the optoacoustic technique for noninvasive continuous monitoring of
cerebral SO,. Optoacoustic spectroscopy is based on the photo-thermal effect.
The oldest technical application of the photo-thermal effect is believed to be the
photophone, a communication device invented in 1881 by Alexander Graham
Bell. Bell found that audible sound could be heard coming from a tube filled with
various materials when the light shining on the transparent tube was modulated
by an optical chopper. Modulation of the light shining on an absorbing substance
produces a similar modulation in temperature through the photo-thermal effect
[*°]. The optoacoustic technique is based on the same effect but uses short

pulses of monochromatic light (lasers) instead of the modulation of white light.
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Figure 4: Principles of optoacoustic signal generation.



When a short (nanosecond) laser pulse (Figure 4) irradiates a medium,
stress (optoacoustic pressure) is produced upon absorption of the incident
energy by the medium. The stress p produced in the medium can be described
as:

p = pC,’ BAT (1
where p, [kg/m®] is the density of the medium, c.[m/s] is the velocity of sound in

the medium, g [1/K] is the thermal expansion coefficient, and AT [K] is the

temperature rise of the medium.

The temperature rise is dependent on the fluence of the laser pulse:

AT = HaF (2)
pOCp

where F [J/m?] is the laser fluence, pa [1/m] is the absorption coefficient and Cp
[J/kgK] is the heat capacity at a constant pressure. By combining equations (1)

and (2) the stress equation becomes:

p:(ﬁc"s Jﬂa.p(z):r.ﬂa.p(z) (3)

p

pc’

Cp

where T =

is the Grlineisen parameter. Because the fluence decreases in

the absorbing, non-scattering medium and is given by Beer's Law:
F(z)=F, e 4)

substitution of Eq. (4) into (3) yields the optoacoustic pressure distribution in the
medium [*'];

p(2)=T" u, - Foe " (5)

The laser-induced stress relaxes during the time it takes for the
optoacoustic wave to transit through the heated volume. This time can be

estimated as:
t, o (6)




If the duration of the laser pulse is significantly shorter than the relaxation

time 17, _<<t, (stress-confined radiation conditions), the distribution of the

optoacoustic pressure follows the spatial distribution of the heat sources. The
thermal relaxation time in the heated volume is much slower and inversely

related to thermal diffusivity, y, as follows :
>>1, (7)

L, c—

Ha X

In the case of bulk absorption of light, heat diffusion in the course of the
short laser pulses is insignificant [*'].

According to Eq. (6), nanosecond laser pulses can be used in many
optoacoustic applications. Nanosecond lasers are used in our optoacoustic
monitoring systems because the absorption coefficient of the medium can be
obtained from the argument of an exponent fitted to the optoacoustic pressure
profile induced by the nanosecond pulses.

The refractive index of tissue is higher than that of air. This results in the
reflection of light at the air / tissue interface (Fresnel reflection), while the
remaining part of the light penetrates into the tissue. Scattering and absorption
are responsible for the attenuation of light intensity in the tissue. There are three
parameters describing light propagation in tissue: p, [1/cm] absorption
coefficient, us [1/cm] scattering coefficient, and g [dimensionless] an anisotropy
factor that is equal to the average of the cosines of the angles of scattering.
When g = 1 there is total forward scattering, g = 0 at isotropic scattering and g = -
1 at total backward scattering. If g < 0.1 and ps >> p,, the effective attenuation

coefficient of light in tissue, pefr, can be calculated from these the parameters [*°]:

:ueff = \l3:ua (/ua +1usl) (8)
where ys(l—g):/,zs' is the reduced scattering coefficient. The parameter g is
valid only for a single scattering event. In turbid media, such as tissue, there is
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multiple scattering. A dimensionless parameter, k, can be introduced in this case.
It is dependent on the optical properties of the irradiated tissue.
Therefore, the pressure distribution in tissue can be presented as:
Ap(z)=T"p, k-Fe™"" (©)
Since z and t are related by

z=c,t (10)

the temporal profile of the optoacoustic pressure signal is presented as:

Ap(t)=T" s, -k-Fpe! " (11)

This relation indicates that the temporal profile of the optoacoustic signal
is dependent on the effective attenuation coefficient of the tissue and the speed
of sound. The effective attenuation coefficient of blood is dependent on
hemoglobin oxygenation. Therefore, the effective attenuation coefficient of the
tissue can be obtained from an analysis of the temporal profile of the
optoacoustic signal and the hemoglobin oxygenation determined.

This project focuses on: 1) the development of a novel optoacoustic
probe, 2) signal processing approaches, and 3) in vitro and in vivo tests of the
optoacoustic system. Improvement in these important areas will advance the
optoacoustic monitoring of hemoglobin saturation toward its eventual application

in clinical practice.
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Optoacoustic Wave Detection: Transmission Mode

In an absorbing medium without scattering, the incident light is
exponentially attenuated according to the Beer's law (Figure 5). By placing an
acoustic detector on the side of the medium opposite to the irradiated side, an

exponential optoacoustic signal can be detected.
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Figure 5: Detection of optoacoustic pulses in transmission mode (left). Intensity
distribution in the medium (middle) and resulting optoacoustic signal
detected in transmission mode (right).

In a medium with scattering and absorption, the intensity distribution is
defined by the absorption and scattering coefficients; therefore, the exponential

growth in the optoacoustic signals is dependent on the effective attenuation

coefficient.

Additionally, multilayered samples with varying absorbing and scattering

properties will result in a complex acoustic signal and modulations at each

interface.
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Optoacoustic Wave Detection: Reflection Mode

In the reflection mode, irradiation and detection are performed on the
same side of the medium. Figure 6 shows an ideal optoacoustic signal measured
in the reflection mode. However, the real signals have often a non-exponential
shape due to diffraction of optoacoustic waves in the medium caused by edge

waves from the perimeter of the excitation beam.
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Figure 6: Detection of optoacoustic pulses in reflection mode (left). Intensity
distribution in the medium (middle) and resulting optoacoustic signal

detected in reflection mode (right).
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Optoacoustic Probe

IDEAL OPTOACOUSTIC PROBE

The ideal optoacoustic probe is sensitive, wide-band, free of artifacts,
provides symmetrical illumination and is symmetrical in ultrasound reception.
Additionally, it should only be sensitive to ultrasound. To achieve these features,

thought must be given to specific parameters.

CONSIDERATIONS FOR THE OPTOACOUSTIC PROBE DESIGN

To design and build an optoacoustic probe, shape, bandwidth, sensitivity,
electrical matching and acoustic matching must be considered. To respond to the
temporal variations in the amplitude of the optoacoustic signal, the detector must
have sufficient bandwidth. The necessary bandwidth can be estimated from the
attenuation coefficient that we expect to measure. The attenuation coefficient of
blood in the near infrared range (700 to 1100 nm) is 5 to 20 cm™. The stress
relaxation time (Equation 6) can be used to estimate the necessary frequency
bandwidth to accurately record the wide-band optoacoustic signal. By multiplying
the attenuation coefficient by the speed of sound in the medium (1500 m/s), we
can calculate the central frequency that is necessary for accurate determination
of the attenuation coefficient of blood samples. Table 1 shows the central
frequency necessary for the measurement of blood absorption coefficients in the

near-infrared range.
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Attenuation coefficient (cm™) Central Frequency (MHz)
5 0.75
10 1.5
15 2.25
20 3

Table 1: Central frequency generated in blood with different attenuation
coefficients.
The noise level of the presently used preamplifier is 70 uVims. In order to
achieve a signal-to-noise ratio (SNR) of 20 or higher, the optoacoustic signal
generated by the piezo-element needs to exceed 700 pV:

SNR = 20Ioglo(%j (12)

Estimation of the generated pressure (Equations 4 and 5) yields a
pressure change of 100 and 400 Pa for an attenuation coefficient of 5 and 20 cm’
'in the internal jugular vein at a depth of 1 cm and at a fluence determined by the
maximal permissible exposure for skin (MPEsi,= 20 mJ/cm® @ 700 nm).
Therefore, the sensitivity of our material needs to exceed 0.5 pV/Pa to achieve a
SNR of 20. The use of a piezo-material with even higher sensitivity allows the
reduction of laser fluence to levels below the maximal permissible exposure for
ocular tissues as well as the use of laser diodes that would substantially reduce
the cost, size, and weight of the optoacoustic system.

The sensitivity of a piezo-material is related to the coupling coefficient (k),
the acoustic impedance, and the capacitance of the piezo-element. The coupling
coefficient is a dimensionless number between 0 and 1 that describes the

effectiveness of the conversion of mechanical deformation into electrical energy.
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The higher the coupling coefficient, the better is the conversion of mechanical
into electrical energy.

In this work we used both PZT and PVDF piezo-material. We selected the
piezo ceramic material for its high sensitivity and the PVDF for its close acoustic
impedance to tissue. Table 2 shows the coupling coefficients for three commonly
used piezo-materials. PZT stands for Lead Zirconate Titanate, a piezo ceramic
material, while PVDF stands for PolyVinyliDene Fluoride and 1-3 composite is a

composite of PZT in an epoxy matrix.

PZT PVDF PZT- expoxy
composite
Acoustic impedance
(Mray) 33 4.5 81to 12
Coupling coefficient 0.476 0.2100.3 0.5t00.7
Dielectric constant 170 6 200 to 600
Density (g/cm”3) 7.5 2 3.5t04

Table 2: Comparative chart of the electro-acoustical properties for different piezo-
electrical materials [*9].

The acoustic impedance is another important parameter defined as:
Z = pv, (13)
where p is the density of the medium and vs is the speed of sound in the medium
[50]_

If an ultrasound wave crosses a boundary between two materials with
different acoustic impedances, there will be reflection of the ultrasound wave at
the boundary. The fraction of the incident wave intensity in reflected waves can
be derived because particle velocity and local particle pressures are required to
be continuous across the boundary between materials. Reflectance of an

ultrasound wave is described by:
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2
R:[—Zl_zz} (14)
Z,+Z,

The capacitance of the piezo-element is important because it determines
the voltage signal recorded by the registration system. The higher the
capacitance of the material compared to the capacitance of the preamplifier, the
greater the generated voltage. The capacitance of the piezoelectric material is

determined by:

C=8805A (15)

where ¢ is the dielectric constant (Table 1), &, = 8.8542 - 10" As V' m™ A's
the area of the electrodes and d is the distance between the electrodes [°']. A
piezo-element with a larger area is capable of generating a signal of greater
amplitude for a given pressure wave.

A matching of acoustic impedance between backing material and piezo-
element is crucial because any mismatch will lead to reflections of the ultrasound

waves and will increase the artifacts of the system [*2].
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CHAPTER 3: EXPERIMENTAL SETUP

The optoacoustic setup consisted of a pulsed laser system with pulse
duration of 5 ns. The system included either a Nd:YAG laser (Ultra CFR, Big Sky
Technologies, Inc., Bozeman, MT) at a wavelength 1064 nm with a pulse
duration of 5 ns or a tunable Optical Parametric Oscillator (OPQO) (Opolette 532
II, Opotek Inc., Carlsbad, CA) with a wavelength range between 690 to 2400 nm
and a pulse duration of 5 ns. The OPO output power was wavelength-dependent
(Figure 7). The laser pulse was then coupled into an optical fiber, which directed
the light to the optoacoustic probe. The optoacoustic probe was varied
throughout the experiments. The optoacoustic signal collected from the probe
was then amplified using pre- and secondary amplifiers and then acquired with a
2 Channel 100 MHz digitizer (NI 5112, National Instruments Corp., Austin, TX)
and stored on the laptop computer using a LabView program developed in our

laboratory.
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Figure 7: Tuning Curve Opolette 532 Type Il as stated from the manufacturer.
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Figure 8 shows a diagram of the setup for in vivo studies.

Blood
Oxygenation
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\
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Computer

Figure 8: Optoacoustic setup for in vivo studies showing laser system,
optoacoustic probe, measurement location and underlying anatomy,
and the data collection system of the signals

The preamplifier used in our system was a 17 dB low-noise hydrophone
preamplifier (Specialty Engineering Associates, AH-17DB) which was powered
by batteries to reduce noise. The nominal voltage gain was 17 dB into 50 Q. The
input impedance was 1 MQ in parallel with a capacitance of 20 pF. Figure 9

shows the gain plot of the preamplifier as stated from the manufacturer.

18



Frequency Response: AH-1TOB
4

L
-

20

Gaiin [dB]

m o R B @ W

L

o
s
(=]

13 20 25 k1

Mizize level: 70 s Fraquency [MHz]

Figure 9: Typical gain plot of the AH-17PD amplifier.

The frequency range of the preamplifier was from 5 kHz to 25 MHz 3.

The secondary amplifier was a bipolar low noise amplifier (Model 322,
Analog Modules, Inc. Longwood, Fl) which was powered by a bench-top power
supply. The nominal voltage gain was 40 dB with a bandwidth from 100 Hz to 10
MHz. The input and output impedance was 50 Q. The noise was 280 pV/\VHz.
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CHAPTER 4: PIEZOCERAMIC PROBE DESIGN AND RATIONALE
AND TEST

In this work we used piezo ceramic as the piezoelectric materials for the
transducer. We chose the piezo ceramic material for its high sensitivity. Our
presently used piezo ceramic element has a sensitivity of 200 uV/Pa which
provided a SNR ratio of 86 at MPEsyi, fluence levels for an attenuation coefficient
of 20 cm™.

The dimension of the piezo-element was 3 mm x 3 mm with a thickness of
1 mm. The central frequency for the piezo-element was calculated by:

C

F

central :—s, 1
- =g (16)

piezo

where Feentral is the central frequency, Cs is the speed of sound through the
piezo-element (4165 m/s), and dyiezo is the thickness of the piezo-element. The
calculated central frequency for the piezo-element was 2 MHZ.

The ground electrode was soldered to a brass housing which also housed
four 1-mm optical fibers that encircled the piezo-element. These fibers were
glued with a special fiber epoxy (Thorlabs, Inc.). The signal from the piezo-
element was amplified with a 17 dB low-noise hydrophone preamplifier (Specialty
Engineering Associates, AH-17DB) which was powered by batteries to reduce
noise. The frequency range of the preamplifier was from 5 kHz to 25 MHz [*¥].
The probe had an aluminum housing to provide electrical shielding. The

piezo-element was also electrically shielded with 5-um thin aluminum foil. Figure

10 shows a schematic diagram of the probe.
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Figure 10: Schematic representation of the piezo ceramic optoacoustic probe.

Current medical single-frequency ultrasound devices work by using a
narrow-frequency bandwidth and an index matching layer between the
transducer element and the tissue. To prevent reflection, these layers must have
a thickness corresponding to half the ultrasound wavelength similar to anti-
reflection coatings for optics. Due to the wide bandwidth of the optoacoustic
signal, these layers are not useful. An impedance matching layer would produce
reflections and noise associated with the reflections of other frequencies that are
not matched. Instead, we used a silicone spacer between the skin and the probe
which allowed for temporal separation of the unwanted optoacoustic signal

generated in the transducer from the optoacoustic signal generated in tissues.
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Probe Test

Table 1 shows the central frequencies necessary for the accurate
recording of the optoacoustic signals. Our optoacoustic probe required sufficient
bandwidth to faithfully record the optoacoustic signals generated in our
experiments. Figure 11a shows two square pulses with different pulse widths.
Figure 11b shows the corresponding power spectrum of the wide pulse, while

Figure 11c shows the corresponding power spectrum of the narrow pulse.
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Figure 11: Two square pulses with different pulse widths (a) and corresponding
power spectrum of the wide (b) and narrow (c) pulse.

Figure 11 shows that a shorter pulse generates a wider bandwidth in the

power spectrum. It is possible to apply a very short pulse to generate a signal
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that contains all frequencies at the same amplitude (area between 0 and 50 Hz in
Figure 10c).

The frequency response of the optoacoustic probe was tested in the
transmission mode (Figure 5). To determine the bandwidth of the piezo ceramic
probe, we applied a very short pulse to the piezo-element. A 1-cm thick quartz
glass plate was used as the hard boundary. The quartz plate facing the laser
beam ensured that the signal had no negative part due to decompression at a
soft boundary. A 2-mm thick black rubber layer with a very high absorption
coefficient was used to generate the pulse. Acoustic contact was maintained
with ultrasound gel. The laser pulse at 1064 nm from the Nd:YAG laser was
expanded to 4 cm to prevent diffraction of the resulting ultrasound wave due to
edge effects. Figure 12 shows the resulting signal of the short pulse measured

with the piezo ceramic transducer. The signal shown is an average over 300

signals.
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Figure 12: Optoacoustic signal derived from 2-mm thick black rubber with ultra
high absorption coefficient.
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The impulse response of our optoacoustic probe showed some ringing
with a distance between peaks of 0.5 us. This delay corresponded to the 2 MHz
center frequency of our piezo ceramic material.

Using a Fourier transform, we derived the power spectrum of the signal
and determined the frequency response of our optoacoustic probe (Figure 13).
The power spectrum resulted in a bandwidth of 3.6 MHz at full width half
maximum (FWHM). This bandwidth should be sufficient enough to accurately

record the optoacoustic signals generated in our experiments.
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Figure 13: Voltage spectrum of optoacoustic signal derived from 2-mm thick
black rubber with ultra high absorption coefficient.
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CHAPTER 5: PHANTOM STUDIES WITH THE PIEZOCERAMIC
PROBE

The piezo ceramic probe was tested in a crude model to measure the
signal from an absorbing media that represents blood through a scattering layer.
The model was not an accurate representation of the anatomy of the internal
jugular vein.

A non-absorbing plastic tube with a diameter of 1 cm and a length of 3
cm was closed at one end and glued upright on the bottom of a plastic cup. The
diameter of the plastic cup was 6 cm. The function of the plastic tube was to
contain each of the absorbing naphthol green solutions used as a phantom for
blood. This bottomless design prevented reflections due to acoustic impedance
mismatch between the solutions and the plastic boundaries. With a naphthol
green solution with an absorption coefficient of 10 cm™, the bulk of the light was
absorbed in the first few millimeters and the remainder of the absorbing medium
did not take part in the signal generation, whereas the reflections of the
ultrasound waves at the boundary could create artifacts. Small rubber tubes were
connected to the larger plastic tube to allow the replacement of the absorbing
solution that simulated blood in the jugular vein phantom. After assuring the
plastic tube was impermeable, it was filled with an absorbing solution (naphthol
green adjusted to 10 cm™ at 1064 nm), while the remaining volume of the plastic
cup was filled with diluted milk [one part of whole milk (3.5%) and five parts of
water] to simulate turbid tissues (with e = 1 cm™) between the probe and the
absorbing medium (Figure 14). The laser used in the phantom experiments was

the Nd:YAG laser.
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Figure 14: Schematic representation of the experiment with the jugular vein
phantom.
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Probe

In the first experiment the probe was moved vertically away from the
phantom (Figure 15). As a result, the signal generated by the jugular phantom
shifted further in time with distance. This vertical movement allowed the
detection of the signal generated in the absorbing medium. Figure 15 shows the
unwanted signal generated by electromagnetic noise induced by the laser power
supply, and the optoacoustic signal induced in the probe due to light reflection
back into the probe. To separate this part of the signal from the signal generated
in the probed area, we introduced the silicone spacer, which was placed between

the probe and the skin in the sheep experiments.
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Figure 15: Signal from the probe at various vertical displacements. The energy
used was 25 ud and the absorption coefficient of the solution was
15 cm™. The arrows indicate the unwanted signal.

We also performed experiments with lateral displacements to test the
stability of the optoacoustic signals measured with the new probe. Figure 16
shows the section of the optoacoustic signal from the absorbing medium. The
signal decreased with displacement until it was no longer detectable at 10-mm
lateral displacement. The graph shows only the signals between 0 and 5 mm
displacement. In addition to a reduction in signal amplitude with increasing
probe-vein displacement, there is an increasing temporal delay due to the greater
distance between probe and absorbing medium. Additionally ringing was
detected as previously detected in the impulse response (Figure 12). The
temporal delay between peaks was 1 us which is 1 MHz, half the center
frequency of the piezo ceramic material used in the transducer. However, this

ringing did not seem to affect the amplitude measurements.
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Figure 16: Optoacoustic signal recorded from the jugular vein phantom at various
lateral displacements. The vertical distance between the probe and the
phantom was 12 mm. The energy of the laser pulses was 25 uJ and
the absorption coefficient of the solution was 15 cm™.

The phantom studies showed that our optoacoustic probe was capable of

detecting optoacoustic signals from an absorbing medium at depths up to 13 mm

and beyond. The effect of lateral misalignment between probe and phantom was

determined and the influence of the electrical impulse generated by the firing of

the laser and its avoidance were studied.
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CHAPTER 6: IN VIVO STUDIES OF THE PIEZO CERAMIC PROBE
WITH SHEEP

The Institutional Animal Care and Use Committee at The University of
Texas Medical Branch (UTMB) approved all procedures performed with sheep,
which were ordered by and subsequently housed at the Animal Resources
Center at UTMB. All facilities are staffed by full-time veterinarians who monitored
the humane care of each animal. All catheterizations and surgical procedures
were performed under general anesthesia closely monitored by a veterinarian to
minimize discomfort and ensure safety for the animals. The sheep were initially
sedated with ketamine. Once sedated, isoflurane was used for deep anesthesia.
All animals were intubated and mechanically ventilated with a mixture of
isoflurane in oxygen. An electrocardiogram was used to monitor the sheep
continuously throughout the procedure. The head of each sheep was stabilized

to minimize movement that could alter the signal.

For the sheep studies we used the OPO to generate laser pulsed at
different wavelengths. The optoacoustic probe was attached to the surface of the
sheep skin overlying the external jugular vein (EJV). The position could be varied
using a 3-D translation stage. The best position was determined by adjusting the
probe to the position where the optoacoustic signal reached the maximal
amplitude at 800 nm assuming that that the optoacoustic signal amplitude
reaches a maximal value at best probe-vein alignment. We choose to use 800
nm for alignment due to the high laser output power of the OPO at this
wavelength. Additionally, the optoacoustic signal induced at a wavelength of 800
nm is independent of blood oxygenation. The acoustic contact was provided by

ultrasound gel (Aquasonic 100: Parker Laboratories Inc.).
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A series of measurements were performed on the EJV of four adult sheep.
The measurements were taken at 3 wavelengths: 700, 800, and 1064 nm. At 700
nm the effective attenuation coefficient of blood increases with a decrease in
blood oxygenation; therefore, the optoacoustic signal amplitude is expected to
rise. While at 1064 nm, the effective attenuation coefficient is decreasing
therefore decreasing the optoacoustic signal amplitude. Measurement at the
isosbestic point can be used for calibration and normalization for changes in
laser output power and total hemoglobin concentration. To minimize the influence
of electronic noise and possible motion artifacts on the results, 400 signals were
averaged for every record, requiring about 20 seconds. Four hundred signals
were more than enough for signal averaging, and the 20-s duration was long
enough to allow measurement during at least one full circulatory and respiratory
cycle, while still being short enough for the level of blood oxygenation to remain
stable. The whole set of measurements at three wavelengths required less than
3 minutes. The laser fluence at the site of probing was well below the Maximal
Permissible Exposure (MPE) for skin in the specified spectral range. The
maximal permissible exposure for skin is 20 mJ/cm? for the visible range and 100
mJd/cm? at 1064 nm [>**°]. The average laser energy out of our optical probe was
99ud at 700 nm, 97 uJd at 800 nm and 64 pJ at 1064 nm. The spot size of the
laser beam was expanded to 1 cm after passing through the silicone spacer.

Blood oxygenation in the EJV was changed by varying the fraction of
inspired oxygen (FiO2) by substituting oxygen with nitrogen. We performed 2
cycles on a total of 4 sheep. In each cycle, blood oxygenation was reduced to
approximately 20% and then increased to within the normal range again. The
sheep was allowed to rest for about 45 minutes to allow time for reversal of

circulatory changes, such as intravascular volume shifts and vasoconstriction,
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that might occur secondary to hypoxemia. Then the optoacoustic probe was
readjusted to the maximal signal amplitude at 800 nm before completing the
second cycle.

The oxygenation of arterial blood was monitored by a pulse-oximeter,
(which provided real-time assessment of the change in oxygen level during the
experiment) attached to the tongue of the sheep. Accurate measurements of the
jugular SO, were performed with the CO-Oximeter (IL 813 Instrumentation
Laboratories, Lexington, MA) by taking blood samples from the catheter inserted
in the EJV. Figure 17 shows typical averaged optoacoustic signals from the EJV
generated from laser light pulses at three different wavelengths (700, 800, and
1064 nm) at three different levels of blood oxygenation. The first peak represents
the signal induced in skin. The time delay that resulted from the use of the silicon
spacer, which separated the optoacoustic signal from the electric noise
generated by the laser power supply, was removed from the graph.

With a decrease in blood oxygenation, an increase in the amplitude of the
optoacoustic signal at 700 nm was detected while the signal amplitude at 1064
nm decreased. The signals at 800 nm were supposed to be independent of
oxygenation, but were changing due to changes in the incident laser power. Note
that the laser energy used for the excitation of the optoacoustic signals was
wavelength dependent (Figure 7). Therefore, the relative optoacoustic signal
amplitudes at one level of blood oxygenation did not correlate with variation of
the effective attenuation coefficient alone but with incident laser energy as well.
However, the relative changes at various blood oxygenations at one wavelength
did correlate with changes in the effective attenuation coefficients. Additionally
the laser energy output of the OPO was not stable throughout the experiment

due to heating of the OPO and was not monitored throughout the experiments.

31



Distance (mm)
0 2 4 6 8 10
T T T T T

700nm -

— — 800nm
VEJV —-—1064nm

1
\ Sjv0,=91.9%
1

034 a)

0.2

Optoacoustic Signal (V)

0 2 4 6 8 10
T T T T T T T T T T
700nm
— — 800nm
] EJV —-—1064nm | |

Sjv0,= 54.6%

Optoacoustic Signal (V)

0 2 4 6
Time (us)

Distance (mm)

T T T T T T T T T
700nm 7]

0.4 C)
A EJV — — 800nm
0.3 —-—=1064nm | 1

02 skin Siv0,= 19%

Optoacoustic Signal (V)

Figure 17: Optoacoustic signals generated at 700, 800, and 1064 nm at blood
oxygenations of (a) 91.9%, (b) 54.6%, and (c) 19% [*°].
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The optoacoustic signals generated in the EJV showed ringing in the tail
of the bipolar signal where a monotonic decay was expected. This ringing had a
frequency of 1 MHz and was inherent to the probe. It was also detectable in the
delta signal generated for the determination of the frequency response (Figure
11) and in the phantom experiments (Figure 15). The time interval was about 1
us which corresponded to the thickness of the piezo ceramic crystal.

Figure 18 shows the time course of the optoacoustic signal and the blood
oxygenation for one exemplary sheep. The remaining graphs of the other sheep
are located in the appendix (Figure 69). Variation of the FiO; resulted in changes
in the level of blood oxygenation in the EJV and in the optoacoustic signals at
700 and 1064 nm. The optoacoustic signal amplitude at 700 nm (filled circles)
rose with a decrease in blood oxygenation (black squares) while the optoacoustic
signal amplitude followed blood oxygenation at 1064 nm (red triangles). We
performed 2 cycles in which we reduced the level of blood oxygenation and then
increased it again. A recovery time for the sheep was included in between the

cycles.
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Figure 18: Time course of blood oxygenation (black squares) and optoacoustic
signal amplitudes at 700 nm (blue filled circles) and 1064 nm (red
triangles).

Figure 19 shows the dependence of the optoacoustic signal amplitudes on
the S;,02 obtained from the sheep for both cycles, the first cycle on top and the
second cycle at the bottom for one exemplary sheep. The remaining graphs of
the other sheep are located in the appendix (Figure 70). The optoacoustic signal
amplitudes were normalized using the signal generated at 800 nm to adjust for

changes in laser output power due to heating of the OPO.
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Figure 19: Optoacoustic signal amplitudes at 700 nm (blue filled circles) and
1064 nm (red squares) normalized to the signal amplitude at 805 nm.
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These measurements showed a correlation between the optoacoustic
signal amplitude and the blood oxygenation in the EJV and indicated a good
repeatability of the experiment within one subject. However, the amplitudes of the
optoacoustic signals did not allow for a universal calibration. The optoacoustic
signal amplitudes were dependent on the effective attenuation coefficient and the
laser fluence reaching the blood vessel. The laser fluence varied between
subjects due to differences in location and depth of the blood vessel, variation in
the tissue overlying the blood vessel, and blood vessel diameter. The correlation
between amplitude and SO, would have to be established for every test subject
and alignment. Therefore, monitoring blood oxygenation using the amplitude
measurements alone would not be practical. A new algorithm needs to be
established that is less dependent on fluence and alignment. We analyzed the
temporal profile of the optoacoustic signals to determine blood oxygenation. We
used the decay of the bipolar signal to extract information on blood oxygenation.
Karabutov et al proposed that with excitation using a small diameter laser beam
with a Gaussian intensity distribution, the decay of the resulting bipolar
optoacoustic signal correlates to the optical properties of the irradiated medium
[°"]. The algorithm was described in a prior publication of our group [*?]. Briefly,
the minimal value of the optoacoustic signal generated in the EJV was selected
and then normalized to 1. To reduce the effect of internal oscillations in the
piezo-element, the signal was integrated starting from the normalized minimum.
Then the value of the integral was determined within the first 3 us. The 3-us
delay allowed for the dampening of the signal and (multiplied by the speed of
sound in soft tissue of 1500 m/s) correlated to a depth of 4.5 mm into the EJV.

Figure 20 shows a diagram of the data processing algorithm. The shaded

area represents the area of the integral.
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Figure 20: Diagram of the data processing algorithm.

The idea behind this data processing algorithm is that with an increase in
the effective attenuation coefficient the laser light is absorbed faster. This should
lead to an increased decay of our optoacoustic signal and a reduction in the
value of the integral between the normalized minima and the 3 us / 4.5 mm
delay.

Figure 21 shows the time course of the inverse integral calculated with
this algorithm for one exemplary sheep. The remaining graphs of the other sheep

are located in the appendix (Figure 71).
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Figure 21: Time course of blood oxygenation (black squares), and integrated
optoacoustic signals for 700 nm (blue filled circles) and 1064 nm (red
triangles).

To eliminate the influence of total hemoglobin (tHb) variation, the values
of the inverse integral were divided by the values of the inverse integral obtained
at 800 nm. Total hemoglobin levels changed due to the stress induced in the
sheep due to low levels of blood oxygenation. Total hemoglobin levels rose after
low levels of blood oxygenation leading to an increase in signal at all
wavelengths.

Figure 22 shows the correlation obtained for 700 nm and 1064 nm with
blood oxygenation for one exemplary sheep. The remaining graphs of the other

sheep are located in the appendix (Figure 72).
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Figure 22: Correlation of temporal inverse integral ratio with blood oxygenation at
700 nm (blue filled circles) and 1064 nm (red squares) (the first cycle
appears at the top of the graph while the second cycle appears at the
bottom).
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By dividing the values shown in Figure 22 with each other, we determined
the ratio between the temporal profiles at 700 nm and 1064 nm (Figure 23). This
ratio closely followed the ratio of the computationally determined effective
attenuation coefficients using Monte Carlo simulation for a cylindrical geometry
obtained by Dr. Igor Patrikeev.

To obtain the theoretical values we modeled optoacoustic signals
generated by light with 700 nm and 1064 nm for planar geometry with an
embedded cylindrical object. We used our Monte Carlo code described in
previous work [*)]. We assumed that the vessel had a diameter of 8 mm (a typical
value for sheep EJV) and was located 3 mm below the skin. To estimate the
influence of blood oxygenation, we varied the percentage of oxyhemoglobin from
10% to 90%. The absorption coefficients for each wavelength were calculated
from literature data [*°] by linear interpolation of molar extinction coefficients of
oxyhemoglobin and deoxyhemoglobin. The scattering coefficients were found
using the effective attenuation coefficient measured in vitro [*°]. The anisotropy
factor g was considered constant (g=0.99) for both of the wavelengths [¢'%%]. We
held the optical properties of the ambient medium constant as at any of the
chosen wavelengths the tissue surrounding the IJV is low absorbing compared to
blood, and its influence on the signal is negligible. We did not model photon
traces in the skin, but the role of skin as a light diffuser was taken into account.
The vessel wall was not included in the model due to its minimal thickness
compared to EJV diameter.

The modeled signals were processed with the same algorithm that was
applied to the in vivo sheep data (Figure 20). Results are presented in Figure 23
[*9]. Figure 23 shows the ratio obtained for 700 nm and 1064 nm versus blood
oxygenation for one exemplary sheep. The remaining graphs for the other sheep

are located in the appendix (Figure 73).
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Figure 23: Ratio of temporal profiles 700 nm / 1064 nm for sheep from both
cycles (blue filled circles) and derived from computer modeling using
Monte Carlo simulation (red squares) [*].
To test the stability of the new data processing method in terms of
intersubject variability we combined the ratio of all four successful sheep into one

graph. Figure 24 shows the ratio of the normalized amplitude of signals

generated at 1064 nm and 700 nm for all four successful sheep and both cycles.
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Figure 24: Ratio of normalized amplitudes 1064 nm / 700 nm of all sheep.

The amplitude ratio is similar for all sheep at low levels of blood
oxygenation (below 50%). At higher levels the ratios of the different sheep
diverge.

For comparison, Figure 25 shows the ratio of the inverse integral of

signals generated at 1064 nm and 700 nm for all four sheep and both cycles.
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Figure 25: Ratio of temporal profiles 700 nm / 1064 nm of all sheep

The ratios of the temporal profile of the sheep are closer at higher levels of
blood oxygenation (60-100%), which is the clinically important region for the
measurement of blood oxygenation. The general shape and slope of the ratios
between the sheep is similar, but it seems that there is an offset between the
sheep.

In vivo studies in eight sheep showed good correlation between the
optoacoustic signal amplitude and blood oxygenation. Data processing with the
use of the inverse integral method further improved correlation with blood
oxygenation. Integration reduced the effect of oscillations generated in the
optoacoustic probe. The ratio of the inverse integral obtained at 1064 nm and
700 nm closely followed theoretical data (Figure 23) and allowed the

determination of blood oxygenation within 10% for blood oxygenations in the
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important clinical range (50-90%). However, when combined the evaluation of
the temporal profile did not improve intersubject variability between the different
sheep. The small range of overall change with blood oxygenation increased the

intersubject variability.
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CHAPTER 7: INTERMEDIATE PROBE DESIGNS

The next probe built was again a piezo ceramic probe. The piezo ceramic
element had a thickness of 0.2 mm which gave the probe a central frequency of
10 MHz. The element was round and had a diameter of 3 mm. The positive
electrode was soldered to a bullet shaped brass backing. The parabolic shape of
the backing was selected to reduce reflections of the ultrasound wave within the
backing. The sides of the transducer were coated with hollow glass micro-
spheres in an epoxy matrix. This coating was selected for its sound absorbing
qualities. Electrical shielding and the ground electrode were combined in a layer
of conductive paint and successive electrolytically deposited layers of copper,
nickel, and gold. Moreover, the gold layer reflected most of the backscattered
light to reduce signal on the surface of the optoacoustic probe. Optical
illumination was provided by a separate 1 mm optical fiber that was not included
in the probe. The same set of amplifiers was used as in the previous

optoacoustic probe. Figure 26 shows a schematic diagram of the probe.

Brass Backing

— Sound Absorber

/ Gold Shielding

Piezo-element

Figure 26: Schematic representation of the 10 MHz piezo ceramic optoacoustic
probe.
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The frequency response of the optoacoustic probe was tested in the
transmission mode (Figure 5). To determine the bandwidth of the piezo ceramic
probe, we applied a very short pulse to the piezo element. A 1-cm thick quartz
glass plate was used as the hard boundary. The quartz plate facing the laser
beam ensured that the signal had no negative part due to decompression at a
soft boundary. A 2-mm thick black rubber layer with a very high absorption
coefficient was used to generate the pulse. Acoustic contact was maintained
with ultrasound gel. The laser pulse at 1064 nm from the Nd:YAG laser was
expanded to 4 cm to prevent diffraction of the resulting ultrasound wave due to
edge effects. Figure 29 shows the resulting signals of the short pulse measured
with the piezo ceramic transducer. The experiment was repeated to ensure

repeatability. The signals shown are an average of over 300 signals.
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Figure 27: Two optoacoustic signals derived from 2-mm thick black rubber with
ultra high absorption coefficient.
The impulse response of our optoacoustic probe showed extensive ringing

with a distance between peaks of 0.1 us. This delay corresponds to the 10 MHz
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center frequency of our piezo ceramic material. The ringing of this transducer
was so extensive that further experiments were abandoned.

Next we moved to piezo composite transducers. The acoustic impedance
of the piezo composite transducer was 17 MRayl, which is similar to that of
aluminum. The transducer element could not be soldered and conductive epoxy
could not provide a satisfactory connection. The acoustic impedance of a
material can be varied by changing its density [°?]. We were able to increase the
acoustic impedance by adding tungsten powder into an epoxy matrix. We were
able to produce tungsten-filled epoxies with acoustic impedances of up to 11
MRayl but not the necessary 17 MRayl to match the piezo composite
transducers. PVDF material has an acoustic impedance of 2.7 MRayl, the same

as polycarbonate.
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CHAPTER 8: PVDF PROBE DESIGN AND RATIONALE AND
TEST

The piezo ceramic probe had a high acoustic impedance (~ 30 MRay)
compared to that of tissue (~ 1.5 MRay). This mismatch in the probe and tissue
impedances produced reflection of the optoacoustic signal. In the piezo ceramic
transducer 85% of the ultrasound wave propagating from the tissue to the piezo-
element was reflected, while only 15% entered the transducer and was converted
into voltage.

To overcome shortcomings of our previous piezo ceramic probe, we built
our second probe using PVDF material. The acoustic impedance of PVDF is
significantly lower (2.7 MRayl) than that of the piezo ceramic material. This
matching between probe and tissue impedances was expected to substantially
reduce the unwanted reflections. The optoacoustic probe featured a ring-shaped
PVDF element with a central frequency of 10 MHz that converted the applied
pressure into an electrical signal (Figure 28). The inner diameter of the element
was 2 mm while the outer diameter of the element was 6 mm. The thickness of
the piezo-element was 110 um. The piezo-element was attached to a
polycarbonate backing. A single 1-mm optical fiber at the center of the piezo-
element provided illumination. The signal from the piezo-element was amplified
with the 17 dB low-noise hydrophone preamplifier (Specialty Engineering
Associates, A17DB). The probe had an aluminum housing to provide electrical
shielding. The piezo-element was electrically shielded with a thin copper foil
covered with electrolytically deposited gold. The reflecting layer reduces light

absorption and signal generation in the probe itself.
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Figure 28: Schematic representation of the PVDF probe cut lengthwise overlying
the jugular vein phantom.
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Probe Test

The frequency response of the PVDF probe was tested in the same
manner as in the previous probe. A 1-cm thick quartz glass plate was used to
provide a rigid boundary. The 2-mm thick black rubber with a very high
absorption coefficient was used to generate an ultra-wide band optoacoustic

pulse. Acoustic contact was maintained with ultrasound gel. The frequency

53] ]

range of the amplifier used was 5 kHz to 25 MHz [ Figure 29 shows the

resulting signal.
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Figure 29: Optoacoustic signal measured from 2-mm thick black rubber with ultra
high absorption coefficient.

The response of the PVDF probe shows a much cleaner signal than the
piezo ceramic probe (Figure 12). No ringing was detected which should simplify
data processing.

Using a Fourier transform we calculated the voltage spectrum of this

signal which yielded the frequency response of our optoacoustic probe. The
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bandwidth was greater than that of the piezo ceramic probe. Figure 30 shows the

frequency response of the PVDF probe.
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Figure 30: Voltage spectrum of optoacoustic signal measured from the 2-mm
thick strong absorbing rubber.
The PVDF probe had a bandwidth of 5 MHz in comparison to the 3.6 MHz
bandwidth of the piezo ceramic probe. There is an additional peak at 10 MHz that

corresponds to the 10 MHz center frequency of the transducer material used.

Scanning Setup

To eliminate the effect of lateral misalignment, a scanning system was
used in the later experiments with the PVDF probes. The scanning system
moved the optoacoustic probe across the phantom or blood vessel. The

scanning system consisted of a linear stage (New England Affiliated

51



Technologies) which was controlled by a stepper motor (Rapidsyn Mod. 23d-
6102BN) and driver (New England Affiliated Technologies MDM7). Custom
designed LabVIEW®-based software controlled the data acquisition portion and
the scanning system. The system was configured to perform a 12.5-um step
upon receiving a Transistor Transistor Logic (TTL) pulse. The TTL pulses were
delivered using a USB multifunction data acquisition board (National instruments
USB-6008), while the signal acquisition was performed using a high speed 2-
channel data acquisition board (National Instruments 5112). The driver for the
stepper motor could be powered off to allow for manual positioning of the stage
while watching the signal in “Oscilloscope Mode” on the computer display. To
perform the scan, the diver was switched on and the LabVIEW® program was
switched to “Data Collection” mode. The program controlled the number of
collection sites and the distance between the sites. Additionally, the number of

signals collected and averaged at each site could be varied.

Angular Sensitivity

We estimated the angular sensitivity of the optoacoustic probe using the
scanning system. The angular sensitivity was determined using an absorbing
solution of 10 cm™. The optoacoustic probe was scanned across the 1.6-mm
silicone tube while illumination of the target area was provided by an external 1-
mm fiber which was fixed and did not move with the probe. The angle was
determined using tan™ (probe displacement / tube depth). The tube depth was
calculated using the temporal position of the optoacoustic signal from the tube,

whereas the lateral displacement was set by the scanning system.
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Figure 31: Normalized optoacoustic signal amplitude versus the angle of
detection of the transducer.

The angular sensitivity was 60 degrees over the whole range and 18
degrees at the 50% level. Although the angular sensitivity was frequency

dependent, this experiment allowed for a direct comparison of the probes.
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CHAPTER 9: PHANTOM STUDIES WITH THE PVDF PROBE

Experimental Setup

The optoacoustic setup consisted of a Nd:YAG laser (Ultra CFR, Big Sky
Technologies, Inc., Bozeman, MT ) at a wavelength 1064 nm with pulse duration
of 5 ns. The laser pulse was then coupled into an optical fiber, which directed the
light to the optoacoustic probe. The optoacoustic probe was varied throughout
the experiments. The optoacoustic signal collected from the probe was then
amplified using pre- and secondary amplifiers and then acquired with a 2
Channel 100 MHz digitizer (NI 5112, National Instruments Corp., Austin, TX) and
stored on the laptop computer using a LabView program developed in our
laboratory.

The preamplifier used in our system was a 17 dB low-noise hydrophone
preamplifier (Specialty Engineering Associates, AH-17DB), which was powered
by batteries to reduce noise. The nominal voltage gain was 17 dB into 50 Q2. The
input impedance was 1 MQ in parallel with a capacitance of 20 pF. The
frequency range of the preamplifier was from 5 kHz to 25 MHz [53].

The secondary amplifier was a bipolar low noise amplifier (Model 322,
Analog Modules, Inc. Longwood, Fl), with was powered by a bench-top power
supply. The nominal voltage gain was 40 dB with a bandwidth from 100 Hz to 10
MHz. The input and output impedance was 50 Q. The noise was 280 pV/\VHz.

Phantom Preparation

We used diluted Intralipid solution (an emulsion of fats) to mimic tissue.

Intralipid is a nutritional supplement given intravenously to patients who are
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unable to get enough fat in their diet. Intralipid is also widely used in optical
experiments to provide the scattering component of tissue phantoms,
preparations which mimic the optical properties of tissues [*’]. The Intralipid
solution was diluted to 1.5% to achieve an absorption coefficient of 0.05 mm"
and a reduced scattering coefficient of 1.3 mm™ at 975 nm, a typical value for

biological tissue [**%*

]. Due to the nature of the lipid model, the optical properties
were constant and homogeneous. Optical heterogeneities common in biological
tissue were not considered. The blood vessels were simulated by silicone tubing
of various sizes filled with naphthol green solution with absorption coefficients of

5,10, 15, and 20 cm™ at the wavelength of 1064 nm.

Scanning Setup

To eliminate the effect of lateral misalignment, a scanning system was
used in the later experiments with the PVDF probes. The scanning system
moved the optoacoustic probe across the phantom or the blood vessel. The
scanning system consisted of a linear stage (New England Affiliated
Technologies) which was controlled by a stepper motor (Rapidsyn Mod. 23d-
6102BN) and driver (New England Affiliated Technologies MDM7). Custom
designed LabVIEW®-based software controlled the data acquisition part and the
scanning system. The system was configured to perform a 12.5-um step upon
receiving a Transistor Transistor Logic (TTL) pulse. The TTL pulses were
delivered using a USB multifunction data acquisition board (National instruments
USB-6008), while the signal acquisition was performed using a high speed 2-
channel data acquisition board (National Instruments 5112). The driver for the
stepper motor could be powered off to allow for manual positioning of the stage

while watching the signal in “Oscilloscope Mode” on the computer display. To
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perform the scan, the diver was switched on and the LabVIEW® program was
switched to “Data Collection” mode. The program controlled the number of
collection sites and the distance between the sites. Additionally, the number of

signals collected and averaged at each site could be varied.

The error associated with lateral misalignment could be reduced by
scanning the optoacoustic probe. Figure 32 shows an example of the signal

amplitudes normalized for such a scan.
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Figure 32: Typical scan of the optoacoustic probe across a jugular phantom (d =
9.8 mm) filled with naphthol green solution (s = 15 cm™).

The scanning was performed with an increment of 0.4 mm. This
displacement interval ensured that the point of best alignment was not missed. At
each step, 200 samples were collected and averaged. The criterion for the best
probe-vein alignment was a maximum in the amplitude of the optoacoustic signal
generated in the phantom. The signal from this location was then selected and

used for further data processing. Figure 33 shows these maximal signals for four
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solutions and water. The phantom used was naphthol green solution in a 9.8-mm
ID and 12.7-mm ID silicone tube embedded in diluted Intralipid solution. The
incident laser pulse energy was 1.23 mJ. No silicone spacer was used. The
absorption coefficients of the solutions measured in a cuvette in transmission
mode were 5.6, 8.6, 13.3, and 18.6 cm™". The range of absorption coefficients in
the infrared region between fully oxygenated and deoxygenated blood was

between 5 and 20 cm™".
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Figure 33: Optoacoustic signals recorded from the 9.8-mm jugular phantom filled
with dye solutions of different absorption coefficients and water.

The variation of the temporal location of the optoacoustic signal likely
resulted from axial displacement of the phantom that occurred during changing of
the absorbing solutions. The solution was removed and the tube was flushed with

pure water before new solution was added. The tubes had to be moved during
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the changing of solutions and were not placed back at precisely the same
location.

There was a signal offset generated by light back-scattered into the
optoacoustic probe and absorbed in it. To remove the offset, the optoacoustic
signal generated from the tube filled with water was used to subtract the offset

from the corresponding signal filled with dye solution. Figure 34 shows the result

of this subtraction.
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Figure 34: Optoacoustic signals recorded from the 9.8-mm jugular phantom filled
with dye solutions of different absorption coefficients after water
background subtraction.

The optoacoustic signal showed no ringing in comparison with the signals
measures with the piezo ceramic probe. This shows that switching to PVDF
material eliminated ringing in the transducer and allowed additional data

processing methods.
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In order to compare data processing algorithms, the data was first
processed with the inverse integral method. Figure 35 shows the correlation of
the inverse integral with the absorption coefficient of the phantom. The
optoacoustic signals were processed in the same fashion as the signals from the

sheep study.
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Figure 35: Correlation between the inverse integral of optoacoustic signals in the
backward detection and actual absorption coefficient in silicone tubes
(9.8 and 12.7 mm).

The change of the inverse integral was calculated by subtracting the minimum
from the maximum, and then dividing by the minimum. These calculations
resulted in a change of 13% for the 9.8-mm tube and 18% for the 12.7-mm tube.
Since the temporal profile of the optoacoustic signal recorded with the
PVDF probe had much less ringing, it allowed us to use exponential fitting of the

signals. The minima of the optoacoustic signal were normalized to 1. This

normalization eliminated any amplitude effects on the exponential part of the
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signal. An exponential fit was then applied to the decreasing part of the signal
after a delay of 0.15 us. This delay ensured that the fit was applied to the
exponential part of the signal. The duration of the fit was 200 points
corresponding to 2 us at our sampling rate of 100 Ms. The 2-us delay is
equivalent to a depth of 3 mm in the tissue. The penetration depth of light at 20
cm™ is 0.5 mm and 2 mm at 5 cm™. Figure 36 shows a diagram of the data

processing algorithm utilizing the exponential fit.
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Figure 36: Diagram of the data processing algorithm utilizing the exponential fit.

Figure 37 shows the signals derived in the phantom studies processed
with the exponential fit for two phantoms with an inner diameter of 9.8 mm and

12.7 mm.
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Figure 37: Correlation between measured exponential coefficient of optoacoustic
signals in the backward detection and real absorption coefficient in
silicone tubes (9.8 and 12.7 mm).

The use of the scanning system allowed the automatic, real-time
acquisition of a series of signals across the phantom. Data processing
determined the signal with highest amplitude (0 displacement of the probe). The
effect of lateral displacement could therefore be eliminated. The PVDF material
had a higher frequency bandwidth and showed no oscillations. This allowed the
application of the exponential fit on the rising slope of the bipolar optoacoustic
signals.

The phantom studies showed less ringing in the optoacoustic signals
measured with the PVDF probe compared with the optoacoustic signals

measured with the piezo ceramic probe. This allowed the application of an
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exponential fit to the signal. The exponential coefficient derived from the
exponential fits showed linear dependence on the absorption coefficient in the
phantom.

Using the inverse integral method, the change in the phantom was 13%
for the 9.8-mm tube and 18% for the 12.7-mm tube for naphthol green solutions
with an absorption coefficient between 5 and 19 cm™. The change in the
exponential coefficient was 150% for the 9.8-mm tube and 250% for the 12.7-mm
tube, more than 10 times the change of the inverse integral. The greater change
provided a better correlation and more accurate determination of the absorption

coefficient.
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CHAPTER 10: IN VITRO STUDIES WITH THE PVDF PROBE

Phantom Preparation

We used diluted Intralipid solution (an emulsion of fats) to mimic tissue.
Intralipid is a nutritional supplement given intravenously to patients who are
unable to get enough fat in their diet. Intralipid is also widely used in optical
experiments to provide the scattering component of tissue phantoms as
preparations which mimic the optical properties of tissues [®*]. The Intralipid
solution was diluted to 1.5% to achieve an absorption coefficient of 0.05 mm"”
and a reduced scattering coefficient of 1.3 mm™ at 975 nm, a typical value for

084 The blood vessels were simulated by silicone tubing of

biological tissue [
various sizes. For in vitro studies, arterial sheep blood was circulated though the
tubing using a peristaltic pump to prevent sedimentation and aggregation of the
red blood cells. The pump was set to 50 rpm. Blood oxygenation was reduced
using sodium hydrosulfite which competitively binds to hemoglobin therefore
replacing the oxygen ['%%%%].

For the in vitro studies, the same experiments were performed as in the
phantom studies except the absorbing dye solutions were replaced with sheep
blood. Blood oxygenation was determined by detection of the hemoglobin
saturation (SO;) of each of the sheep blood samples using the CO-Oximeter.
The duration of one scan was 20 minutes. Blood samples were taken 10 minutes

into the scan. Figure 38 shows the resulting scans for SO, levels ranging from

94.3% to 14.5%. The inner diameter of the phantom was 12.7 mm.
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Figure 38: Multiple scans across a 12.7-mm jugular phantom containing sheep
blood with blood oxygenation ranging from 94.3% to 14.5%.

The amplitude of the optoacoustic signal increased with oxygenation at
1064 nm. The spacing between scanning points was 0.4 mm. At each step 200
samples were collected and averaged. Figure 30 illustrates the effect of changes
in blood oxygenation on the optoacoustic signal. Three representative
optoacoustic signals derived from the phantom at three levels of blood
oxygenation (94.3% - solid line, 54.5% - dashed line, and 14.5% - dotted line) are
shown in Figure 39. The signals shown were measured at zero lateral

displacement where the signal amplitude reached its maximal value.
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Figure 39: Optoacoustic signals recorded from the 9.8-mm jugular phantom filled
with sheep blood of different levels of blood oxygenation.

The amplitude of the optoacoustic signal decreased with SO, as expected.
There was a small offset in front of the signal generated in the phantom; this
offset was attributed to absorption of a small amount of light in the tube
surrounding the phantom. The two small peaks in the tail-end of the bipolar
signal are assumed to be reflections from trapped air bubbles. Blood is very
susceptible to trapping air bubbles.

For comparison the optoacoustic signals obtained in the in vitro studies
were first processed using the inverse integral method, which was used for the
sheep data with the piezo ceramic probe. Figure 40 shows the changes in the

inverse integral with blood oxygenation for the 12.7-mm tube.
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Figure 40: Correlation between inverse integral and blood oxygenation in vitro in
a silicone tube with a diameter of 12.7 mm.
There was correlation with blood oxygenation of the optoacoustic signals
but the overall change was small (0.3 arbitrary units or 3.8% change).
The exponential coefficient of the optoacoustic signals was determined for
different blood oxygenations in the same fashion as the phantom experiments.
The effective attenuation coefficient of deoxygenated and oxygenated blood

' I°°]. Figure 41 shows the results of this fitting in

ranged between 5 and 11 cm’
phantoms in correlation with the absorption coefficient measured in the

transmission mode.
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Figure 41: Correlation between exponential coefficient and blood oxygenation in
two silicone tubes with a diameter of 9.8 and 12.7 mm.

The two outliers at high blood oxygenation levels in the 12.7-mm phantom
were most likely due to inadequate mixing of the sheep blood with the sodium
hydrosulfite and were not considered for the calculation of the coefficient of
determination (R?). Hydrosulfite is a powder and had the tendency to accumulate
in corners with low blood flow in the circuit. If it was stirred up by taking blood
samples it decreased blood oxygenation to a lower point. Points below 45%
oxygenation in the 9.8-mm tube were not included due to the increase of
methemoglobin (up to 20 %) that was noted during the measurements with the
CO-Oximeter. Methemoglobin is a variation of hemoglobin. The iron in the heme
group is in the Fe®" state, not the Fe?* state of normal hemoglobin. This renders
methemoglobin unable to carry oxygen and gives it its brown color.

Methemoglobin is converted back into hemoglobin by a NADH-dependent
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enzyme called methemoglobin reductase. Normally 1-2% of human hemoglobin
is methemoglobin.
The absorption coefficient of methemoglobin is higher than that of

oxygenated blood at 1064 nm [*"%7%

]. Therefore, it increases the optoacoustic
signal amplitude and the exponential coefficient in the measured signals. This
falsifies the measurement of blood oxygenation. The optoacoustic signal
amplitudes remained stable or even increased with a decrease of blood
oxygenation due to the increase in methemoglobin instead of decreasing at 1064
nm.

The changes in the exponential coefficient in the phantom studies were

much greater (~ 4 arbitrary units or 83% change). This greater change will allow

for greater accuracy of blood oxygenation monitoring.

Next we tested the stability of the exponential fit toward lateral
displacement. Utilizing the scanning system we determined the effect of lateral
displacement between the probe and the phantom on the amplitude and the
temporal profile of the optoacoustic signals. Figure 42 shows the dependence of
optoacoustic signal amplitudes on blood oxygenation at various displacements
(0, 1.2, 2.0, and 2.8 mm). The optoacoustic signal amplitude correlated well and
linearly increased with blood oxygenation (R? = 0.91 at zero displacement). The
dependence was less pronounced and the correlation decreased (lower R®

values) with lateral displacement.
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Figure 42: Correlation between optoacoustic signal amplitudes and blood
oxygenation at various lateral displacements (0, 1.2, 2.0, and 2.8 mm).

Next the same data was processed with the application of the exponential
fit. Figure 43 shows the dependence of the exponential coefficient on blood

oxygenation at various displacements (0, 1.2, 2.0, and 2.8 mm).
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Figure 43: Correlation of the exponential coefficient with blood oxygenation at
various displacements (0, 1.2, 2.0, and 2.8 mm).

The exponential coefficient correlated better than the optoacoustic signal
amplitudes (R2 = 0.94 at zero displacement). The exponential coefficient was less
prone to lateral displacement and correlation with blood oxygenation was higher
(R? values were higher compared to those for amplitude measurements). This
showed the application of an exponential fit was stable against lateral
displacement and provided better correlation.

The use of the scanning system allowed the automatic, real-time
acquisition of a series of signals across the phantom. Data processing
determined the signal with highest amplitude (0 displacement of the probe). The
effect of lateral displacement could therefore be eliminated. The PVDF material

had a higher frequency bandwidth and showed no oscillations. This allowed the
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application of the exponential fit on the rising slope of the bipolar optoacoustic
signals.

In the in vitro experiments the exponential coefficient changed 83%
(Figure 41), while the inverse integral changed only 3.8% (Figure 40). The
absorption coefficient of fully oxygenated blood is 11 cm™, while the absorption
coefficient for deoxygenated blood is 6 cm™ with a tHb concentration of 10 g/dl.
This leads to a change of 83%, which is the same rate of change as the
exponential coefficient. The greater range of change (20 times) in the exponential
coefficient provided better correlation. Additionally it was resistant to lateral

displacement.
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CHAPTER 11: DESIGN RATIONALE AND TEST OF PVDF PROBE
2

Probe Design

A larger ring piezo-element should show better directional sensitivity than

a smaller ring [>>").

Therefore, a third probe was made from a larger PVDF
element with similar ring geometry. The inner diameter of the ring was 7 mm and
the outer diameter was 10 mm. The dimensions were chosen to test the
properties of a larger ring without being too large to widen the optoacoustic
signal. The piezo-element was attached to a thicker 22.25-mm diameter
polycarbonate backing in order to delay potential reflections and minimize their
interference with the signal generated in the IJV. To prevent interference of the
unwanted background with the optoacoustic signal, a polycarbonate disk was
placed above copper shielding at the end of the probe. This polycarbonate disk
was covered with a layer of 24 k leaf gold to reflect scattered light. Copper foil
was used to electrically shield the probe. The 1-mm optical fiber was inserted
into the center of the ring and protruded 2 mm out of the probe. Figure 44 shows
a cross-section of the probe with a silicone spacer attached. The silicone spacer
separated the signal generated in skin from the signal generated by scattered

light to the piezo-element. Ultrasound gel was used to provide acoustical contact

between the probe, silicone, and skin.
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Figure 44: Schematic representation of the third PVDF probe.

Probe Test

The frequency response of the optoacoustic probe was tested as
described for the previous two probes. Figure 45 shows the signal induced in the

2-mm black rubber with a very high absorption coefficient
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Figure 45: Optoacoustic signal recorded by the new probe from 2-mm thick black
rubber with very high absorption coefficient.

Using a Fourier transform we calculated the voltage spectrum of this
signal that represented the frequency response of the optoacoustic probe (Figure
46). The bandwidth was 4 MHz, wider in comparison to the piezo ceramic probe
but smaller in comparison to the previous probe despite the use of the same
PVDF material. The larger area of the active element may have widened the
duration of the optoacoustic signal and reduced the recorded bandwidth of the

probe. The frequency range of the amplifier used was 5 kHz to 25 MHz [*®].
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Figure 46: Frequency response of the new PVDF optoacoustic probe.

75



Angular Sensitivity

The angular sensitivity was determined as described for the previous
optoacoustic probe. Figure 47 shows the result of the angular sensitivity test.
The angular sensitivity of the new PVDF probe over the whole range was 50
degrees, 10 degrees smaller than that of the previous PVDF probe. At the 50%

level the angular sensitivity was 22 degrees, 4 degrees wider than the previous

probe.
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Figure 47: Normalized optoacoustic signal amplitude versus angle of incidence
on the probe.
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CHAPTER 12: PHANTOM STUDIES WITH PVDF PROBE 2

Experimental Setup

The optoacoustic setup consisted of an Nd:YAG laser (Ultra CFR, Big Sky
Technologies, Inc., Bozeman, MT ) at a wavelength of 1064 nm with pulse
duration of 5 ns. The laser pulse was then coupled into an optical fiber, which
directed the light to the optoacoustic probe. The optoacoustic probe was varied
throughout the experiments. The optoacoustic signal collected from the probe
was then amplified using pre- and secondary amplifiers and then acquired with a
2 Channel 100 MHz digitizer (NI 5112, National Instruments Corp., Austin, TX)
and stored on the laptop computer using a LabView program developed in our
laboratory.

The preamplifier used in our system was a 17 dB low-noise hydrophone
preamplifier (Specialty Engineering Associates, AH-17DB) which was powered
by batteries to reduce noise. The nominal voltage gain was 17 dB into 50 Q2. The
input impedance was 1 MQ in parallel with a capacitance of 20 pF. The
frequency range of the preamplifier was from 5 kHz to 25 MHz [53].

The secondary amplifier was a bipolar low noise amplifier (Model 322,
Analog Modules, Inc. Longwood, Fl) which was powered by a bench-top power
supply. The nominal voltage gain was 40 dB with a bandwidth from 100 Hz to 10
MHz. The input and output impedance was 50 Q. The noise was 280 pV/\VHz.
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Phantom Preparation

We used diluted Intralipid solution (an emulsion of fats) to mimic tissue.
Intralipid is a nutritional supplement given intravenously to patients who are
unable to get enough fat in their diet. Intralipid is also widely used in optical
experiments to provide the scattering component of tissue phantoms,
preparations which mimic the optical properties of tissues [®*]. The Intralipid
solution was diluted to 1.5% to achieve an absorption coefficient of 0.05 mm"”
and a reduced scattering coefficient of 1.3 mm™ at 975 nm, a typical value for

40841 " Due to the nature of the lipid model the optical properties

biological tissue [
were constant and homogeneous. Optical heterogeneities common in biological
tissue were not considered. The blood vessels were simulated by silicone tubing
of various sizes filled with naphthol green solution with absorption coefficients of

5,10, 15, and 20 cm™ at the wavelength of 1064 nm.

Scanning Setup

To eliminate the effect of lateral misalignment, a scanning system was
used in the later experiments with the PVDF probes. The scanning system
moved the optoacoustic probe across the phantom or the blood vessel. The
scanning system consisted of a linear stage (New England Affiliated
Technologies) which was controlled by a stepper motor (Rapidsyn Mod. 23d-
6102BN) and driver (New England Affiliated Technologies MDM7). Custom
designed LabVIEW®-based software controlled the data acquisition part and the
scanning system. The system was configured to perform a 12.5-um step upon
receiving a Transistor Transistor Logic (TTL) pulse. The TTL pulses were

delivered using a USB multifunction data acquisition board (National instruments
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USB-6008) while the signal acquisition was performed using a high speed 2-
channel data acquisition board (National Instruments 5112). The driver for the
stepper motor could be powered off to allow for manual positioning of the stage
while watching the signal in “Oscilloscope Mode” on the computer display. To
perform the scan, the driver was switched on and the LabVIEW® program was
switched to “Data Collection” mode. The program controlled the number of
collection sites and the distance between the sites. Additionally, the number of
signals collected and averaged at each site could be varied.

The phantom studies were conducted in the same manner as with the
previous PVDF probe. We used naphthol green solution with different absorption
coefficients in silicone tubes surrounded by Intralipid solution. The optoacoustic
probe was scanned across the phantom. Figure 48 shows the resulting
optoacoustic signals before the subtraction of the water signal, while Figure 49

shows the same signal after the subtraction of the water signal.

-0.4 4 20 cm~

Optoacoustic Signal (V)
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Figure 48: Optoacoustic signals recorded from the 12.7-mm jugular phantom

filed with dye solutions of different absorption coefficients before water

background subtraction.
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Figure 49: Optoacoustic signals recorded from the 12.7-mm jugular phantom

filled with dye solutions of different absorption coefficients after water background

subtraction.

A reflection in the optoacoustic signal generated in the phantom occurred
at 15 us which interrupted the monotonic decay of the signal. The 2-us time
interval between the minima of the bipolar signal and the reflection allowed data
processing and application of an exponential fit.

The minima of the optoacoustic signal were normalized to 1. This
normalization eliminated any amplitude effects on the exponential part of the
signal. An exponent was then fitted to the decreasing part of the signal after a
delay of 0.1 us. This delay ensured that the fit was applied to the exponential part
of the signal. The time interval for processing was varied to ensure that the
exponential fit closely followed the signal and was not distorted by reflection in
the probe. Figure 50 shows the results of this fitting in phantoms and correlation

with the absorption coefficient measured in the transmission mode.
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Figure 50: Correlation between exponential slope of optoacoustic signals and
actual absorption coefficient in the silicone tube.

The correlation between exponential coefficient and absorption coefficient
was better for the previous PVDF probe (Figure 37). Additionally the effect of
tube diameter was increased. With the larger ring and smaller angle of
acceptance, tube diameter related effects should have been reduced.
Theoretically, a smaller angle of acceptance reduces the effect of curvature of

the phantom.
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CHAPTER 13: IN VITRO STUDIES WITH PVDF PROBE 2

Phantom Preparation

Polyvinylchloride — plastisol (PVC-P) is a material commonly used in
fishing lures and other products. PVC plastisols are dispersions of finely ground
PVC resin particles in plasticizer. This produces a liquid or paste which contains
no volatile components. PVC plastisols are cured or fused into a homogeneous
mass, at temperatures of 150 to 200°C, to melt the resin particles into the
plasticizer.

The speed of sound through PVC-P and the density of PVC-P are similar
to that of tissue. Moreover one can adjust the optical properties by adding
titanium dioxide as a scattering agent and black plastic color to increase
absorption ['"]. Since PVC-P is a solid material, there is no need for tubing in the
blood vessel phantom. Teflon® rods with diameters of 1, %, 5/8, and ' inches
(25.4, 19.05, 15.875, and 12.7 mm respectively) were imbedded in the PVC-P.
After solidification, the Teflon® rods were removed to form cylindrical cavities.
These cavities were filled with either naphthol green solution or sheep blood.
The tubeless phantom allowed us to vary “blood vessel” diameter over a wide

range and eliminated unwanted signals from the tube walls (Figure 32).

Experimental setup

For the in vitro studies a cardiovascular bypass system was used. The
sheep blood was constantly circulated through the plastisol phantom using a
peristaltic pump (Sarns Inc., Ann Arbor, MI; Model 700 MDX) to prevent settling
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of red blood cells (RBCs). Blood oxygenation was varied using a membrane
oxygenator (Cobe Cardiovascular, Arvada, CO Model HVR 3700) which also
kept the blood at 38°C with the use of a heater (Sarns Inc., Ann Arbor, Ml; Model
11160). Keeping the blood at body temperature facilitated changes in blood
oxygenation and helped dissolve air bubbles trapped in the circuit. Blood
oxygenation was varied by altering FiO, with a gas mixer (Puritan Bennet, Los
Angeles, CA). FiO, was monitored using a multifunction gas analyzer (Datex,
Helsinky, Finnland, Model: Capnomac Ultima). The use of a membrane
oxygenator allowed changing blood oxygenation while maintaining low levels of
methemoglobin (<1.5%). Previous experiments performed with sodium
hydrosulfite only allowed the decrease of blood oxygenation. Blood oxygenation
was verified by taking blood samples at the time of measurement. Total
hemoglobin and methemoglobin was measured in the sample with the CO-
Oximeter.

Figure 51 shows the setup for the experiment with the phantom located in
the front center of the picture. The scanning and data acquisition system is
located at the left of the phantom, while the optoacoustic probe is above. The
membrane oxygenator with the peristaltic pump is behind the phantom. The

multifunction gas analyzer is located to the right.
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Figure 51: Experimental setup for in vitro studies.

The optoacoustic probe was scanned across the phantom, while a thin layer of
water was used to maintain acoustical contact between the probe and phantom
during the scan.

Figure 52 shows typical optoacoustic signals recorded at best alignment
from the 25.4-mm phantom filled with blood with a range of blood oxygenations

from 49.8% to 97.7%.
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Figure 52: Optoacoustic signals recorded from the 25.4-mm jugular phantom
filled with sheep blood of different blood oxygenations (96.5% to 49%).
The optoacoustic signal amplitude correlated well with blood oxygenation.
However, the temporal profile could not be accessed due to effects generated in
the phantom. A set of signals was acquired where the blood in the phantom was
replaced by water. The resulting signals from the same location as the signals
generated from blood were used for background subtraction.

Figure 53 shows the corresponding optoacoustic signals after water

subtraction.
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Figure 53: Optoacoustic signals from the 25.4-mm jugular phantom filled with
sheep blood of varying blood oxygenation (49% to 96.5%) after water
subtraction.

Normalizing the minima of the optoacoustic signal to 1 removed any
correlation with blood oxygenation. The optoacoustic signals generated in the
phantom did not have a monotonic exponential decay. Therefore, the application
of an exponential fit to the rising slope of the exponential signal was not useful.
Figure 54 shows the normalized optoacoustic signal amplitudes in correlation to
changes in blood oxygenation for phantoms with various diameters. To account
for variations of incident laser energy, the optoacoustic signal amplitudes were
normalized to 1. The normalization allowed the comparison of the correlation
between optoacoustic signal amplitude and blood oxygenation for different tube

diameters independent of incident laser energy.
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Figure 54: Normalized optoacoustic signal amplitude for jugular phantom of
various diameters (15.8, 19.05, and 25.4 mm).

To test the effect of the surrounding medium we used silicone tubes filled
with blood with an oxygenation of 94.8%. The surrounding mediums consisted of
Intralipid® solutions with water of varying concentrations. Figure 55 shows the

effect of the surrounding medium on the optoacoustic signal.
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Optoacoustic Signal (V)

Figure 55: Optoacoustic signals recorded from the 12.7-mm jugular phantom
filled with blood (SaO, = 94.8%) surrounded by Intralipid solution of
different concentrations (1/200, 1/100, 1/50, and 1/25).
For our usual experiments we used an Intralipid solution at a dilution of
1/100 to simulate connective tissue. This demonstrated that the optoacoustic
signal was dependent on the surrounding medium. The maijority of the influence
was amplitude dependent. An increase in the Intralipid® solution led to an
increase in the scattering coefficient. The higher scattering coefficient reduced
the amount if light reaching the tube filled with the absorbing solution. This
reduction in incident light reduced the optoacoustic signal amplitude.
To exclude amplitude effects the optoacoustic signal was normalized to
the minima of the signal. Figure 56 shows the result of this normalization for
concentrations from 1/200 to 1/50. There was no minima at the 1/25

concentration so the optoacoustic signal could not be normalized.

88



| 17200
4 1/100
1150

0 —-J/’\\Q‘AMW

. . . .
5 10 15 20
Time (us)

Normalized Optoacoustic Signal (V)
N
1

Figure 56: Normalized optoacoustic signals recorded from the 12.7-mm jugular
phantom filled with blood (SO, = 94.8%) surrounded by Intralipid
solution of different concentrations (1/200, 1/100 and1/50).

The results showed that there are minimal changes in the signal at
dilutions of 1/200 and 1/100. The reduction in signal amplitude was due to less
light penetration at higher Intralipid® concentrations. Nevertheless, the
optoacoustic signal amplitude was altered at lower dilutions (1/50 and 1/25) of
the surrounding medium. This finding showed that the temporal profile of the
optoacoustic signal was dependent on the optical properties of the surrounding
medium if the optical properties change dramatically but remained stable within
optical parameters found in tissues.

To test the changes of the optoacoustic signal at lower attenuation
coefficients, we used the tube phantoms with diameters of 9.8 mm and 12.7 mm.

Variation in the effective attenuation coefficient of the surrounding liquid medium
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was simpler than in the solid plastisol phantom. Figure 57 shows the effect of

blood oxygenation on the optoacoustic signal.

Optoacoustic Signal (V)

Figure 57: Optoacoustic signals recorded from the 9.8-mm jugular phantom filled
with blood of various SO levels surrounded by a 1/100 dilution of
Intralipid solution (pes= 1 cm'1).

To exclude amplitude effects, the optoacoustic signal was normalized to

the minima of the signal. Figure 58 shows the result of this normalization.
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Figure 58: Normalized optoacoustic signals recorded from the 9.8-mm jugular
phantom filled with blood of various SO, levels surrounded by a 1/200
dilution of Intralipid solution.

Normalizing the minima of the optoacoustic signal to 1 removed any
correlation of the slope with blood oxygenation. The lack of correlation was likely
due to a suspected reflection of the optoacoustic signal in the 5-mm thick front
plate that separated the signal generated from back-reflected light from the signal
from the phantom. The application of an exponential fit on the rising slope of the
exponential signal did not gain any results. In order to determine any amplitude
dependence, the optoacoustic signals were processed in the same manner as
the optoacoustic signals from the sheep study. The time after which the value of
the integral was determined was extended to 500 points (5 us) to reduce the
effect of the reflection. Figure 59 shows the results of the 1 over Value of Integral

method.
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Figure 59: Correlation inverse integral with blood oxygenation for the 9.8- and
12.7-mm jugular phantoms filled with blood of various blood
oxygenations surrounded by a 1/200 dilution of Intralipid solution.

There seemed to be a saturation effect in both tubes starting at a blood
oxygenation of 46%. The same saturation effect can be detected in the amplitude
of the optoacoustic signals. Figure 60 shows the amplitude of the optoacoustic
signals of the same experiment. No changes on the frequency response were

detected.
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Figure 60: Amplitude correlation of optoacoustic signals with SO, for the 9.8-

and 12.7-mm jugular phantoms filled with blood of various blood
oxygenations surrounded by a 1/200 dilution of Intralipid solution.
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CHAPTER 14: IN VIVO STUDIES WITH PVDF PROBE 2 IN
VOLUNTEERS

Experimental Setup

The optoacoustic setup consisted of an Nd:YAG laser (Ultra CFR, Big Sky
Technologies, Inc., Bozeman, MT ) at a wavelength 1064 nm with pulse duration
of 5 ns. The laser pulse was then coupled into an optical fiber, which directed the
light to the optoacoustic probe. The optoacoustic probe was varied throughout
the experiments. The optoacoustic signal collected from the probe was then
amplified using pre- and secondary amplifiers and then acquired with a 2
Channel 100 MHz digitizer (NI 5112, National Instruments Corp., Austin, TX) and
stored on the laptop computer using a LabView® program developed in our
laboratory.

The preamplifier used in our system was a 17 dB low-noise hydrophone
preamplifier (Specialty Engineering Associates, AH-17DB), which was powered
by batteries to reduce noise. The nominal voltage gain was 17 dB into 50 Q. The
input impedance was 1 MQ in parallel with a capacitance of 20 pF. The
frequency range of the preamplifier was from 5 kHz to 25 MHz [**].

The secondary amplifier was a bipolar low noise amplifier (Model 322,
Analog Modules, Inc. Longwood, Fl), which was powered by a bench-top power

supply. The nominal voltage gain was 40 dB with a bandwidth from 100 Hz to 10
MHz. The input and output impedance was 50 Q. The noise was 280 pV/\VHz.

Healthy volunteers were placed in a supine position with the head tilted

down approximately 15 to 20 degrees. The probing area was first imaged using a
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conventional ultrasound machine (B&K Medical systems Inc. Marlborough, MA
Model 3535) and the same location was used to generate the optoacoustic
signals. The optoacoustic probe with the silicone spacer was attached to the
volunteer by hand. Scanning was not performed due to the long time duration
required to perform the scan. Three hundred optoacoustic signals were collected
and averaged. Figure 61 shows the ultrasound image of the external jugular vein
(EJV) of a healthy female volunteer and the corresponding optoacoustic signal
[a) and b) respectively]. The external jugular vein collects facial blood. It is very
broad and at a shallower location than the internal jugular vein and therefore very

accessible.
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Figure 61a: Ultrasound image of the external jugular vein of a female healthy
volunteer.
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Figure 61b: Corresponding optoacoustic signal measured from the external
jugular vein of a healthy female volunteer.

The shape of the optoacoustic signal from the EJV was very similar to the
optoacoustic signals generated by the phantom in a 1/100 and 1/200 dilution of
Intralipid® solution. This showed that the influence of the surrounding medium is
relatively low at the wavelength of 1064 nm, and that the 1/100 dilution of
Intralipid® can be used to simulate surrounding tissue. The signal and ultrasound
picture were taken at the same location at the base where the EJV bifurcates.
This bifurcation resulted in a very wide and plane geometry ideal for taking
optoacoustic measurements.

The exponential coefficient derived from this signal was three which
corresponded to a blood oxygenation of about 70% (Figure 43). Figure 43
contains in vitro data from a blood vessel phantom with similar dimensions and
additional data on the effect of displacement of the probe. The optoacoustic
probe was placed by hand which resulted in possible lateral misalignment

between probe and blood vessel.

96



Figure 62 shows the ultrasound image of the internal jugular vein (IJV) of
a healthy female volunteer and the corresponding optoacoustic signal [a) and b),

respectively].

Dl =2 d4=07 1%:04:33
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Figure 62a: Ultrasound image of internal jugular vein of a healthy female
volunteer.
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Figure 62b: Corresponding optoacoustic signal measured from the internal
jugular vein of a healthy female volunteer.

The ultrasound image of the female volunteer shows the IJV with a
diameter of about 7 mm superior to the carotid artery. The carotid artery was
clearly detectable in the ultrasound image due to its pulsation. The optoacoustic
signal measured at the same location was clearly visible but there was an
additional peak just after the peak from the IJV. This peak may have resulted
from a reflection of the signal in the silicone spacer caused by an air bubble in
the ultrasound gel. The second peak prevented the application of an exponential
fit.

Figure 63 shows the ultrasound image of the IJV of a healthy male

volunteer and the corresponding optoacoustic signal [a) and b), respectively].
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Figure 63a: Ultrasound image of internal jugular vein of a male healthy volunteer.
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Figure 63b: Corresponding optoacoustic signal measured from the 1JV of a
healthy male volunteer.

99



The ultrasound image of the male volunteer shows the 1JV with a diameter
of approximately 13 mm superior to the carotid artery. The carotid artery was half
the size of the IJV but still clearly detectable due to its pulsation. There was no
additional peak just after the peak from the jugular vein. The larger size of the IJV
blocked light from reaching the carotid artery thereby preventing generation of a
signal from the carotid artery. The exponential coefficient measured from this
signal was two which correlated to a blood oxygenation of 60% (Figure 43). The
value of blood oxygenation was 60%, which is normal for the IJV. Since the
optoacoustic probe was placed above the IJV by hand, potential lateral

misalignment may have altered the value of the signal.
The system was capable of detecting optoacoustic signals from the

external and internal jugular veins correlating with ultrasound pictures taken at

the same location.
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CHAPTER 15: DISCUSSION

The amplitude and temporal profile of the optoacoustic signal correlated
with the absorption coefficient and blood oxygenation obtained with all three
probes.

Sheep provide a good model for measuring blood oxygenation in large
blood vessels. We used the external jugular vein instead of the internal jugular
vein, but since blood oxygenation was monitored globally by changing the
fraction of inspired oxygen.

Initial studies in volunteers showed the feasibility of blood oxygenation

measurements in humans.

Piezoceramic probe:

Phantom studies revealed the effects of vertical and lateral displacement
on the optoacoustic signal. Silicon spacers separated the optoacoustic signal
generated in the phantom from the electrical noise generated by the power
supply.

The results of the in vivo studies indicated that there is a strong qualitative
correlation between the amplitude of the optoacoustic signals and the actual
blood oxygenation. However, the amplitudes of the signals cannot be used for
accurate monitoring of blood oxygenation. The optoacoustic signal amplitudes
were dependent on the laser fluence reaching the blood vessel which varied
between test subjects. The correlation between amplitude and attenuation

coefficient would have to be established for every test subject and alignment.
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Therefore, the amplitude measurements alone would not be practical due to the
intersubject variability.

The inverse integral method provided high correlation with blood
oxygenation. It was less prone to motion artifacts (probe misalignment) and
properties of overlying tissues. The higher degree of correlation of the signal at
1064 nm for the amplitude and value of integral measurements resulted from the
time delay between optoacoustic measurement and blood sampling.
Optoacoustic measurements were generally taken first at 700 nm, then at 800
nm, and last at 1064 nm. Three minutes were required to complete the
measurements at all three wavelengths. The blood sample for the measurement
of the actual blood oxygenation was acquired immediately after the measurement
at 1064 nm. Since blood oxygenation in the sheep was changed by varying FiO,,
blood oxygenation changed quickly. This contributed to inaccuracy of the
measurements, in particular at 700 nm.

While improving reliability for a single subject, the analysis of the inverse
integral did not reduce the effects of intersubject variability. One possible reason
is the small overall change of the inverse integral over the whole range of blood
oxygenation. A data processing algorithm that yields greater overall change
would be less sensitive to the offset experienced when combining the ratios of
the inverse integral from all sheep.

The temporal profile of the optoacoustic signals could display less ringing
if a PVDF-based piezo-element was used because it is not a crystal. The
absence of ringing would allow exponential fitting for the measurement of the
blood effective attenuation coefficient thereby simplifying signal processing [*'].
However, the PVDF transducer might be less sensitive than the piezo ceramic

one used in this work.
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PVDF Probe 1

The PVDF probe has a wider frequency bandwidth in comparison with the
piezo ceramic probe and the optoacoustic signals have no oscillations. Figure 64

shows the frequency bandwidth of both probes.
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Figure 64: Voltage spectrum of optoacoustic signal measured from 2-mm thick

black rubber with very high absorption coefficient using the piezo
ceramic and PVDF probes.

This allowed the application of an exponential fit to the decay of the
bipolar-shaped optoacoustic signal without distortion due to ringing.
The exponential fitting of the optoacoustic signals generated in the jugular

vein showed good correlation with the absorption coefficient in the phantom and
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with the blood oxygenation in sheep blood used in the in vitro studies. The
dependence of the exponential coefficient on tube diameter was greater in blood
compared to those in the naphthol green solution. One possible explanation is
the difference between blood and the naphthol green solution. Whereas the
naphthol green solution was purely absorbing, the sheep blood was scattering
and absorbing. The effective attenuation coefficient of sheep blood is dependent
on the absorption coefficient u,, the scattering coefficient us and the anisotropy
factor g (Equation 8). The lower absorption coefficient of blood and its higher
scattering coefficient may explain the difference observed in the exponential
coefficient between the two tube sizes in the in vitro studies.

The lower absorption coefficient increased the penetration depth of the
light pulse; therefore, illuminating a larger area of the blood vessel. Figure 65

shows the effect of the absorption coefficient on blood vessel illumination

42,72,73]

generated in a computer model [

Figure 65: Computed illumination of a 10-mm diameter blood vessel with an
absorption coefficient of 5 cm™ (left) and 30 cm™ (right).
The effect of the curvature of the phantom vessels at lower attenuation
coefficients was more pronounced whereas at a higher attenuation coefficient the

geometry remained planar. A probe with a smaller angle of acceptance would
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capture optoacoustic signals from a smaller portion of the blood vessel and might
provide better results and less dependence on the diameter of the phantom.

The exponential fit was less dependent on lateral displacement in
comparison with amplitude measurements. It also showed greater change with
blood oxygenation, which allowed for higher accuracy of blood oxygenation
measurements.

The PVDF probe showed higher sensitivity to the signal generated by light
reflected back to the transducer despite a layer of electrolytically deposited gold
as optical shielding. This unwanted signal could be removed by subtraction of a
baseline signal obtained with water in the jugular vein phantom in order to
increase accuracy of the measurements. Better optical shielding and a
polycarbonate spacer between the optical and electrical shielding would separate
and decrease the background signal and eliminate the need for subtraction of the
water signal.

The scanning system allowed a quick, computer-controlled scan across
the phantom with a pre-determined number of steps and distance between these
steps. The optoacoustic signal with the maximal amplitude corresponding to the
best probe-vein alignment could be selected and used for further processing.
This eliminated the influence of lateral misalignment on the accuracy of the

measurements.

PVDF Probe 2

The third PVDF probe featured a large active area of about 40 mm? that
made the probe very sensitive. Optoacoustic signals from a 6.35-mm tube

surrounded by a 1/100 dilution of Intralipid® solution could be clearly detected at
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an incident laser pulse energy of 60 pJ out of the fiber. This was the threshold
level for the maximal permissible exposure for ocular exposure (MPEcyiar)-

The larger ring showed no smaller angle of acceptance. The
polycarbonate disk separated the signal generated from light that is reflected
back into the probe and eliminated the offset from the pyroelectric effect in the
PVDF material. This eliminated the need for baseline subtraction and allowed in
vivo studies. Unfortunately, the polycarbonate disk generated a reflection that
made exponential fitting starting from the minima of the signal difficult. An
increase in thickness of the polycarbonate disk might delay the reflection to a
region where the temporal profile of the signal is not influenced. The system was
capable of detecting optoacoustic signals from the external and internal jugular

veins correlating with ultrasound pictures taken at the same location.
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Further Development of the Optoacoustic System

DATA ACQUISITION

The Nd:YAG laser was very stable in laser output power. No variation in
output power was detected between the beginning and the end of the experiment
where laser output power was measured. The output power of the OPO varied
for different wavelengths and at one wavelength over time due to thermal
instability of the OPO. Future multi-wavelength measurements should be taken
with a more stable laser source. Another possibility is the monitoring of the output
power of the OPO to allow for later normalization. A fraction of the laser beam
can be diverted and the power of every pulse can be recorded with the second
channel of our data acquisition system. Currently a number of signals are
averaged and only the average of the signal is saved. By recording every signal
and recording the corresponding laser pulse energy we can normalize for the
laser output and determine the variation induced by the changes in laser output

power.

PROBE

The integration method and the exponential fit are dependent on the offset
of the exponential signal. There are two sources of offset of the optoacoustic
signal.

The first source is the contribution of the optoacoustic signal in the probe
due to signal generation from back-reflected light or due to reflections in the

probe that interfere with the optoacoustic signal. This offset can be managed by
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using custom coatings with a reflectivity of 99.9%. Such a coating would reflect
all light back into the tissue and would eliminate the signal generated in the
probe. The reflections inside the transducer can be avoided by the use of a new
material. It is a conglomerate of rubber pieces and hollow glass beads in an
epoxy matrix. Its acoustic impedance can be matched to the PVDF material to
avoid reflections. Additionally its heterogeneous structure of rubber pieces and
hollow glass spheres scatter the ultrasound wave and absorb it. The use of this
new backing material would minimize reflections within the transducer.

The second source is the contribution of the surrounding material to the
optoacoustic signal collected by the probe. This contribution can be minimized by
further reducing the angle of acceptance and limiting the temporal window for the
data processing to the region where the signal is generated.

The data and experience regarding the effect of lateral displacement
generated with the scanning system can be used to build an optoacoustic
transducer array that simultaneously captures a number of signals and
automatically selects the signal at 0 displacement. This would reduce the time
for the acquisition and prevent loss of contact between the optoacoustic probe

and tissue due to the scanning.

OTHER DATA PROCESSING ALGORITHMS

The inverse integral and the application of an exponential fit are both
offset-dependent data processing methods. In our current data processing
algorithm, the offset recorded in the time delay from the silicone or polycarbonate
spacer is recorded and subtracted from the signal. While future probes can
greatly reduce the offset generated in the probe itself, the offset generated in the

tissue surrounding the blood vessel will remain constant and lead to intersubject
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variability.  Further studies are necessary to quantify the influence of the
surrounding medium on the temporal profile of the optoacoustic signals.

Another possibility is the application of offset-independent data
processing algorithms like the changes in the frequency response. The idea is
based on the increase in the central frequency with an increase in the effective
attenuation coefficient (Table 1).

The correlation between the frequency spectrum of the optoacoustic
signals from blood vessels and the attenuation coefficient was determined. The
optoacoustic signal from the blood vessel was selected and the voltage spectrum
analysis was performed using LabView® software. As the absorption coefficient
increases, the peak of the power spectrum should shift to a higher frequency and
the power spectrum should become wider. The frequency approach was tested
with the in vivo studies in sheep performed with the piezo ceramic probe. The
power spectrum of the optoacoustic signal generated in the EJV was calculated
using LabView® software. Figure 66 shows the power spectrum of one of the
experiments for three different blood oxygenations (94.8, 64.1, and 16.3%) at the
wavelength of 700 nm. The effective attenuation coefficient of blood increased

with decreased oxygenation at 700 nm.
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Figure 66: Power spectrum of the optoacoustic signal derived from the external
jugular vein of sheep for three different blood oxygenations (16.3, 64.1,
and 94.8%) at the wavelength of 700 nm.

The sheep data was sampled at 100 Ms which allowed determination of
the voltage spectrum up to 50 MHz. At 700 nm the effective attenuation
coefficient increased with an increase in blood oxygenation. The power spectrum
widens with a decrease in blood oxygenation (increase in pef). Figure 66 uses a
log scale for both axes. The slope at the higher blood oxygenation (low s at 700
nm) is much steeper than the slope for low blood oxygenation (high pes at
700nm).

The same data processing algorithm was then tested in the phantom
using the first PVDF probe. The signal generated from the phantom was selected
and the optoacoustic signal was normalized to the negative peak of the bipolar
signal and the power spectrum determined.

Figure 67 shows the power spectrum of the optoacoustic signals shown in

Figure 43.
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Figure 67: Power spectrum of the optoacoustic signal derived from the 9.8-mm
jugular vein phantom filled with absorbing solution (5, 10, 15 and 20
cm™).

Figure 67 uses a log scale for both axes. The slope at the higher
absorption coefficient (ua = 20 cm™) is not as steep as the slope for low
absorption coefficient (s = 5 cm™), but the curves are closer together than in the
previous in vivo studies.

The Fourier transform of an exponent is an exponent correlating to the
original exponent. In prior data processing algorithm we took the derivative of the
exponent. The derivative of an exponent is an exponent with the same
exponential coefficient. It worked well for simulated signals but taking the
derivative of real signals amplified the noise and rendered the data processing
method unusable. By applying the Fourier transform we can gain the same offset
independence that we achieved by taking the derivative without the negative
influence of high frequency noise.

Figure 68a shows the exponential decay of the optoacoustic signals

shown in Figure 43, and Figure 68b shows the corresponding power spectrum.
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Figure 68: a) Exponential decay of the optoacoustic signals from the phantom
studies (Figure 43); b) Power spectrum of the exponential decay of the
optoacoustic signal derived from the 9.8-mm jugular vein phantom filled with

absorbing solution (5, 10, 15 and 20 cm™).
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By switching from the time to the frequency domain, new data processing

algorithms can be developed that are amplitude and frequency independent.
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CHAPTER 16: CONCLUSION

Three optoacoustic probes were evaluated for their performance to
accurately determine blood oxygenation in large blood vessels. The piezo
ceramic and the large ring PVDF probe were the most sensitive. The large active
area of the PVDF probe of 40 mm? was able to accurately capture optoacoustic
signal from phantom at incident laser energy of 60 uJ. The piezo ceramic probe
was capable of accurately capturing signals at the same energy level. Although
the least sensitive, the small ring PVDF probe showed the widest bandwidth, and
no reflections or oscillations inside the probe. It required about 600 uJ of incident
laser energy (10 times the limit for ocular exposure: safety goggles required).

The scanning system eliminated the effect of lateral displacement and
helped to determine necessary specifications of a future array-type probe
(elements can be 1 mm apart).

This study showed that the tail-end of the bipolar optoacoustic signal
could be used to extract information of the optical properties of the measured
subject. The value of the integral and the exponential fit methods both correlated
with changes in the absorption coefficient and therefore blood oxygenation.
Normalization to the minima of the optoacoustic signals removed amplitude
dependence and limited the effect of the influence of the surrounding tissue on
the optoacoustic signals. The determination of the exponential coefficient
provided greater range and potentially higher resolution. Additionally it was
resistant to lateral displacement. The greater range (20 times) provided a better
correlation coefficient and appeared to be the more accurate data processing

algorithm. Unfortunately, it was vulnerable to reflections and oscillations. We
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were able to successfully apply it in the second small ring PVDF probe. The
inverse integral method was successfully applied in all three probes and was
working with a greater variety of probes.

Despite being described as early as 1880, the optoacoustic technique has
only recently become a topic of intense biomedical research. Wideband
optoacoustic probes are not yet commercially available and probes are custom
made. Due to the variation of the hand-made probes, the data processing
algorithm will need to be tailored to the probe used in the experiment.

Nevertheless, the optoacoustic technique is a promising tool to monitor

blood oxygenation in large blood vessels.
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GLOSSARY

Delta Signal — Short pulse with the shape of the Greek letter A.

Hemoglobin Saturation — Percentage of oxygen saturation of hemoglobin.

Hematocrit — The hematocrit is a measure of the proportion of blood volume that

is occupied by red blood cells.

Isosbestic point — In spectroscopy, an isosbestic point is a specific wavelength at

which two (or more) chemical species have the same absorptivity.

Laser — Laser is an acronym for: Light Amplification by Stimulated Emission of

Radiation.
Piezo-electricity — Greek Piezo = pressure, conversion of pressure into voltage. A
piezo-element can electrically be seen as a voltage generator n series with a
capacitor.
Probe — The probe is the complete optoacoustic probe consisting of piezo —
element, optical fibers for illumination, backing, electrical shielding and

preamplifier.

Transducer — The active element (piezo-element).
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APPENDIX

In Vivo studies in sheep (Additional Graphs)
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Figure 69: Time course of optoacoustic signal amplitudes at 700 nm (blue filled
circles) and 1064 nm (red triangles) with respect to blood
oxygenation (black squares).
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Figure 70: Optoacoustic signal amplitudes at 700 nm (blue filled circles) and
1064 nm (red empty squares) corrected with the optoacoustic
signal amplitude at 800 nm for variations in incident laser power.
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Figure 71: Time course of utilizing temporal profile at 700 nm (blue filled circles)
and 1064 nm (green triangles) with respect to blood oxygenation
(black filled diamonds). Graph shows both cycles.
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BLOCK DIAGRAMS OF LABVIEW PROGRAMS USED FOR DATA ACQUISITION AND
PROCESSING

Program for data acquisition of a single file
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Program for data acquisition and probe scanning
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