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Preface

Photoacoustic imaging (PAI) is an emerging non-invasive imaging modality that
integrates the advantages of deep ultrasound penetration and high optical contrast.
The fundament of PAI is photoacoustic effect, which takes place when a light-
absorbing material sample is irradiated by a laser pulse, causing temporal changes
of the temperature at loci where light energy is absorbed. Due to this temperature
change, the region where light energy is absorbed exhibits transient thermoplastic
expansion, generating a pressure pulse. This pressure pulse propagates within the
sample body to the surrounding areas and is detected by a set of ultrasonic sensors.
The amplitude, time of arrival at the sensor, and duration of each detected pulse
are proportional to the absorption coefficient, the location, and the size of the
vibrating region, respectively. The set of detected ultrasonic signals are used by
different image reconstruction algorithms to produce an image that maps the spatial
distribution of the light absorption coefficient within the material sample. Because
it is nonionizing, nondestructive, and high-resolution, PAI is opening new frontiers
in medical imaging. It provides diagnostic imaging for the anatomy and physiology
of small animals, anatomical tissue/organ structure, oxygenation status, blood
flow, abnormal morphology, functional vasculature characteristics, skin burns,
hypermetabolism, and vulnerable plaques in the coronary arteries.

This book, Photoacoustic Imaging: Principles, Advances and Applications, provides
interested readers with the principle knowledges, advanced methodologies, and
new applications associated with PAI technology. The first section, which contains
four chapters, covers the generation and detection of photoacoustic signals, sound
source localization, and image reconstruction and formation. This section cites
different research papers on emerging deep learning-based image reconstruction. In
the second section, which contains two chapters, presents relatively new diagnostic
PAI applications. The first chapter discusses PAI application in gastroenterology.

It explores the clinical use of PAI-based endoscopy in the diagnosis of esophageal
cancer, inflammatory bowel diseases, and pancreatic cancer. The final chapter
reports that many eye diseases, including macular degeneration and diabetic
retinopathy, involve abnormalities in the vasculature. Therefore, PAI for visualizing
and investigating the vasculature can be incredibly helpful as a diagnostic tool for
eye diseases. These include iris vasculature, corneal neovascularization, retinal
vasculature, choroidal vasculature, and retinal neovascularization. PAI is also used
to visualize retinal metabolism and melanin of the eye.

We believe that the applications of PAI in gastroenterology and eye diseases are
relatively new and deserve attention. In the future, there is sure to be more
literature on using PAI in other areas. We hope this book serves as a channel for
exchanging perspectives, experiences, and research results within the scientific
community.

Finally, the editor acknowledges and appreciates the effort and kind cooperation
of all the chapter authors and their willingness to exchange their experiences

and research outcomes with other colleagues. The editor also acknowledges and
appreciates the important editing and reviewing services, strong support, and kind



cooperation from the staff at IntechOpen: Ms. Klara Mestrovic, Commissioning
Editor; Ms. Nina Kalinic Babic, Author Service Manager; and Mr. Ivan Butkovic,
Author Service Manager.

RedaR. Gharieb
Assiut University,

Egypt
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Chapter 1

Photoacoustic Imaging for
Cancer Diagnosis: A Breast
Tumor Example

Reda R. Gharieb

Abstract

Photoacoustic (PA) imaging utilizes laser pulses to deliver energy to an
examined object for the generation of ultrasonic waves. Thus, it provides a nonin-
vasive and nonionizing imaging modality. Therefore, it has found clinical use for
cancer diagnosis in different organs, e.g., breast, prostate, and thyroid nodules. It
offers morphological, functional, and molecular imaging. Moreover, the oxygen
saturation in a body can be computed by calculating the wavelength-dependent
light absorption coefficients at two different wavelengths. In this chapter, the
principle of the PA imaging is introduced for the present book.

Keywords: photoacoustic imaging, backprojection, breast tumor, ARC-shaped
ultrasonic detectors

1. Introduction

Photoacoustic (PA) imaging is an emerging diagnostic modality that gets
advantage of the optically induced ultrasonic signals in tissues [1-5]. PA imaging in
cancer diagnosis relies on the enhanced optical absorption of tumors and the rela-
tively high optical transparency of normal tissues in addition to low acoustic dis-
tortion and attenuation of tissues [6]. Cancer cells gradually develop a dense
microvascular network, which appears to be a marker that a tumor is aggressively
growing and subject to metastasis. Furthermore, not only the amount of blood is
substantially higher in malignant tumors compared to normal tissue, but also the
blood in malignant tumors tends to be less oxygenated blood than the one in normal
tissue. Those abnormalities of blood amount and plus being less oxygenated
increase the optical absorption of the cancer tissue in the near-infrared (NIR)
region.

PA imaging has been combined with ultrasound imaging and augmented with
molecular targeted contrast agents [7, 8]. This makes this hybrid modality capable
of imaging cancer at the cellular and molecular level, thus opening diverse oppor-
tunities to improve diagnosis of tumors, detect circulating tumor cells, and identify
metastatic lymph nodes.

PA imaging consists of shining the object of interest, e.g., prostate/breast by a
laser pulse; the light energy absorbed by the object tissues causes a thermal induced
mechanical vibration within the tissues. The intensity of the mechanical vibration is
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proportional to the light absorption coefficient of different region within the tis-
sues. The mechanical vibration generates ultrasonic waves that propagate outward
the object [1, 6, 9]. Theses ultrasonic signals can be recorded at different locations
on the object surface and are used to construct an image for the absorption
coefficient of the tissue region within the object. This distribution of the light
absorption coefficient within the object demonstrates the tumor location and
shape. The image construction, which provides an inverse problem solution, can
be done analytically or by computed tomography through different backprojection
methods [10].

In the next subsections, a review of a PA imaging system is presented. The PA
imaging for the breast cancer detection is used as an example. The review highlights
the array of the ultrasonic detectors, the received signals, and the formation of the
image using a weight and sum backprojection algorithm.

2. General PA imaging system

Figure 1 shows a block diagram of the photoacoustic imaging principle. As
shown, laser pulse is used to deliver optical energy to an absorptive object, e.g.,
breast/prostate tissues, whole body of a small animal. The tissues absorb some
energy from the laser light and get heated up. After heating, the tissues expand or
vibrate in order to release the absorbed heat energy. This sudden and fast expansion
of tissues in turn causes sound waves to be generated and they are in the frequency
range of Mega Hertz (Ultrasound). These ultrasonic waves are recorded using a set
of piezoelectric detectors. The time taken to receive ultrasound after the laser pulse
has been given is used to find the location of the tissues which vibrate. Thus, the
ultrasonic signals can be handled so that to provide a morphological image in two-
or three-dimensional for the absorptive object. The image formation is accom-
plished utilizing different backprojection methods [10]. These methods take into
account the light distribution, the geometry of the ultrasonic detectors array, and
the directivity pattern of each detector. In [11], the recent advancement of light-
emitting diode (LED) technology has shown to provide a less expensive and more
safety source of light to replace the class-IV laser systems. Recently, integrating
a microrobotic system and PA imaging has enabled deep imaging and precise
control of the micromotors in vivo [12].

Near-infrared (NIR) light (wavelength range of 700-2500 nanometers) is used
as a laser pulse to deliver energy to the tissues. This is because of the fact that NIR
can penetrate skin since the skin absorbs very less light at longer wavelengths.
However, as NIR skips past the skin to deeper tissues, water and other components
in deeper tissues absorb NIR and therefore get heated up and release the
ultrasonic waves.

__Object

Laser L s[Absorption Thermal Acoustic | " |UHrasonic Image
pulse . : expansion waves | 7| detection lormation

v

Figure 1.
A general block diagram of PA imaging principle.
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3. Advantages and disadvantages of PA imaging
Advantages include:

1. nonionizing imaging since it relies on just NIR light (optical radiation) and
ultrasound;

2.high contrast and good spatial resolution. The high contrast is due to the use of
the optical contrast absorption and the good spatial resolution is due to the use
of ultrasonic signals resolution. Thus, it is a single hybrid imaging modality;

3.provides better depth of penetration than different optical imaging and better
spatial resolution than ultrasonic imaging; and

4.nanoparticles can be used to enhance the tissue heating process and therefore
the ultrasonic signals and the final image.

Disadvantages include:

1.depth of penetration and distribution of light are issues.

4. Ultrasound signals and backprojection

As illustrated by Figure 2, the ultrasonic pressure wave received at a circle of
radius 7 in the 2D space due to a laser pulse is given by [13]

vSBI 0 A(r)

~ 4zC ()ty§|70 =L |y — V|d W

P(VO5t §0

where v, is the speed of the acoustic waves; B is the coefficient of volumetric
thermal expansion; C is the specific heat capacity; Iy is a scaling factor proportional
to the incident radiation intensity; and A(r) describes the to-be-reconstructed elec-
tromagnetic absorption property of the medium at r, given p(ro,t).

admAwy
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Figure 2.
The acoustic pressure wave p(ro,t) detected on an ARC of radius v and angle ¢ due to the electromagnetic
absorption A(r).
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For 2D image formation using the recorded acoustic pressure p(ro,t), the
approximate inverse solution is given by [14]

. V’%C 1()}9(1"0,1’)
Am_%mwj or

. de 2)
v =lro—ri/o,

This implies that first, compute time-derivative of the pressure wave, divide the
resultant by ¢, and finally, integrate over the ARC angle. Notice that 7 is determined
by the time the wave taken to travel from the point r to 7.

Thus, practically to detect the ultrasonic signals released form the absorptive
object excited by the laser pulse, a set of the piezoelectric sensors are used. These
sensors are arranged in an array of a certain geometry either linear, surface, curva-
ture, etc. The number of sensors, the geometry of the array, and the directivity of
each sensor, the ability of the sensor to receive a signal from only a certain direc-
tion, are important factors for the image quality. Each sensor is followed by a low-
noise amplifier to amplify the detected signal. Figure 3 shows the geometry of an
ARC-shaped array of 64 sensors that has been adopted for breast cancer imaging
[6]. These sensors are uniformly distributed on an angle of 166°. All the sensors
have the directivity, the maximum gain, to the center of the ARC, the point (0, 0).
Thus, the recorded signal by the kth sensor in time-domain can be expressed by

v(t),t =0,T,2T, 3T, ... (3)

where T is the sampling time.
Assuming uniform light distribution within the tissue, the back projection of the
kth sensor signal is given by

R(x — Xk, ) —yk,>

s

Gr(x,y) =g R(x — Xp,, ) —yk,> cos (Or(x,9)), —7<x<7,

—4<y<0
(4)

where 7}, is the velocity potential computed by the time-integration of the
received pressure signals; and v; = 1540 m/ sec is the speed of sound in tissues.

of (0,0)
-3 ..":-
E 3k '.-
EAal
-5t ".-
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Figure 3.
ARC-shaped PA ultrasonic detecting array.
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We can also restrict the projected location (x,y) for only {(x,y) : |6k (x,y)| < %}. For
the M sensors, the back projection is done by the summation of (4) over the M
sensors, that is

Glx,y) =) Gr(x.y) (5)

5. PA signal and image processing

In PA imaging, ultrasonic signals are received in noise; thus, small objects
become buried in noise. Hence, prior to image formulation, different signal
processing techniques can be used to remove the noise, enhancing the signal-to-
noise ratio. Filtering in addition to principal component analysis (PCA) are widely
used techniques [15-24]. Also, multiresolution analysis, utilizing wavelet analysis
and subband decomposition, of PA signals can be used to obtain images at different
scales [17, 20-24]. Furthermore, post-image formulation; image processing
methods can be used to enhance the visualization of the image. These methods
include contrast enhancement, edge detection, segmentation, and pattern

04
0.2
= 0 I 0
- =
-0.2 -0.2 Guinninns e
L4 i i i i 4 : : .i : 04 i j i i
0 20 40 o0 80 0 20 40 &0 80 0 20 40 od 80
time {psec) Lime (usec) time {psec)

Figure 4.

Signals received at sensors number 1 (most top-left side), 32 and 64 (most top-right side) in the system geometry
of Figure 3. The simulated tumor is a uniform civcular disk of radius 0.25 cm centered at (—2, —2). The set of
the signals are used for the construction of the image in Figure 5.

200
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Figure 5.

Image formation by the back projection algorithm in (4) and (5). It is obvious that the tumor is extracted.
Notice that the problem here is simplified, no noise is assumed, the light distribution is assumed uniform within
the overall examined object, which is not practically a simple task.
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recognition [4]. Deep learning is expected to play a good role in extracting more
features PA imaging. In [25], deep learning is used to construct PA image from
sparse data (Figure 4).

6. Conclusion

Simply saying, PA imaging utilizes the ultrasonic signal sent by the examined
object to formulate an image for the distribution of the NIR light absorption coeffi-
cient within this object. This distribution differentiates abnormal tissues (malig-
nant) from the normal one. Utilizing the absorption coefficients due to two
different wavelengths provides information about the oxygen saturation. Hybrid
modalities by combing PA image and pure ultrasound image offer imaging at
cellular and molecular level. The challenges associated with the PA imaging modal-
ity are to deliver the examined object with a uniform distributed light independent
of the depth and shape of this object and to reconstruct an online three-dimensional
image for image-guided biomedical applications.
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Chapter 2

Photoacoustic Spectroscopy of
Gaseous and Condensed Matter

Surya Narayan Thakur

Abstract

A brief historical account of photoacoustic (PA) effect is followed by a simple
mathematical model for the generation of PA signals due to nonradiative transitions
in atoms and molecules. Some experimental setups, with microphone and piezo-
electric transducers, are described for recording PA spectra of gaseous, solid, and
liquid samples. Applications of PA spectroscopy in the investigation of harmful
chemicals are presented with illustrative examples. The principle of photoacoustic
imaging (PAI) is discussed along with examples of molecular imaging of biological
tissue and internal organs in small animals.

Keywords: photoacoustic effect, nonradiative decay, microphone, piezoelectric
transducer, photoacoustic cell, aerosols, explosives, actinides, hyperspectral
imaging, molecular imaging, photoacoustic microscopy (PAM), photoacoustic
tomography (PAT)

1. Introduction

Photoacoustic imaging (PAI) is a novel method of obtaining spectral images of
chemical constituents of a sample or a scene, to gain valuable insight into its
structure and dynamics. It is based on the technique of photoacoustic spectroscopy
(PAS) and covers the entire spectral range from the ultraviolet to the infrared.
When light is incident on a sample, photons can be either absorbed, transmitted, or
reflected, and the PAS technology focuses on the amount of absorption and its
subsequent release as heat. PAS is an extremely sensitive detection technique as it
can detect molecular concentrations below the parts per billion (ppb) level. This
technique emerged from the discovery of the photoacoustic effect by Graham Bell
in 1880 during his attempt to transmit sound over a beam of sunlight [1]. However,
it remained dormant for almost a century until the advent of tunable lasers in the
1970s and was successfully used by Kreuzer and Patel for the trace detection of
atmospheric pollutants [2].

1.1 Photophone and the spectrophone

Bell succeeded in wireless audio communication about two decades before the
radio transmission. He used the newly discovered selenium cell in the receiver in
view of selenium’s property to react to modulated intensity of sunlight incident on
it, as the resistance of selenium crystal depends on the incident light. A flexible
mirror was attached at the speaking end of the photophone that created slight
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deviation of the beam of light reaching the receiver end. This led to variation of
intensity at the selenium receiver, which acted like an optical version of the electric
coil in the telephone receiver, converting the intensity modulated light back into
sound. Bell performed many experiments and observed that sound waves were also
produced directly from a solid sample when exposed to a periodically modulated
beam of sunlight as illustrated in Figure 1. A hearing tube, whose other end was
tightly attached to the open end of a transparent glass test tube with sample placed
at its closed end, could be used as a photophone. When a beam of sunlight focused
on the sample was rapidly interrupted with a rotating slotted wheel at an audible
frequency, the intensity of sound in the hearing tube was dependent on the type of
material. The loudest sound was heard when the sample was carbon black, leading
to the conclusion that photoacoustic effect was caused by the absorbed light energy
which subsequently heats the sample.

During Bell’s visit to England in 1880, John Tyndall performed the photoacoustic
experiment in gases, and although the photoacoustic effect was confirmed, Tyndall
was of the view that it was caused mainly by the radiant heat [3]. Bell was driven by
rare intellectual curiosity to learn, and it led him to invent the spectrophone to find
out the wavelengths that were more efficient for the radiant heat [4]. For this
purpose he converted a prism spectroscope into a spectrophone by replacing the
eyepiece of the telescope with a hearing tube in which a thin wire mesh coated with
lampblack was fitted in the position of the cross wires (see Figure 2). When the
incident sunlight was interrupted by a mechanical chopper, the hearing tube pro-
duced sound whose frequency was equal to the periodic intermittence of light. The
loudness of sound, however, varied in accordance with the intensity of the solar
spectrum, being maximum in the green-yellow region and decreasing at both the
red and violet ends, and observations were made by fixing the position of the
telescope in different spectral regions of the solar spectrum. These observations
confirmed the fact that the photoacoustic effect is due to optical absorption, since
lampblack totally absorbs light at each wavelength. On the basis of his observations,
Bell made the prophetic statement about the great importance of photoacoustic
spectroscopy in the infrared.

The interaction between light and matter giving rise to photoacoustic effect has
three distinct features. (1) The absorbed energy of optical radiation is converted
into heat. (2) At the site of optical absorption, there is a temporal rise and fall of

Hearing

Carbon black
in airtight cell

Figure 1.
Lllustration of photoacoustic effect with periodically chopped light incident on carbon black sample cell fitted
with a hearing tube.
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Figure 2.
Alexander Graham Bell and his spectrophone.

temperature. (3) The expansion and contraction following these temperature
changes lead to periodic pressure variation to generate sound.

2. Nonradiative transitions and PA signal generation

The heat generation following optical absorption is caused by internal motions in
molecules or those of the matrix in which atoms are imbedded in condensed matter.
In the quantum mechanical description, an excited molecular state reached by the
optical absorption has two channels of relaxation. The radiative decay leads to
optical emission, whereas the nonradiative decay causes heating. Thus a molecule,
optically excited to a vibronic or a rovibrational state, loses a part of its excitation
energy as heat leading to the photoacoustic signal. The photoacoustic spectrum is
similar to the absorption spectrum, but its intensity at the exciting wavelength is
proportional to the product of the absorption coefficient and the probability of
nonradiative decay of the excited state.

Figure 3 shows the energy level diagram, in the Born-Oppenheimer approxima-
tion, of a typical organic molecule with an even number of electrons where total
internal energy E = E. + E, + E,. The rotational energy levels are not shown for the
sake of simplicity, and only one of the 3N-6 (or 3N-5) normal modes for a nonlinear
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Figure 3.

Typical energy level diagram of an organic molecule where radiative processes A, F, and P stand for absorption,
fluorescence, and phosphovescence, respectively. The nonvadiative processes IC and ISC refer to internal
conversion (IC) and intersystem crossing (ISC), respectively.
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(or linear) molecule with N atoms is depicted for the various electronic states. In a
large molecule like benzene, nonradiative decay from excited states occurs even in
the vapor phase. Michael Kasha pioneered the investigations on nonradiative tran-
sitions, and it was found that radiative emission occurs only from the lowest excited
state of any multiplicity [5]. The concept of triplet state (T) was first given by Lewis
and Kasha [6] to explain the origin of phosphorescence emission in organic or
inorganic molecules. Internal conversion (IC) refers to the nonradiative transfer of
a molecule from an excited vibronic state to a lower vibronic state of the same
multiplicity, whereas intersystem crossing (ISC) corresponds to nonradiative tran-
sition between a singlet (S) and a triplet (T) state. Lewis and Kasha formulated a
fundamental law concerning fluorescence and phosphorescence through
intersystem crossing [6].

2.1 Generation of photoacoustic signal in gases

The rate of radiative transition rj between two states of a molecule E; and
E;( <E;) in terms of Einstein coefficient of stimulated (B;) and spontaneous (A;)
emission is of the form

rjj = p(v)Bij + Aij (1)

where By = Bj; and p(v) is the spectral energy density at the frequency v of the
transition. For a two-level system of energy E¢ and E; shown in Figure 4, we have
Bo1 = Byp and Ag; = 0, since spontaneous emission from a state of lower energy to
one of higher energies does not occur. If c;j represents the probability of a
nonradiative (collisional) transition between a pair of states, we assume the colli-
sional excitation from Eg to E; to be very small so that co; = 0.

Suppose the number density of molecules in the ground and excited states of
Figure 4 is ny and ny, respectively. In view of the above description of the rate of
change, the number density in the excited state by radiative and nonradiative
transitions is given by

dny/dt = (ro1 + co1)no- (110 + c10)01 = p(V)Boing — (p(v)Bio + A1 + c10)m 2
= p(v)Bo1(no — n1) — (A0 + c10)m

01 10

Y E

L]
Figure 4.

Two-level molecular model showing the rate of radiative (v;;) and nonradiative (c;;) transitions between energy
states E, and E,.
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We define the radiative and nonradiative lifetimes to be tr = 1/A;0 and
¢ = 1/cq0, respectively, and the total lifetime ©(1/t = 1/t + 1/7c), to get the
following expression for the rate of change of excited state population:

dn;/dt = p(v)Bo1(no — n1) — (1/7r + 1/7c)m 3
= p(V)Bo1(ng — n1) —my /7

In a similar manner, we find the following expression for the rate of change of
ground state population density:

dno/dt = p(v)B01(n1 — 1‘10) + 1’11/’[ (4)
Hence from Egs. (3) and (4), we get
dnl/dt — dno/dt = 2[)(1/)]301(1‘10 — n1) — 21‘11/17 (5)

In a photoacoustic experiment, we assume the incident light intensity I to vary
slowly so that we may consider the upper and lower state population density
changes to be an adiabatic interchange. Under this approximation we can set the
left-hand side of Eq. (5) to zero. Since the total molecular density for the two-level
system is N = n; + ng, Eq. (5) takes the following form:
0= 2p(V)B01(1’10 — N+ no) — Z(N — no)/’t = 4p(V)B01I10 - ZN(p(V)Bol + 1/’C) + 2I10/’C
Hence no = N[p(v)Bo1 + 1/7]/(2p(v)Bo1 + 1/7)

(6)
Similarly n; = Np(v)Bo1/(2p(v)Bo1 + 1/7) (7)
The spectral radiant energy density is directly proportional to the intensity I of

the light source, and we define a constant B = p(v)Bg1/1I so that Eq. (7) takes the
following form:

n; = NBI/(2BI +1/7) (8)

Mechanical chopping of the light source at a frequency o can be expressed as the
periodic “on” and “off” of the intensity by I = Ipcoswt for simplicity, and we get the
following expression for the excited state population density:

n; = NBlycosot/(2Blgcoswt + 1/7) 9)
If the gas is very weakly absorbing, we assume that most of the molecules are in
state E or ng>>n,. Hence from Egs. (6) and (7), Bl < <1/t so that Eq. (9) takes the
following form:

n; = T NBlgcoswt (10)

For a molecular gas, its kinetic energy (K) has to be considered to get the total
internal energy density U of the two-level system leading to

U= n1E1 +K (11)

The rate of change of energy is given by
dU/dt = (dl’ll/dt)El + dK/dt = [p(v)B(n(no — 1’11) — (A10 + C10)1’11]E1 + dK/dt
(12)
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This change of energy is equal to the difference between the absorbed and
radiated optical energy so that

dU/dt = (r01n0 - 1‘10I11)E1 (13)
= [p(v)Bo1(no — n1) — Agoni]E

We know that Ag; = 0 and co; = 0; hence from Egs. (12) and (13), we get the
following relation:

dK/dt = C10Im E1 (14)

Since the volume of the photoacoustic cell does not change in the experiment,
and thermodynamic evaluation of the change in kinetic energy at constant volume
gives

dK = (8K /5T)ydT + (8K /8V)dV

15
= (8K /8T)dT 1

Since the specific heat capacity of gas Cy = (8K/8T)y,, by integrating Eq. (15)
we get

K = CyT + £(V) (16)

where f(V) is a constant of integration.

The pressure of the ideal gas P = NkgT, where N is the number density of
molecules, kg is the Boltzmann constant, and T is the temperature. Thus substitut-
ing for T from Eq. (16) in the expression for P, we get

P = Nkg[K — f(V)]/Cy (17)

Since f(V) is constant and the pressure wave (sound) is given by 6P/8t, we get
the following relation from Eq. (17) in the light of Eq. (14):

8P /8t = (Nkg/Cy)dK/dt

(18)
= (Nl(B/CV)c10n1E1

Substituting for n; from Eq. (10) and using the relation c¢;o = 1/7c, Eq. (18)
reduces to

8P/t = (ksN’E1/Cy)(t/tc)Blgcosnt (19)

Integrating Eq. (19) we get the following expression for photoacoustic signal,
which is detected by a sensitive microphone:

P(t) = (ksN’E1/Cy)(t/c)Blpsinot (20)
2.2 Generation of photoacoustic signal in solids
Let us consider a cylindrical photoacoustic cell shown in Figure 5 where the
light-absorbing solid sample is surrounded by optically transparent gas (air) on the

front side and the backing material is a poor conductor of heat. The absorption of
light, of a particular wavelength in the sample, generates heat by nonradiative
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Figure 5.
Photoacoustic cell for a solid sample. Thermal waves originate from the point of absorption and travel toward
the solid—gas interface to periodically heat a thin layer of gas (shown in red).

transitions. The acoustic signal produced in the coupling gas is due to periodic heat
flow from the sample. Rosencwaig-Gersho model for PA signal generation depends
on the optical as well as thermal properties of the solid sample [7]. The periodic heat
flow from the solid sample heats a thin layer of coupling gas whose thickness
depends on the frequency of chopping of the incident light (about 1 mm at 100 Hz).
This layer (shown in red in Figure 5) may be imagined as a vibratory gas piston that
creates the acoustic signal detected by the microphone. The intensity of light of

wavelength A transmitted through thickness “x” of the solid sample of absorption
coefficient f is given by

I(A) =Ipe P* (21)

where Iy is the incident intensity for wavelength A and if o is the modulation
frequency of the incident radiation, the temporal variation of I is given by

In(t) = (14) Io(1 + coswt) (22)

The temperature variation in the gas dies out within a thickness of 2xp from the
surface of the solid sample where p is thermal diffusion length of the gas.

3. Experimental methods in photoacoustic spectroscopy (PAS)

The temperature and pressure changes involved in the process of PA signal
generation are extremely small, typically a micro- to millidegree and nano- to
microbar, respectively. This was the reason that the field of PAS remained dormant
till the advent of tunable laser sources and of sensitive audio detectors. A piezo-
electric transducer or a sensitive microphone serves as the acoustic detector in
photoacoustic cells used during the laboratory experiments. Recent developments
in the field of miniaturization and the related progress in computer software have
made it possible to use tiny quartz-based acoustic detection devices like cantilever
and crystal tuning forks. The photoacoustic spectrometer using miniature lasers
fitted with these novel detectors can be easily packed in a small box and can be used
in the laboratory or in the field for standoff detection of hazardous materials. The
heat generated by the photoacoustic effect produces density changes caused by
temperature fluctuations in liquid and gaseous samples. In such cases,
photoacoustic spectroscopy is carried out by detection of thermal lens formation
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using a probe laser. In the present case, however, we will confine to the detection of
acoustic vibrations in the analysis of PA spectra.

3.1 Photoacoustic cells for gaseous samples

One of the simplest PA cells for measurements on gases and vapors is made from
a Pyrex tube fitted with quartz windows at the two ends. The length of the tube and
location of the microphone are chosen to maximize the PA signal using the reso-
nance of sound generated by the modulated light beam. The design of such a cell
made from 62.5-cm-long Pyrex tube of 2.5 cm diameter and fitted with quartz
windows at Brewster’s angle is shown in Figure 6(a). The cell was resonant at
335 Hz with maximum signal in the middle port for the microphone, and it was
resonant at 669 Hz, rendering maximum signal at two ports symmetrically located
on either side of the middle port. The microphone ports correspond to the positions
of three possible antinodes of the stationary acoustic waves formed at the two
resonant frequencies. Acoustic isolation was achieved by putting the cell in a
wooden box filled with sand. Two of the ports, not in use during the measurement,
were sealed using O-rings and flat Teflon disks. PA measurements were carried out
with iodine vapor at room temperature in the presence of air at atmospheric pres-
sure using 20 milliwatt Argon laser light at 514.5 nm. The chopping frequency of the
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Longitudinally vesonant PA cell with three ports for microphone (a). PA signal for resonance at 335 Hz (b)
and those for resonance at 669 Hz (c) and (d).
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laser light was varied between 27 and 1000 Hz, and the resulting PA signals are
shown in Figure 6(b-d) [8].

The photoacoustic spectrum of iodine vapor recorded using a Nd:YAG laser
pumped tunable dye laser in the presence of atmospheric air and at 15 Torr is shown
in Figure 7. Dye laser pulses used for the measurements were of 7 ns duration,
0.05 nm bandwidth, and 2m]/pulse energy at a pulse repetition rate of 10 Hz. It is
seen from the spectrum recorded with low air pressure in Figure 7b (upper half)
that the relative intensity of vibronic bands monotonically increases in going up to
the dissociation limit where I, molecule dissociates into a ground-state (2P3 /2)
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Figure 7.

Photoacoustic spectra of 1, vapor in the wavelength region 492-552 nm (20,300-18,100 cm ™). The little
downward arrow indicates the wavelength of exciting radiation that dissociates I, into two iodine atoms

(20,043 cm™1).
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iodine atom and an excited-state (2P;/,) iodine atom. In Figure 7a for the spectrum
recorded at atmospheric air, the relative intensity of vibronic bands monotonically
decreases after maximum intensity at 19,225 cm~! This reduction in intensity of the
PA spectrum has been explained in terms of energy transfer from excited (*P;;)
iodine atoms to O, molecules following the dissociation of I, [9].

To make photoacoustic measurements on a flowing gas sample, such as in the
case of pollution monitoring, one needs a different type of acoustic resonant PA cell
as schematically illustrated in Figure 8. The U-shaped cell has a total length L = 2,
corresponding to the acoustic wavelength generated by the periodically modulated
laser. The horizontal section of the tube is of length /2 and two vertical sections at
each end of length A/4. At the resonance frequency, a stationary wave is formed
with antinodes at the two ends as well as at the center of the horizontal section and
nodes at the two bent corners (see Figure 8). The laser as well as gas inlet and
outlet, in the PA cell, is located near the nodes, which form regions of low pressure,
of the stationary acoustic wave to prevent pressure fluctuations in PA signal at the
antinodes. A microphone is fixed near the open end of one of the vertical arms, to
detect the PA signal. A piezoelectric disk, fixed at the end of the other vertical arm,
is used for detection of resonance frequency of the PA cell and the resonator quality
factor to calibrate the system. There is a phase difference of 180° between high
pressure points of the stationary acoustic wave at the center of the horizontal
section, where heat is generated, and the two ends where microphone and piezo-
electric signals are measured. The flow rate of the sample in the PA cell is controlled
by a very narrow orifice at the outlet end, such that the pressure inside the PA cell
remains steady. The special narrow hole causes a pressure drop of at least 50% on
the outlet side compared to pressure inside the PA cell, while the airflow velocity
through the orifice reaches the speed of sound. Since the air traveling through the
orifice is moving out at the speed of sound, any sound from the pump traveling
toward the PA cell, also at the same speed, meets a barrier in air, moving in the
opposite direction, and it goes no further. This arrangement blocks the noise from
the pump entering the PA cell and cluttering the PA signal.

The airborne particulate matter (aerosols) remains suspended in air inside the
PA cell shown in Figure 8 and has enough time to absorb radiation from the tunable
laser beam. The absorbed optical energy is transferred as heat to the surrounding
air, before the next laser pulse arrives, to build the stationary pressure wave in the
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The U-shaped resonant PA cell for detection of PA signal in a flowing air sample with special orifice for
controlling the pressure inside the cell.
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PA cell. An instrument of this type can directly measure light absorption by aerosols
over the entire range of sunlight entering the atmosphere. This type of PA cell has
been used with a single laser as well as with two lasers of different wavelengths
impacting the same gaseous sample [10, 11].

3.2 Photoacoustic cells for solid samples

PA cells fitted with microphone, for recording PA spectra of solid samples, have
been routinely used in the laboratory for almost four decades. One of the important
aspects of homemade cells is to choose a material for effective shielding from
extraneous sound. The design of a nonresonant PA cell is schematically shown in
Figure 9. The main body of the cell has been constructed from a single block of
aluminum with a cavity made from the bottom side for fixing the microphone along
with its preamplifier. A cavity is made on the top of the block to put the sample
cuvette whose open end is in the same horizontal plane as the microphone surface.
A flat aluminum plate with double quartz windows in front of the sample cuvette is
tightly fixed at the top of the main body with a very thin, suitably cut rubber sheet
to make the chamber airtight. The thickness of the air duct connecting the sample
and microphone is about 1 mm, and its total volume is less than 1 cc. The exterior
dimensions of the stainless steel sample cuvettes are identical so as to tightly fit into
their designated cavity. The sample cuvettes are, however, of varying depths to
make measurements on powder samples of different thicknesses. Carbon black is
used as the standard sample for recording the power spectrum of the excitation
source of light to normalize the PA signals of the sample under investigation.

The PA spectra of powder samples of RDX and TNT recorded with a PA cell of
the above type are shown in Figure 10. The source of excitation used in these
experiments was a rotational line tunable cw CO, laser, and the window, in front of
the sample in the PA cell, was made of flat ZnSe plate. The PA signals were
measured manually from the lock-in amplifier and normalized using the power
meter reading for each laser line. Microgram quantities of powder samples were
used in the spectral measurements which exhibit the characteristic vibrational

Cross seclional view

. My

Figure 9.
Design of nonresonant PA cell. (1) the main body of aluminum, (2) microphone and preamplifier chamber,
and (3) sample cuvette.
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bands of RDX and TNT [12]. The solid circles in the upper half of Figure 10
represent the normalized PA signals for the pure explosive powders in the rotational
line tunable CO; laser wavelength range from 9.6 to 10.6 pm. The samples were
diluted by uniformly mixing 10 micrograms of each explosive with 8 grams of SiO,,
which does not have any absorption in this region. Thus, the concentrations of the
two explosives correspond to a few ppm, exhibiting four persistent bands of RDX
and five of TNT with appreciable intensity as shown in the lower part of Figure 10.

3.3 PA spectroscopy of contaminated water

PA instrumentation for detection of liquid samples is somewhat complicated.
A schematic diagram of the experimental setup for detection of harmful and dan-
gerous pollutants in water is shown in Figure 11. The tunable dye laser beam,
pumped by an excimer laser or a Nd:YAG laser, is focused into a 600 micron core
multimode optical fiber for investigation on remotely located samples. The polluted
water is kept in a quartz cuvette which is acoustically coupled to a piezoelectric
transducer. The light exiting from the optical fiber is collimated into the quartz
cuvette by means of a 10X microscope objective. The pulse to pulse energy fluctua-
tion, in the light exiting from the cuvette, is monitored by a photodiode assembly,
to ratio the PA spectra with the dye laser power profile. The PA signal and the
photodiode signal are fed to two different gates of the boxcar, and the normalized
spectrum is recorded by the computer by scanning the dye laser wavelength.
The quartz cuvette with its piezoelectric transducer, the microscope objective, and
the photodiode are fixed on a small portable platform which can be easily positioned
within the glovebox for handling radioactive samples. Klenze et al. [13] have deter-
mined ultralow concentrations of Am>" and Pu*" in aqueous solutions with excimer
laser-pumped dye laser, while Nd : YAG-pumped dye laser system was used by
Russo et al. [14] to record PA spectra of aqueous solutions containing different
concentrations of Pr** and Am*" Kim [15] has investigated the problem of actinide
colloid generation in groundwater which plays a critical role in geochemical inter-
action and migration of actinides.
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CO; laser-excited PA spectra of RDX and TNT powders. The persistent vibrational bands of the two molecules
are seen for highly diluted samples in the lower half of the figure.
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Schematic PA spectroscopy system for trace detection of chemical species in polluted water.

3.4 Quartz tuning fork for PA detection

In a PA cell, the acoustic energy is accumulated in a resonant cavity, but the
principle of PA detection by a quartz tuning fork (QTF) involves the accumulation
of the acoustic energy in a sharply resonant acoustic transducer [16-18]. Crystal
quartz is an easy material for such a transducer because of its low loss piezoelectric
property, and QTFs can be designed to resonate at any frequency between 4 Hz and
200 kHz. The widely used QTF, manufactured for use in electronic clocks as
frequency standard, resonates at 32,768 Hz in vacuum. The detection of PA signal
by QTF is based on the piezoelectric effect produced by acoustic waves at the
resonant frequency that mechanically bend its prongs. In the PA spectroscopy of
gaseous sample, the interaction between the modulated laser beam and a trace gas
generates acoustic waves that mechanically bend the QTF prongs. The voltage
produced by the piezoelectricity generates the PA signal.

When a laser beam is focused at the center between the two prongs of the QTF
placed in a gaseous sample, the absorbed optical energy converted into heat gener-
ates a weak acoustic pressure wave. When the laser beam is modulated at half the
QTF resonant frequency (f), the pressure wave makes the two prongs move apart
two times during each acoustic cycle. In this situation the QTF detects sound
oscillations at the second harmonic of the modulation frequency due to two
absorption events during each modulation period. The laser light is modulated at
“f/2” and PA signal demodulated by lock-in amplifier at “ f” as shown in Figure 12.
The PA spectrum is recorded by varying the wavelength of the tunable laser.

The use of QTF for solid phase PA detection in the laboratory requires a very
thin film of the molecular sample to be adsorbed on the outer surface of one of the
prongs. The absorbed laser light heats the sample, generating an acoustic wave at
the prong’s surface interface with air. When the frequency of repetition of the
incident laser pulse coincides with the mechanical resonant frequency of the QTF,
the localized pressure variation sets the latter into vibration. The amplitude of this
vibration and the resulting piezoelectric voltage are proportional to the amount of
heat produced by optical absorption at the surface.

An experimental arrangement using the above concept is schematically shown in
Figure 13 using a quantum cascade laser (QCL). The large wavelength coverage in
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Figure 12.
Experimental setup for gas phase PA spectroscopy with QTF detector. The excitation diode laser source is
currently modulated at half of the QTF resonant frequency (f).
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Figure 13.

Schematic experimental arrangement for solid phase PA spectroscopy using QTF detector with sample adsorbed
on one of the QTF prongs. The function generator controls the pulse repetition rate of the quantum cascade laser
(QCL) to be in resonance with the symmetric vibration of the QTF.

the mid-IR region combined with narrow linewidth and powering up to tens of mW
of QCL proves ideal for trace detection of molecules [19]. This system can be
employed in trace detection of several molecular species adsorbed on the surface of
the prong. A variant of this system has been used in detection of adsorbed chemicals
on surfaces remotely located from the laser [20].

4, Photoacoustic detection of harmful chemicals

PA spectroscopy has been widely used in chemical sensing applications in envi-
ronmental science and medical diagnostics. It is useful in rapid detection of illicit
drugs, nerve agents, and hazardous biological materials. In a typical hospital envi-
ronment, there is a need for evaluation of anesthetic gaseous components. Although
hospital staff are exposed to much lower anesthetic concentration than the patients,
this exposure extends over many years. Under inadequate hygiene conditions,
people working in hospitals or factories often complain of headaches and fatigue
due to traces of harmful gases in the environment. Illicit drug trafficking poses
many challenges for detection of dangerous chemicals that threaten life and
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property. In the following sections, we will present examples of point detection as
well as standoff detection of chemical compounds using PA spectroscopy.

4.1 PA spectroscopy of ethylene

Ethylene (C,Hy4) is a well-known emission fingerprint from vehicle exhausts and
its reaction with nitric oxides under solar UV radiation produces ozone. Altuzar et al.
[21] have used a CO; laser with PA cell located inside the laser cavity to profit from
the intracavity laser power. A mechanical chopper modulated the intensity of the
laser beam at a frequency that matches with the acoustic resonant frequency of the
PA cell. The 10P14 line of CO, laser is in exact resonance with the Q branch of the v5
band of ethylene. Air samples from different locations in Mexico city were collected
from 6 to 9 am in the morning and from 12 to 15 pm in the afternoon. The raw
samples, collected in stainless steel vessels, went through the process of removing
CO; and water vapor before being transferred into the PA cell. The results of ethylene
concentration analysis exhibit higher values in samples collected in the morning and
lower values for the afternoon samples. The increased concentration of ethylene is
attributed to emission from vehicles when the morning traffic is heavy. The decrease
of ethylene concentration in the afternoon samples has two possible causes. Firstly,
there is expansion in the thickness of atmospheric air, due to heating by sunlight
leading to dilution of ethylene. Secondly, ethylene reacts with nitrogen oxides in the
presence of solar UV radiation to produce ozone and other oxidants, causing a
decrease in its concentration. It is to be emphasized that PA technique has the
advantage of performing online measurements with excellent time resolution.

4.2 PA spectroscopy of gases emanating from the human body

The smells emanating from various parts of the body are unique to an individual,
made up of specific chemical compounds that vary depending on age, diet, metab-
olism, and health. Near-IR diode laser at 1.53 um has been used in PA detection of
ammonia concentrations in ppmV and ppbV range by several workers [18, 22].
Although NH3 is biosynthesized through normal amino acid metabolism, it is toxic
in high concentrations, and its amount in blood gets elevated due to liver dysfunc-
tion. Compact quantum cascade lasers (QCL) may prove to be an important mid-IR
source for portable ammonia sensors.

Trace level detection of nitric oxide has many applications in medicine, biology,
and environmental science. CO laser was the first to be used by Kreuzer and Patel [2]
for PA detection of NO concentrations of 0.01 ppmV. Since its first detection in
exhaled air [23], NO has been found to be a sensitive marker for asthmatic airway
inflammation [24]. A QCL-based PA cell has been developed by Elia et al. [25], while
Spagnolo et al. have reported a minimum NO concentration limit of 15 ppbV [26].

A CO; laser has been used as the source of PA excitation by Harren et al. [27] to
detect the emission of ethylene from the human breath and skin under exposure to
UV radiation. In this experiment a small amount of exhaled air was cleaned for its
content of CO,, water vapor, and other spectroscopically interfering gases, before
introducing it into the PA cell. The 10P14 emission line of CO, laser was used to
detect a lower limit of 6 ppbV ethylene in nitrogen.

4.3 PA spectroscopy of dangerous drugs

Morphine is the prototype narcotic drug, and it is the standard against which all
other opioids are tested. An acetylated form of morphine, almost two times more
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Figure 14.

CO; laser-excited PA spectra of powders of heroin (on the left) and morphine (on right).

potent than morphine itself, is known as heroin. Animal and human studies and
clinical experience back up the contention that morphine is one of the most
euphoric drugs on earth. Both morphine and heroin are used for pain medication,
but both are addictive and identified as illegal drugs.

Microgram quantities of powders of morphine and heroin were used in a PA cell
shown in Figure 9 and fitted with ZnSe window. Rotational line tunable CO, laser
was used as the excitation source for recording the PA spectra of the two com-
pounds shown in Figure 14. The black dots in the figures represent the manually
measured PA signals from the lock-in amplifier normalized by laser power at each
wavelength. The spectral peaks correspond to the vibrational bands of morphine
and heroin in the wavelength range 9.6 to 10.6 micron [28].

5. Photoacoustic imaging

Photoacoustic imaging is an emerging technique that combines the high resolu-
tion of light and deep imaging capability of ultrasound. It is similar to hyperspectral
imaging except for the fact that optical sensors are replaced by ultrasonic detectors
that convert the sound waves into images. It has many applications as a noninvasive
technique in medicine to produce molecular images of internal organs. It is based on
the rapid production of heat, when the optical energy from a nanosecond laser pulse
is absorbed in the tissue, causing thermal expansion and the generation of ultrasonic
waves. The processes involved in the image formation are schematically illustrated
in Figure 15, which show that it is a hybrid technique making use of optical
absorption and ultrasonic wave propagation.

There are two basic conditions for efficient generation of the PA signal for
imaging. The condition of “thermal confinement” requires the laser pulse duration
Tp to be shorter than temporal duration g, of thermal diffusion from the heated
volume. This condition implies that there is negligible heat diffusion during the
laser pulse so that the PA image essentially reveals the initial absorbed energy
distribution in the sample. The second condition of “stress confinement” requires
that time 7, for stress to transit the heated volume should be longer than the laser
pulse duration 7.

It can be shown that a nanosecond laser pulse impacting a biological tissue
sample satisfies the conditions for PA imaging. Thermal diffusion length during the

laser pulse is given by &1 = Z(TpDT)l/z where Dr is the thermal diffusivity of the
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Schematic illustration of the principle and processes involved in photoacoustic image formation.

sample. A typical value of Dy = 1.4 x 10 3cm?/s for most tissue [29] gives &1 =
0.05pm for a laser pulse of 1, = 5 ns. Duration of thermal diffusion is given by

T, = L?/4Dr where L is the radius of the spherical shell of heat propagation in the
sample. Thus for L = 15um, we get 7, = 0.4 ms. If “v” is the velocity of sound in
tissue, the time taken by the stress to transit a sample length L in the heated region
is given by 7, = L/v. Assuming v = 1.5mm/ps we get t; = 10 ns. This simple
calculation shows that we would achieve a spatial resolution of 15pum in the PA
image if t; = 10 ns and ty, = 0.4 ms. Thus we find that the process of heat genera-
tion by a 5 ns laser pulse would satisfy the two conditions for generating PA signals
efficiently.

5.1 Photoacoustic microscopy and photoacoustic tomography

Photoacoustic tomography (PAT) and photoacoustic microscopy (PAM) are the
two methods of PA imaging. In the PAT mode, an expanded laser beam illuminates
the whole sample, and laser photons are absorbed at various points in the sample
generating ultrasonic waves. PAT acquires depth-dependent information by time-
of-flight measurements of the acoustic waves. An ultrasonic transducer placed
outside the sample detects the PA signal, which is measured either by moving a
single transducer around the sample or by using an array of transducers. PA image
is obtained from the data set of PA signals by using appropriate reconstruction
algorithms in the computer. In the case of PAM, the laser beam is focused into a tiny
volume, and ultrasonic waves from this localized region are imaged by the detector.
To obtain a 3D image, transverse sections at different depths in the sample are
scanned in two dimensions. The axial resolution of the image can be as good as the
optical resolution ( <1pm) where the depth information is determined by the time
of flight of ultrasonic waves.

5.2 Photoacoustic microscopy of zebra fish

Fluorescence microscopy is an effective tool in thin biological samples like
single-celled organisms, but with slightly thicker samples, it becomes difficult to
know where exactly the fluorescence originates. In a complex organism, like zebra
fish, it is crucial to image deeper and deeper while the organism is kept alive.
Fluorescent light emerging from the point of absorption suffers multiple scattering
in the tissue on its way to the optical detector. This leads to loss of information on
the origin and propagation path of the fluorescent light, giving rise to a blurred
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image and destruction of the spatial resolution. PA detection of optical absorption
circumvents these limitations, because the sound waves travel through the diffuse
biological media with much less distortion than light.

The experimental components used in PAM by Harrison et al. [30] are shown in
Figure 16a. The laser beam, from a tunable source (L), is diverted down the 45°
reflecting cone R, by the prism P. The curved surface of the cone directs the laser
beam in a horizontal plane which is reflected downward by the corner polished
surfaces inclined at 45° with the horizontal plane. The laser beam then travels
downward along the longer sides of the ultrasound probe (T) to be focused about
10.5 mm below the bottom of the probe (see Figure 16a). The position of the
ultrasound transducer (T) is adjusted vertically to match its focus with the laser
focus by maximizing the PA signal from carbon fiber sample [30]. The combined
ultrasound and laser light probe is mounted on a voice coil (VC) stage which is
driven by a programmed motor controller to achieve oscillations at 10 Hz over a
length of about 10 mm. The imaging system can be run in three different modes, (i)
ultrasound mode, (ii) PA mode, and (iii) interlaced PA-ultrasound mode, and it can
produce images of microvascular structures to depths of 2-3 mm in vivo as illus-
trated in Figure 16b for zebra fish.

In the recording of images of Figure 16b, the zebra fish was held on a rotating
platform immersed in water. The position of the laser focus was fixed at a particular
depth inside the body of the sample, and the platform was rotated through 360° to
record the two-dimensional sections [31]. The location of fluorescent protein
mCherry (in red) is clearly seen in the image of the zebra fish brain at the top, and
transverse image slices of the zebra fish hindbrain are shown in the lower half of
Figure 16b, where each slice is separated by a depth of 0.5 mm inside the tissue.

5.3 Photoacoustic imaging of prostate cancer

PA imaging is emerging as a new diagnosis technique with specificity, high
resolution, and enough imaging depth for early detection of prostate cancer. Ex vivo
multispectral PA imaging has been carried out to differentiate between malignant

Figure 16.

(a) Experimental setup for combined photoacoustic (PA) and ultrasound (US) imaging (with permission from
Ref. [30]). (b) In vivo image of a section of the zebra fish brain and five transverse image slices through the
hindbrain (with permission from Ref. [31]).
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prostate tissue, benign prostatic hyperplasia (BPH), and normal human prostate
tissue. The preliminary results of investigations carried out by Dogra et al. [32]
show that there was a significant difference in the mean PA intensity of dehydroxy
hemoglobin (dHb) and lipid between malignant and normal prostate. There was
also a significant difference in the mean intensity of dHb between malignant pros-
tate and BPH. There was, however, no significant difference in HbO2, dHb, and
lipid between normal prostate tissue and BPH. Laser radiation at 1064 nm and
1197 nm has been used to obtain PAT images, corresponding to optical absorption of
hemoglobin and lipid, to determine the clustering prostate cancer tissue at each
wavelength [33]. It was found that 1064 nm PAT in conjunction with ultrasound
image is more effective in identifying prostate cancer biopsy targets than the PAT at
1197 nm.

6. Conclusion

This chapter starts with a brief history of photoacoustic effect and photoacoustic
spectroscopy. A simple mathematical derivation for the generation of PA signal in
gaseous and solid samples is followed by experimental methods. The design and
construction of a variety of PA cells and detectors have been described along with
their use in the investigation of gaseous, solid, and liquid samples. Some illustrative
examples of trace detection of explosives and harmful chemicals have been
discussed. A brief account of the principle and application of the emerging tech-
nique of PA imaging is discussed at the end of the chapter.
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Chapter 3

A Balanced Slew-Rate
High-Voltage Integrated Bipolar
Pulse Generator for Medical
Ultrasonic Imaging Applications

Chin Hsia

Abstract

This chapter describes the use of silicon-on-insulator (SOI) technology to
develop balanced slew-rate pulse generators for medical ultrasound scanners, espe-
cially for multi-channel portable systems. Since ultrasonic transducers are usually
composed of piezoelectric materials, most of which are capacitive, and the resonant
frequency is usually in the order of tens of MHz, it is preferred to convert the
high-frequency excited signals into high-voltage pulses to efficiently drive the
transducers. In addition, the second harmonic leakage of the high-voltage pulse
signal output by the pulse generator needs to be controlled such that the pulse
generator can be applied to tissue harmonic imaging. Based on these considerations,
the pulse generator architecture with balanced rising and falling edges proposed in
this chapter is designed by synthesizing low-power, high-speed level shifters and a
high-voltage H-bridge output stage to output high-voltage pulse signals with low
harmonic distortion. The entire circuit integrates an 8-channel pulse generator,
producing pulse signals >100 Vpp. The rise and fall times of the pulses are within
18.6 and 18.5 ns, respectively. The overall quiescent current is <60 uA (including
the on-chip power supply). The output current drive capability is >2 A and the
second harmonic distortion is as low as —40 dBc, indicating that the integrated
pulse generator can be used in advanced, portable ultrasonic harmonic imaging
systems.

Keywords: high-voltage pulse generator, ultrasound transmitter, medical imaging,
harmonic distortion, low-power on-chip supply

1. Introduction

Compared with computed tomography (CT), X-ray and magnetic resonance
imaging (MRI), medical ultrasound imaging is relatively fast, inexpensive, portable
and radiation-free, and has become one of the most popular modalities in clinical
examination. Currently, besides conventional B-mode and Doppler ultrasonic
modality, advanced imaging formation method, such as photo-acoustic (PA) imag-
ing, elasto-graphic imaging, as well as harmonic imaging is gradually becoming an
important medical assessment tool for these echo-graphic systems. PA imaging
offers unique capabilities in studying biological tissue based on optical absorption
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contrast [1]. This method converts a laser-induced ultrasonic signal into a measur-
able signal by means of a detector made of piezoelectric material. However, due to
the sensitivity and bandwidth effects of the laser-excited ultrasonic signals to obtain
high-quality and high-resolution PA images, they usually require broadband capa-
bilities with frequencies above several hundred MHz, which is challenging in inte-
grating PA imaging with conventional ultrasonic imaging modalities. Elastography
is an imaging technology sensitive to tissue stiffness that was first described in the
1990s [2]. It has been further developed and improved to achieve a quantitative
assessment of tissue stiffness. Elastography methods mainly utilize elastic changes
in soft tissue caused by specific pathologies or physiological processes. However,
currently the operator has to exert manual compression on the tissue with the
ultrasound transducer to increase the imaging sensitivity. Manual compression
works fairly well for superficial organs such as the breast and thyroid but is chal-
lenging for assessing elasticity in deeper located organs such as the liver, which
practicality in medical instruments is not high. Harmonic imaging, however, based
on the selective imaging of the harmonic frequency, especially using second har-
monic signals for image formation [3]. Compared with PA imaging and elasto-
graphic imaging, second harmonic imaging can be easily implemented with con-
ventional B-mode imaging and possesses higher lateral resolution and lower side
lobes, and is, therefore, less sensitive to clutter and off-axis distortions [4].

However, since the echo signals detected by tissue harmonic imaging are gener-
ated by the nonlinear characteristics of the transmission medium according to the
input fundamental wave signal, they are more susceptible to various harmonic
sources. For example, the nonlinearity caused by the transmitted waveform, the
bandwidth of the medical transducer, and the distorted echo signal can induce
harmonic leakage and affect the overall performance of the imaging [5]. Several
methods have been proposed in the literature to study the effects of harmonic
leakage and to address sensitivity issues such as coded excitation, bandpass filter
separation techniques [6] and pulse inversion [7]. These techniques have one thing
in common, that is, they ultimately request Gaussian-type transmit signals with low
harmonic content. Generating such signals typically requires a digital-to-analog
converter (DAC) and a high-voltage linear power amplifier [8-10], which is not
cost effective and power hungry, especially for compact devices applications such
as portable ultrasound scanners. In order to reduce system power consumption, it is
usually a good choice to use a pulse generator. However, as indicated in [11], the
power of the second harmonic signal is at most 20 dB less than the power of the
fundamental frequency signal. In fact, due to the bandwidth limitations of the
ultrasonic transducer, this difference has become even larger [12]. Therefore,
achieving the signal-to-noise ratio required for harmonic imaging requires the har-
monic signal generated by the pulse generator itself as low as possible.

Generating low-power, low harmonic leakage, gated high-voltage pulse waves is
not easy, and from a distortion perspective, the pulse generator must be carefully
designed because the excitation device designed to drive the medical ultrasound
transducer needs to be maintained a high voltage (>50-100 Vpp) output with faster
switching capability than a few MHz. In most of the past, high voltage pulse
generators implemented using discrete components for ultrasound imaging systems
have demonstrated superior performance [13, 14]. Traditional off-the-shelf pulse
generators typically operate below 10 MHz and are limited in size in multi-channel
transmitter applications [15]. Recently, integrated pulse generators for multi-
channel, portable and compact ultrasonic scanners have been developed [16-20].
For these devices, if harmonic distortion is not considered, it can be easily devel-
oped using a high voltage CMOS compatible process. For example, bipolar pulse
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generators are less sensitive to even harmonic distortion and can produce lower
harmonic pulses. However, if the transmitter is designed without regard to the slew
rate of the rise and fall times and the positive and negative conduction times of the
output voltage, a large second harmonic would be generated [21]. Some prior works
employed multiple voltage-level pulse generators to reduce harmonic distortions
[22-24], and these techniques usually require couples of voltage sources, thus
increasing design complexity. In this chapter, we presented our design of a pulse
generator architecture with a balanced slew-rate both in rising and falling edges to
improve second harmonic distortion, and develop this pulse generator using CMOS-
SOI technology for medical ultrasound scanners, especially for harmonic imaging
applications.

This chapter is organized as follows. Section 2 considers the pulse excitation
signals required in harmonic imaging systems. Section 3 describes the detailed
design and circuit level implementation of the high voltage pulse generator. In
Section 4, the experimental results of driving a medical grade piezoelectric trans-
ducer (PZT) with a designed pulse generator are given. The conclusion is given in
Section 5.

2. Pulse excitation signals in harmonic imaging system

Since high-voltage excitation signals such as square waves or trapezoidal wave-
forms can efficiently drive ultrasonic transducers, harmonic components of such
waveforms need to be considered in order to achieve low harmonic output for our
applications. Given the nature of these ideal waveforms, Fourier analysis makes it
easier to display their spectrum and explore the possibility of generating such a
waveform. Basically, slew-rate limiting signals can reduce radiated emissions (elec-
tromagnetic interference and radio frequency interference) and harmonics of its
fundamental portion. Therefore, we can consider a digital signals, f(¢), that are not
ideal square waves, but may be approximated by trapezoidal waveforms with finite
rise and fall times, ¢, and #;, as shown in Figure 1. This waveform employs charac-
teristics of many digital signals, including clock pulses and PWM waveforms. In
Figure 1, “A” stands for the amplitude of the signal, T}cyioq is the signal’s period, Ty,
and T, set for the turn-on and turn-off time, respectively. The waveform can be
expanded in a Fourier series as shown in Eq. (1) and the expansion coefficients are
given by Eq. (2).

f(t)=Co+>_ Cycos (nwot + Ben) €
n=1
1 to+T i
L o
T),,
ATy, A
where Cy = T —3 3)

For n # 0 and if #, = ¢, the magnitudes of the Fourier coefficients, C,, are
given by
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From (Eq. (4)), it can be observed that the waveform’s harmonic energy at high
frequencies is less than that of an ideal square wave if the rise and fall times are
finite. Moreover, if the pulse has equal duty cycles for the turn-on and turn-off
period, i.e.,

1
TOn = Toﬁ = ETpeViod (5)
sin (;”TDQ sin (nr)
€r10 2
nﬂTfn = nx (6)
T, 2

‘period

Equation (6) is equal to zero for even z, which stands for NO even harmonics
when the duty cycle of the excitation pules is 50% (This is a reasonable assumption
and can be easily achieved by generating such a signal.).

The value of ¢, in Eq. (4) affects the higher order terms of C,. While in the
general case of t, = tf, the larger the t, (¢¢), the lower the harmonic terms at high
frequency, which, in fact, has a low-pass filtering effect. When deriving the spec-
trum of this pulse train, the case of equal rise and fall times is often assumed.
However, the difference between the rising edge and the falling edge causes exces-
sive harmonics, and even if the duty ratio remains 50%, even harmonics still occurs
due to such a nonlinear effect.

In order to model the effects of higher order harmonic terms at high frequencies
due to non-linear rising and falling edges, a repetitive trapezoidal waveforms with
slew-rate limited rise and fall times and a normalized —1.0 to +1.0 V peak-to-peak
voltage swing can be modeled using Eq. (7). It is generally happened when the
switching FET has a non-linear on-resistance, causing the output waveform an
unsymmetrical rise and fall times, which is a phenomenon that often occurs with
pulse generators. To simulate the effects of different slew-rates, the rise and fall
times can be readjusted by changing the boundary conditions of each section in
Eq. (7). The simulated bipolar pulse signals with unbalanced slew-rates are shown
in Figure 2 [21]. The pulses in Figure 2 assume uniform amplitude envelopes. The
bandwidth of such waveforms is inversely proportional to the time period, Teriods in
Figure 2, and for simplified illustrations of slew-rate effects, the center frequency
of the pulse signal is fixed to 2 MHz.
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Figure 1.
A typical trapezoidal waveform or square waveform with the limited rise/fall time.
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In Figure 2, the slew-rate difference in percentage (SRDP) of the Rising_time
and Falling_time can be defined in Eq. (8) as an important factor in evaluating
signal harmonic damage. In Eq. (8), the Rising_time and Falling_time are defined as
the pulse response to rise/fall from 10/90 to 90%/10% of its final values.

SRDP — |Rising time — Falling time|

0,
Falling time x 100%. ®)

Fourier analysis of this trapezoidal waveform provides harmonic magnitudes
similar to that for an unsymmetrical square wave, except that there is an additional
term that limits the high frequency content. Figure 3 shows the spectrum of the
excitation signals with equal on_time and off_time but different slew-rates, as
shown in Figure 2, after mixing with the impulse function of the ultrasound trans-
ducer [21]. A unit-gain ultra-wideband transducer is assumed here without loss of
generality to investigate the frequency components of the transmit signals. The
spectrum shown in Figure 3 presents that the second harmonic portion is damaged
by signals with unequal slew-rates. For instance, the desired SRDP should be <33%
in order to keep the second harmonics 40 dB lower than the fundamental tones.
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The frequency spectra of the bipolar pulse waveforms with the different slew-rates (rvise/fall time) [21].

Therefore, in order to maintain an excitation signal having a low second harmonic

content, it is essential to control the pulse generator’s slew-rate during the rising and
falling edges.

3. High-voltage pulse generator for medical ultrasound

A diagnostic medical ultrasound image is acquired by transmitting acoustic
waves and receiving echoes that are reflected from cell boundaries [20]. Figure 4
shows a typical ultrasound analog front-end diagram comprises an HV pulse gener-
ator, an HV multiplexer (HV MUX), a T/R switch, a low noise amplifier (LNA), a
variable-gain amplifier (VGA) and an analog-to-digital converter (ADC) [24]. The
digital signal processor generates a sequence of low-voltage transmit signals with
different delays for the pulse generator. The pulse generator drives the transducer
at a high voltage level that, after exciting the array of ultrasonic probes, transmits a
focused beam to the subject. Since the tissue of each part of the human body has
discontinuous impedances to sound waves, the frequency and speed at which the
transducer receives reflected sound energy from the body will result in distinguish-
able conditions. The T/R switch is used to reduce the interference at the receiving

HV signal J]_"J-I_r //
- Pulser

-
Cable | MUX | —
LV signal )
Dhigital
TR Signal
Transducer switch Processor

array

Figure 4.
A typical ultrasound system block diagram.
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end of the LNA from the high voltage transmitter. When the pulse generator sends
a high voltage transmitting pulse, the LNA is isolated from the pulse generator and
the transducer by turning off the T/R switch, and when these echo signal is sent to
the LNA via the T/R switch, the system is in receive mode, the pulse generator is
disabled and the T/R switch is turned on, and the LNA and the follow-up VGA
amplify the received signal and send the signal to the ADC. The digital signal
processor generates information such as images or Doppler sound waves based on
the output data of the ADC. In order to increase the strength of the echo signal,
typically, multichannel transceivers are indispensable in modern ultrasound sys-
tems, which inevitably increase system complexity and power budget. The genera-
tion of multiple high voltage pulses, however, has been historically a challenge in
the ultrasonic imaging system, particularly for today’s portable solution. In the
following section, we focused on the design and implementation of an integrated
high-voltage pulse generator for multi-channel ultrasonic systems.

3.1 Single-chip high-voltage pulser architecture

The schematic of the integrated high-voltage pulse generator is shown in
Figure 5. It mainly consists of three stages, including the input stage, on-chip
floating power supplies, and H-bridge power driver. Several techniques are
employed in this high-voltage pulse generator design to achieve low static
power and low harmonics at the output. These techniques are described in the
next section.

3.1.1 Input stage

The input stage, as shown in Figure 6, consists of signal conditioners (buffers), a
dead time generator, and a return-to-zero controller. The input stage deals with the
control of the pulse generator and produces HSDP, LSDN, RTZP, RTZN four signals
to switch on/off the following H-bridge power driver. The two input control signals,
IN1 and IN2, are generated separately from the outside signal generator or a DAC
with synchronized phases. One of the control signals is a half cycle delay from the
other to drive the push-pull stage at the output. The advantage of this architecture is
that by adjusting the duty cycle of the input signals of IN1 and IN2, respectively, the
error between on_time and off_time can be reduced, as shown in Eq. (6).

IN2 | VDDH _VSSL
v "‘r_ﬂ_ 1

Input buffer &
Dead Time Generator
RTZ controller —

HSDPl RTZNl' mzw LSDNl w::Dﬂl’vssnlvnmlvss%vnolvss

" Floating
power supply

H-Bridge Power Driver

Figure 5.
Proposed architecture of the integrated bipolar pulse generator.
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3.1.2 H-bridge power driver

The H-bridge power driver, as shown in Figure 7, composed of level shifters,
pre-drivers, two high-voltage diodes (D1/D2), and four power transistors (MP1/2
and MN1/2). The low voltage and high voltage levels of the input control signal are
0 and 5V, respectively. When the voltage level of IN1 is high, MN1 is turned off and
MP1 is turned on. MP1 drives the output to a high voltage, VDDH. When the
voltage level of IN2 is high, power transistor MN1 pulls the output down to a low
voltage level VSSL. The voltage levels of IN1 and IN2 are low during steady state
and the output returns to zero voltage level via MP2 or MN2. To exclude shoot-
through current between MP1 and MN1, a dead-time control circuit is used as
shown in Figure 6, in which, the outputs of the dead time generator are not
simultaneously “high.” Level-Shifter #1 and Level-Shifter #2 then boost these two
output signals to the voltage levels of VDDL to VSSL and VSSH to VDDH, respec-
tively. Due to the large capacitive load at the gates of the final stage power inverters
MP1 and MN1, two pre-drivers are used to improve the slew rate. In addition, to
avoid ringing of the output in a steady state, a fast return to zero signal is required.
The return-to-zero circuit includes a return-to-zero controller, Level-Shifter #3,
delay circuit, two pre-drivers, two power transistors (MP2 and MN2), and two
high-voltage diodes (D1 and D2) to prevent false conduction. To avoid affecting the
reception of echo signals when the ultrasound system is in receive mode, the output
of the pulse generator must quickly return from the voltage level of VDDH or VSSL
to zero voltage level. As shown in Figure 6, the return-to-zero controller can be
composed of a simple XOR gate and an inverter.

Generating a pulse signal with low second harmonic contents is not easy,
requiring balanced rising and falling times at all operating frequencies and very
accurate duty cycles. In order to control the balanced slew-rate of the output pulses,

Dead Time
Generator

Return to Zero

B (RTZ) Controller

N1

>0
IM2 0—[>‘0—l_

—o RTZP

l—o LSDN ——0 RTZN

Figure 6.
Input stage of the bipolar pulse generator.
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The H-bridge power driver.
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Floating power supply schematic and its controller.

the rise/fall time of the level-shifters and output power inverters were carefully
investigated. Sections 3.1.4 and 3.1.5 will describe in detail the design considerations
of those key components.

3.1.3 Low-power floating power supply design

Since the output stage uses a push-pull architecture, a pair of high-voltage PMOS
and NMOS devices are employed as the output stage. Design of their driver stages
can also use push-pull architectures to efficiently drive the output stage. Since the
gate voltage of high-voltage PMOS/NMOS devices is limited by the maximum
operating voltage of Vgs, the output voltage swing of the driver has to be within 5 V.
Therefore, each driver requires a set of 5 V rail-to-rail power supplies to provide a
source/sink current to the output. In order to simplify the power supplies, a floating
voltage source architecture is employed. Figure 8 shows two floating voltage
sources generated by the VDDH and VSSL to ground, respectively. A pair of high-
voltage PMOS/NMOS devices in series with two sets of Zener and high-voltage
diodes form a voltage divider loop and outputs two voltages respective to the
voltage drop of the Zener diode. Another two high-voltage PMOS/NMOS in parallel
with the divider loop is functioned as the source follower to provide stable output
voltages. For instance, the output voltage VDDL and VSSH, are generated by VSSL
and VDDH as shown in Egs. (9) and (10), respectively.

VSSH = VDDH — Vzener C))
VDDL = VSSL + Vzener (10)

One of the advantages of this architecture is its fast settling and stable output
even though the output voltage is not accurately regulated. However, it dissipates
power once the VDDH or VSSL is applied and degrade the efficiency of the overall
system. Therefore, a switch generated by the input signals are employed. The
floating power supply can only work following the input signal’s commands. When
there is no input signal for a period of time, the floating power supply can be turned
off to reduce the power dissipation.

3.1.4 Capacitive-coupled floating level-shifter design

Level shifters are used in applications that require interfaces between different
voltage domains. There are two types of level shifters: full-swing and floating,
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which can be distinguished by whether the voltage domain shares a common
ground potential. Figure 9 shows the schematic of a conventional latch-based full-
swing level shifter, which is to boost the input signal from a “Vlow” level to a
“Vhigh” level. The inverter chain (M1-M12) is used to reconstruct the rail-to-rail
digital signal from the off-chip input control signal. The cross-couple pair (M15 and
M16) can latch the “high” digital signal level. When the input signal switches to a
“low” level, M16 and M17 are turned off, and M15 and M18 are turned on. The
output voltage is 0 V. However, as the input signal becomes to a “high” level, M16
and 17 are switched on, and M15 and M18 are switched off. The output voltage
becomes to Vhigh.

The full-swing level shifter shown in Figure 9 is not appropriate for PMOS/
NMOS gate driver design since the gate driver needs a floating rail to switch on/off
the last stage of the PMOS/NMOS devices. Floating level shifters, however, can shift
the potential of control signals from circuits of a low voltage power rail to the
potential with floating and ground rails, and therefore, the floating level shifters
are often used in the gate drivers to drive output stages. Figure 10 shows the
designed capacitive-coupled level shifter architecture employed for the H-bridge
power driver.

Figure 10 shows the schematic of the floating level shifter for level shifter #1 to
shift the signal voltage levels of 0 V and VDD to VSSH and VDDH, respectively.
The level shifter consists of a pair of inverters (Mil-Mi4), two coupling capacitors
(C1and C2), a latch (M19-M22), an output inverter (M23-M24), and a dummy
inverter Mdum1 and Mdum?2, which is to keep the same output impedance seen by
inverters of M21 and M22. The pair of inverters is operated under 0 and 5 V power
supplies, while the latch, the dummy inverter, and the output inverter are supplied
with VSSH and VDDH power source. The pair of inverters and the latch are isolated
by these two coupling capacitors, which couple through the control signals to the
output stages. Figure 11 shows the simplified model of the latched stage with the
capacitive coupling between the input and the leveled outputs, in which, G,, repre-
sents the sum of the trans-conductance of M19 and M20 (same as M21 and M22). C;,
is the input capacitance of M23 and M24. Ry, represents the output node impedance

W low

] 1
W hd 3 M1

I:ME hid M2

Figure 9.
Schematic of a latch-based level-shifter.
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Schematic of a latch-based capacitive-coupled floating level-shifter.
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Figure 11.
Simplified schematic of the floating level shifter.

of M19 and M20. Following Figure 11, the dynamic behaviors of the latch output,
V, and V), can be written in Eq. (11) and Eq. (12).

GnV, =—-Cy (d;ix) — (Zz) (11)
.- -, (52) - () @

By replacing Ry, and Cy, with 7 = R.Cy, A, = G,,RL, and reorder the formula,
Egs. (13) and (14) represents the cross correlation between V, and V.

AV,

r< g ) + Ve = -4V, (13)
dv.

T(d—ty> +V, =—-4,V,. (14)

From Egs. (13) and (14), we can solve

(Ap—1)t

oV =0Vyxe (15)

where 5V is the voltage difference between the input and output of the Latch,
i.e., V-V, in our design, and 6V, is the initial voltage difference at the beginning of
the latch phase. The transition time of the latch can be solved in Eq. (15) as
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e 5V
Tlutch = G—m * In (m) (16)

The slew-rate of the level-shifter can then be defined as in (Eq. (17))

2%

Tlatch

SR/~ = (17)

Since the latched time is reversed logarithmic proportional to 6V, T}, will be
too large to affect the desired slew-rate if 6V is a small value. From Figure 10, we

can find 6V = Clilcin VDD; the capacitance ratio between the coupling capacitance
and the input capacitance of the latches affects the latched time. The value of C; can
be, therefore, designed comparable to that of C;, to avoid a small §V. In addition,
in order to have a balanced slew-rate of the level-shifters, the coupling capacitance
ratio of between C; and C; can be another important factor after the latches have
been designed. Figure 12 shows the simulated slew-rate of the level-shifter as the
value of the coupling capacitance is varied accordingly, which the optimal design
can be found by choosing the corresponding coupling capacitance with SR* equal to
SR™. Since the coupling capacitor has to withstand a large voltage drop between
VDDH and VDD, on-chip MOM capacitors were employed in series to increase the
withstand voltage to 100 V for such applications. Figure 13 shows the schematic
diagram and layout of the on-chip MOM capacitor.

3.1.5 Final stage power inverter design

The external slew rate of the pulse generator is also affected by the final stage
design in addition to the balanced slew rate design of the level shifter. In order to
coordinate the final slew-rate, the size of one power transistor, MN1 shown in
Figure 7, is fixed, and the size of the other transistor, MP1, is swept accordingly.
The output package effect is considered when sweeping the size of the transistor.

The package type used for the pulse generator is QFN-88L. The corresponding
parasitic components are obtained using the ANSYS Q3D extractor. The outline of
the QFN-88L package is shown in Figure 14. Figure 15 shows the slew-rate of the
rising and falling edges of the final stage as the device size of MP1 changes in the
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Figure 12.
Simulated slew-vate of rising and falling edge of the level-shifter.
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Schematic of the on-chip MOM capacitor (M presents the layer of the overlapping fingers).
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Figure 14.
Package/chip joint design with the parasitic parameter extractions.
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Figure 15.
Simulated slew-vate of rising and falling edge of the final stage MOSFETS.
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simulated models. The optimum design width for this application is ~12,700 pm so
that the final stage power MOSFETSs operate at the same slew rate.

4. Experimental results

The proposed high-voltage pulse generator was fabricated in an 0.5 pm SOI-
CMOS technology, which allows mixing different structures such as CMOS for
digital circuits and high-voltage MOS structures for power and high-voltage appli-
cations on the same wafer with buried isolation layer [25]. Figure 16 shows a cross-
section of the SOI-CMOS process, and the high-voltage MOS transistors are fully
compatible with the existing CMOS process. The final stage power transistors used

High-voltage PMOS High-voltage NMOS
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Figure 16.
The cross-section view of high-voltage devices in a SOI-CMOS process.
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Figure 17.
The photo of the integrated 8-channel pulse generator.
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in the design are 150-V N- and P-channel drain-extension field-effect transistors
(FETs). The chip micrograph of the designed 8-channel pulse generator is shown in
Figure 17, and it measures 8000 x 3510 pm area. The performance verification of
the high voltage pulse generator was carried out by electrical and acoustic field
measurement, which will be introduced in the next section.

4.1 Electrical performance verifications

The performance of the high voltage pulse generator is measured with a phased
array probe using a 3.5 MHz gated input signal. The probe under test was
Broadsound BS7L3, which has a fractional bandwidth of over 60%. Figure 18 shows
the measured bipolar voltage waveform and its spectrum diagram is shown in
Figure 19. The second harmonic distortion is down to —40 dBc. The output voltage
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Figure 18.
Measured input signals and output waveform of the proposed pulse generator under a 1-K ohm resistance in

parallel with a 220-pF capacitance load.
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Spectrum analysis of the measured transmit waveform in Figure 18.
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This work LMgh550 MAXi14808 MDz2130
Voltage level a 4 5 Continuous
Technobogy 0.5 pm CMOS-801 Nfa NSA CMOS
(diserete)
Output voltage oto +70 ato +50 010 +100 O to +125
(v}
Operating up to up o up to up to
_Deqisney Mt 20 15 L 15
Besly current () S b s =
Rising lime (nsec) 18.6 18 21 -
Falling time 18.5 18 a1 =
(nsec)
Slew-rate 4.4 K 22K 38K -
(V/psec)
Cutput load 1k f2z0 pF 100 0/f430 tkaffzaopF 1 ko220 pF
pF
HDz (dRc) -40 -40 -43 ~46
Standby power L] 42 17 152
(mW)/channel

Table 1.
Measured performance summary and comparison.
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Figure 20.

1]

The 8-channel pulse generator in a single package and its assembly (a), ONDA acoustic field calibration system
(b), multiple-channel delayed high-voltage pulse output (c), and the wideband receiver of the sound field

measurement (d).
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can reach 100 Vpp with rising and falling times of 18.6 and 18.5 nsec, respectively.
The static DC current provided to the pulse generator is about 60 uA per channel,
which dissipates roughly 6 mW DC power. Table 1 summarizes a performance
comparison with several published works.

4.2 Acoustic field measurement results

The integrated 8-channel pulse generator test board for verifying transmit
beamforming was assembled. The experiment was performed using an ONDA
acoustic field calibration system. Figure 20a shows a picture of the designed 8-
channel transmitter test board, and Figure 20b shows the picture of the measure-
ment setup, mainly including a water tank to model the underwater environment
and a sound filed analyzer to synthesize the beamforming results. After generating
the input beamforming signals of different delay times by FPGA encoding, trans-
ducers are excited by these eight sets of high-voltage pulses. A wide dynamic range
preamplifier is used to measure the sound field produced by the PZT probe after
excitation by the pulse generator. Figure 20c presents the four-channel high-
voltage output (+70 V) with certain preset delay. Figure 20d presents the wide-
band receiver for the acoustic field measurements. Figure 21 shows the measure-
ments of transmit beamforming. The maximum 4 MPa was obtained at the focal
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Figure 21.

Measured underwater acoustic field using the 8-channel pulse generator (a) and the maximum 4 MPa was
obtained at the focal plane after beamforming (b).
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Figure 22.

The pulse-echo second harmonic leakage verification measurement setup with a patch transducer as the load of
the pulse generator (a), high-voltage bipolar pulses as transmitting signals (orange) and the receiving signals
(green) (b), and the spectrum analysis of the echo signals (c).

plane after beamforming. At a focal plane 3.5-4.0 cm away from the probe, the
beam intensity is about 180 wJ/cm?.

In order to verify the harmonic contents of the echo signal, another measure-
ment setup was carried out using a single-channel patch transducer with the
designed pulse generator. Figure 22 shows the measured echo signals after exciting
the patch transducer with the designed pulse generator. The existence of the
received green signal under the high-voltage transmitted pulses is due to the leakage
of the T/R switch. The second harmonic leakage at the receiver compared to the
fundamental signal is <40 dB, making the pulse generator suitable for harmonic
imaging applications.

5. Conclusions

Design and implementation of an integrated multiple channel high-voltage
bipolar pulse generator for medical ultrasound transmitter applications were well
addressed in this chapter. The proposed pulse generator can, assuming a capacitive
ultrasound probe, generate output pulses >140 Vpp with rise and fall times of 18.6
and 18.5 ns, respectively. The resulting second harmonic distortion of the high-
voltage pulse exceeds —40 dBc, meeting the requirements of ultrasonic transmitters
in harmonic imaging applications. The performance of the integrated 8-channel
ultrasonic pulses using the designed pulse generator was verified using the ONDA
sound field calibration system. Experimental results show that the architecture can
be used for advanced harmonic imaging ultrasound systems.
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Chapter 4

Determination of the Source
Localization and the Beginning
Time of the Acoustic Signal

Rostyslav Romanyshyn, Galyna Romanyshyn
and Igor Romanyshyn

Abstract

For the problem of PAT, that is, determining the coordinates and the beginning
time of an acoustic signal, it is necessary to carry out synchronized registration of
acoustic signals of a source using a multichannel receiving system. Synchronously
recorded signals are the signals with a delayed (long) front. A threshold method is
proposed for determining the arrival time of noisy acoustic signals with a delayed
front based on the evaluation of an adaptive threshold. An approach that allows to
reduce the problem of determining the coordinates and the beginning time of an
acoustic signal to solving a system of linear algebraic equations is proposed. Matrix
A of the system of linear algebraic equations depends on the arrival times of
synchronized registered signals (source coordinates). Therefore, when collecting
data for a given geometry of the product and the location of the receivers, it is
necessary to calculate areas, where matrix A is ill-conditioned. Areas of poor condi-
tionality of matrix A should be excluded from the permissible areas of location of
sources of acoustic signals. For these areas there will certainly be poor accuracy. The
results of simulation and experimental testing of the developed PAT technologies
are presented.

Keywords: acoustic signal, multichannel receiving system, source localization,
signal processing, linear algebraic equations, coefficient of conditionality of matrix
1. Introduction

The key technologies of PAT are:

* Synchronized registration of acoustic signals of sources by multichannel
receiving system

* Determination of the arrival times of the acoustic signals with the long
(delayed) front to the receivers of the multichannel receiving system

* Calculation of the source localization and beginning time of the acoustic signal
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* Calculation of the projection data—the propagation times of the acoustical
signal (averaged slowness) along the propagation paths from the source to the
receivers of the multichannel receiving system

* Tomographic reconstruction of the spatial distribution of the acoustic
characteristics of the material

If necessary, iterative refinement of the source localization of acoustic signals
and the spatial distribution of the acoustic characteristics of the medium is possible.

2. Synchronized recording of the acoustic signals

An important stage of the PAT is the synchronized recording of acoustic
signals by a multichannel receiving system, which is necessary to determine the
coordinates of the source and the beginning time of the signal.

Acoustic and electromagnetic synchronization of the recording of acoustic sig-
nals by a multichannel receiving system is used. In [1] a system for determination of
localization of cracks from acoustic emission signals in which synchronization of
recording is achieved by using an electromagnetic emission pulse is described.

The acoustic synchronization of the recording of acoustic signals consists in
the following. When a signal arrives at the nearest detector of the multichannel
receiving system, all other detectors start registering acoustic signals.

Synchronized recorded acoustic signals are the signals with delayed front. They
consist of two sections. The first section is a noise segment that is associated with
the time of propagation of an acoustic signal from a source to a receiver. This
section is used to determine projections (travel times or slowness averaged over
propagation paths). The second section is the noisy acoustic signal. This section is
used for determination of the signal travel time, which is used to calculate of the
source localization and beginning time of the signal.

3. The method for determination of the arrival time of an acoustic
signal with a delayed front

The measured parameters by PAT are the arrival times of synchronized regis-
tered acoustic signals by a multichannel receiving system.

The techniques of determination of the signal arrival type are dependent on this
signals nature, particular on the delayed front that is caused by the noise segment at
its beginning.

In Figure 1 an example of a particular time realization is shown, which is
registered from one of the channels of an eight-channel acoustic signals recording
system that were caused with a short blow with a scalpel on a steel plate.

To determine the arrival time of noisy signals with a delayed front, several
methods have been developed [1-3].

A new method for determining the arrival time of a signal with a noisy front
section was developed. The technique takes the attenuation of signals into account.

Let the implementation of the acoustic signal be a set of discrete samples:

s={sn)n =1, ...,N}. 1)

We choose the averaging filter window A and perform averaging of the signal:
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Then we calculate the modulus of changes between consecutive samples of
realization z:

d:{d(m)z|z(m+1)—z(m)|‘m:%+1, ...,N—%—l}. 3)

After this, we choose the averaging filter window and perform averaging of the
realization:

y=ym=5 > d(k)‘m=5+7+1, N =2 =S (4)

Further, we construct the line of a threshold that linearly decreases from p,, to 0

as the reading number m increases from 7 i, = % + % +1to Mmax = N — % -5k

A_ A
_ R Pt Sl st | S S _A A
p—{p(m)—pm<1 N—A—Ad—1>‘m_2+2+1""’N ENE (5)
The signal arrival time is then taken to be the reading m;, for which:
p(ms) = y(ms). (6)
The parameters A, Ay, p,, were selected based on experimental research.

Example of tima realization
3000 T T T T T T

<0
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Figure 1.

An example of a temporal implementation of a vegistered acoustic signal.
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When the arrival times of acoustic signals synchronized registered by the
recording system have been determined, the problem is to calculate the source
localization and beginning time of the acoustic signal.

4. Determination of the source localization and beginning time
of an acoustical signal

There are a number of methods of localization of acoustic sources [4-6].

Let us consider a 2D case and assume that we use a three-channel recording
system to determine the source localization and beginning time of an acoustic
signal.

Let (x0,,) be unknown coordinates of the source of acoustic signals and
(x1,1)> (x2,9,)> (x3,¥5) be the coordinates of the detectors. For the uniform distri-
bution of the propagation velocity of acoustic signal, we have:

c(t1 —to) = \/(xl —x0)>+ (31 —,)°
c(ty —ty) = \/(xz —x0)" + (¥, —y0)2 , (7)
C(tg — to) = \/(X3 *XO)Z + (y3 *)/0)2

where t1,1;,3 are the arrival times of the synchronized detected signals at the
detectors and £ is the beginning time of the acoustic signal.

In practical terms, we can only determine the times of delay in the signal’s arrival
at one detector with respect to another ¢; — 5,1 — t3. Based on Eq. (7), we obtain
the following system of two equations with two unknown coordinates of the source
of acoustic signals:

et —1a) = \/(xl —x0)" + (1= o) — \/(xz —x0)> + (3, =,)"
c(t1—t3) = \/(x1 —x0)* + (91 *)’0)2 - \/(x3 —x0)" + (73 *)’0)2

From the geometrical viewpoint, solving Egs. (7) or (8) reduces to finding the
point of intersection of several circles or hyperbolae, respectively.

We present an approach that allows us to reduce the problem of determination
of the coordinates of the source and the beginning time of an acoustic signal to
solving of a system of linear algebraic equations.

The source coordinates (in 3D-case) and beginning time of acoustic signals are
determined based on detecting of signal arrival times by four receivers:

(8)

(0 — ) + (7, —;Ve)2 + (zp —2e)" = Aty — )%

k= %)2 + (9 =3.)" + G —2)2 = At — )% ©
(=) + (y,—2.) + (@ —2)? = 2t — 1),

(on = %) + (9,0 =2.)" + (@ —2)" = P(tm — 1)

where (x,-, Vi Zis t,-) are the coordinates of the receivers and the recorded signal
arrival time (i = n,k,l,m) and (xe, V> Zes te) are the sought-for source coordinates

and beginning time of the acoustic signal. The z; coordinate is the same for all the
receivers that are situated on the surface of the test article. Let # be the ordinal
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number of the receiver that was the first to register the signal. If the receivers are
positioned equidistant on the sides of the article (which is taken to be a rectangle),
wehavek =n+ N/, =n+ Ns, and k == + 3/,N, where N is the number of
receivers that is a multiple of four.

After subtracting the first equation from the second equation, the first equation
from the third equation, and the first equation from the fourth equation for a
homogeneous medium (c = const), we arrive at the system of three linear algebraic
equations:

As =b. (10)
200, —x0)  2(y,—,) 26*(tn —te) )
Here A= | 20 —x4) 2(y,—y,) 2%ta—1t) |55= (XesY,ote, ) isthe
20m —xn) 2( 9, —9,) 22(tn —tm)
(® = a®) + (907 = 9,7) + 2 (tn® = 1)
sought-for vector, and b = | (x? —x,%) + (2 —»,2) + A(t> —1*) |.The
(tn? = 2%02) + (9,2 = 9,2) + (b — )

coordinate z, is determined from Eq. (9).

If the thickness of the article is considerably smaller than its length or width, we
can take z, to be half of the article thickness.

The matrix A depends on the arrival times of synchronously detected signals
(the source coordinates). Therefore the allocation of the area where matrix is ill-
conditioned should be determined when gathering data on the test article with the
prescribed geometrical parameters and known receivers disposition (x.,,,%).

The condition number of a matrix is given by [7]:

k= x| (11)

- b
|/1min |

where |Amax| and |Amin| are the maximal and minimal (by moduli) eigenvalues of
A, respectively.

110

Figure 2.

Dependence of the condition number of the matrix on source coordinates.
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Figure 2 provides an example of the dependence of the matrix condition num-
ber on the source coordinates (x,,y,) for a plane-parallel object with dimensions
96 x 128 x 8 mm, with the receivers situated on the object surface at the centers of
the sides. The domains where the matrix A is ill-conditioned must be excluded from
admissible domains for the location of source of acoustic signals.

5. Description of the experimental setup and results
of experimental testing

An experimental bench (an eight-channel acoustic emission tomograph [8]) was
developed for experimental testing of the techniques of passive ultrasonic tomog-
raphy. It is based on an eight-channel recording system that allows synchronized
detection of acoustic signals with a 12-bit ADC with a sampling rate of 10-65 MHz.
Acoustic and electromagnetic synchronizations for detection are provided in the
tomograph. Experimental testing of the techniques was performed with a thick
sheet St20 plate (480 x 640 x 30 mm) with a welded joint across the middle of the
shorter side (at x = 240 mm, if the x axis is directed along the shorter side).
Wideband DISM1 acoustic emission transducers [9] with a transmission bandwidth
of 200-1200 kHz manufactured at the Bakul Institute of Superhard Materials of
NAS of Ukraine were used for registration of acoustic signals. The transducers were
attached to the butt ends of the sides at “points” with the coordinates (in mm)
(160, 0); (320, 0); (480, 640/3); (480, 640 x 2/3); (320, 640); (160, 640);

(0, 640/3); and (0, 640 x 2/3).
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Figure 3.

An example of time realization of acoustic signals, synchronously detected by an eight-channel receiving system
after a knock with a scalpel.
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Figure 4.
The vesults of experimental studies of the accuracy of determining the coordinates of the source.

Figure 3 provides an example of time realizations of acoustic signals that were
synchronously detected by the eight-channel recording system after fast knock on
the metal plate with a scalpel. Synchronization was achieved by the electromagnetic
method (i.e., the channels were triggered for recording of acoustic signals by a
knock on the plate with the scalpel).

Experimental testing of the suggested method for determining the signal arrival
time was performed implicitly, based on calculating the source coordinates and
beginning time of acoustic signals.

A great deal of experiments were held in determining the location of signal
source for different positions of the excitation point. Results of determination of
source coordinates based on synchronously experimental registered realization for a
knock on the plate with the scalpel near the location (110 mm, 110 mm) are
presented in Figure 4.

6. Conclusions

The important problems of the PAT are the determination of the arrival time of
the synchronously registered signals by the multichannel receiving system and
calculation based on these source coordinates and the beginning time of the acoustic
signal.

The method of determination arrival times of synchronously registered acoustic
signals with a delayed front based on the use of an adaptive threshold is proposed.
The threshold is chosen according to the linear dependence of the decreasing of
threshold with the increasing of the delay.

The approach to the determination of the source coordinates and the beginning
time of acoustic signal on the basis of the problem reducing to the solving of the
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system of linear algebraic equations is proposed, which allows to estimate the
accuracy of determination of the source coordinates and the beginning time of the
acoustic signals. The matrix of the system of linear algebraic equations depends on
the location geometry of the source and receivers of the multichannel system. Those
sources, for which the matrix of the system of linear algebraic equations is poorly
conditioned, are not taken into account when collecting projective data.

The results of simulation and experimental testing of the proposed technologies
confirmed their effectiveness.
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Chapter 5

Photoacoustic Imaging in

Gastroenterology: Advances and
Needs
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Abstract

Gastroenterologists routinely use optical imaging and ultrasound for the
minimally invasive diagnosis and treatment of chronic inflammatory diseases and
cancerous tumors in gastrointestinal tract and related organs. Recent advances in
gastroenterological photoacoustics represent combination of multispectral and
multiscale photoacoustic (PA), ultrasound (US), and near-infrared (NIR) fluores-
cent imaging. The novel PA endoscopic methods have been evaluated in preclini-
cal models using catheter-based miniature probes either noncontact, all-optical,
forward-viewing probe or contact, side-viewing probe combined with ultrasound
(esophagus and colon). The deep-tissue PA tomography has been applied to
preclinical research on targeted contrast agents (pancreatic cancer) using bench-
top experimental setups. The clinical studies engaging human tissue ex vivo have
been performed on endoscopic mucosal resection tissue with PA-US tomography
system and intraoperative imaging of pancreatic tissue with PA and NIR fluores-
cence multimodality. These emerging PA methods are very promising for early
cancer detection and prospective theranostics. The noninvasive transabdominal
examination with PA-US handheld probe has been implemented into clinical trials
for the assessment of inflammatory bowel disease. To facilitate translational and
clinical research in PA imaging in gastroenterology, we discuss potential clinical
impact and limitations of the proposed solutions and future needs.

Keywords: photoacoustic endoscopy, optoacoustic tomography,
gastrointestinal tract, Barrett’s esophagus, intraoperative, pancreatic cancer,
inflammatory bowel disease

1. Introduction

Gastroenterology is a field of medicine that studies the gastrointestinal (GI)
tract and its disorders. The GI tract consists of the mouth, pharynx, esophagus,
stomach, small intestine (duodenum, jejunum, ileum), large intestine (also called
colon which consists of the cecum, rectum, and anal canal), appendix, liver, and
pancreas [1]. Imaging techniques used for the diagnosis and treatment of gastro-
intestinal disorders mainly include noninvasive methods (such as whole body and
transabdominal imaging), minimally invasive methods (such as endoscopy), and
invasive methods (such as intraoperative imaging) (Figure1).
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Imaging in Gastroenterology
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Figure 1.

Dl%gmm of imaging modalities applied in gastroentevology: CT, computed tomography; MRI, magnetic
resonance imaging; US, ultrasound imaging; PA, photoacoustic imaging; WLE, white light endoscopy;
NBI, narrowband imaging; PAE, photoacoustic endoscopy; OCT, optical coherence tomography; CLE,
confocal laser endomicroscopy; EUS, endoscopic ultrasound; IOUS, intraoperative ultrasound; NIR,
near-infraved.

The word endoscopy is derived from the Greek words endo (within) and
skopein (to see). Endoscopy is a medical procedure that employs a medical instru-
ment called the endoscope, which is inserted directly into an organ or cavity (e.g.,
esophagus), thereby allowing a gastroenterologist to visualize and examine the
organ’s interior. Organs and cavities of the gastrointestinal tract that can be visual-
ized and examined by endoscopy include (i) the esophagus, stomach, and duode-
num (esophagogastroduodenoscopy); (ii) the small intestine (enteroscopy);

(iii) the large intestine (colonoscopy, sigmoidoscopy); (iv) the bile duct and pan-
creas (endoscopic retrograde cholangiopancreatography, also known as ERCP); and
(v) the rectum (rectoscopy) and anus (anoscopy); when both the rectum and anus
are examined together, the procedure is called proctoscopy [2].

As a clinical specialty, gastroenterology relies upon endoscopy mainly for the
following purposes:

a.To detect pathologies like ulcers, varices, inflammation, and bleeding—which
are not visible to the naked eye.

b.To confirm diagnosis of cancers by taking biopsies.

c.To treat pathologies in a minimally invasive manner. For example, treating a
bleeding vessel by cauterization, a narrow esophagus by widening (endoscopic
dilation), polyps and foreign bodies by removal, and varices by banding.

Gastrointestinal endoscopy is continually evolving to enable early detec-
tion of diseases, which can significantly impact treatment outcomes. The best-
known endoscopic imaging methods in practice are (1) white light endoscopy,
(2) narrowband imaging, (3) optical coherence tomography, (4) confocal laser
endomicroscopy, and (5) endoscopic ultrasound. In this section, we will discuss
these endoscopic imaging techniques and highlight their main advantages and
limitations.
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1.1 White light endoscopy

White light endoscopy (WLE) is the most commonly used endoscopic imaging
modality. WLE applies the full spectrum of visible white light (400-700 nm) to
visualize the outermost lining of the GI tract (also called the mucosa or epithelium)
[3]. Xenon lamps are used to produce white light, which is transmitted through a
filter and then reflected by the mucosa. A CCD camera then processes the reflected
light to an image monitor. The image can either be of a standard resolution or can be
magnified up to 150 times in the more recent versions [4]. WLE detects slight color
changes on the mucosa (slight redness and pallor). However, it is incredibly chal-
lenging to detect early cancer; as in early stages, the lesion is usually unremarkable,
with no significant color changes. Furthermore, WLE is limited by what the human
eye can see and is often associated with low sensitivity for the detection of early
neoplasia. Consequently, in attempts to increase the sensitivity of WLE, chromo-
endoscopy is often added. Chromoendoscopy is a technique in which special stains
are topically applied to the mucosa during endoscopy. Chromoendoscopy highlights
subtle irregularities in the mucosa [5], and while it can help the gastroenterologist
uncover some lesions invisible to the naked eye, the specificity is often quite low.

1.2 Narrowband imaging

Narrowband imaging (NBI) is one of the most widely available optical imaging
techniques today. In addition to highlighting subtle differences in the epithelium
(like the combination of WLE and chromoendoscopy does), NBI can also highlight
changes to the subsurface mucosal vascularization, without the use of any special
stains or dyes. It can be activated by pressing a button on the endoscope, and once
activated it uses special filters to narrow the wavelength range of the emitted light
into blue (400-430 nm; centered at 415 nm) and green light (525-555 nm; centered
at 540 nm) [6]. This system exploits the principle of depth of light penetration
in accordance with the Beer-Lambert law: the shorter the wavelength, the more
superficial the penetration. The blue filter is designed to coincide with the peak
absorption spectrum of hemoglobin, and it enhances the mucosal vasculature,
like capillaries, which appear brown under NBI. The green light penetrates deeper
and enhances the appearance of submucosal vasculature, like veins, which appear
cyan [7]. Computer processing can further enhance the images. Since increased
vasculature is one of the earliest signs associated with cancer, NBI helps with the
detection of early cancer. By helping the gastroenterologist visualize and differenti-
ate abnormal cancer margins from normal healthy tissue, it also helps determine the
mucosal areas that should be biopsied. However, NBI is not able to image submuco-
sal abnormalities.

1.3 Confocal laser endomicroscopy

The term confocal refers to the alignment of both illumination and collection
systems in the same focal plane. Confocal laser endomicroscopy (CLE) focuses blue
laser light (488 nm) through a single lens on to a specific target, with subsequent
detection of the fluorophores (excitable using 488 nm laser light) in the tissue
through a pinhole [8]. Typically, endomicroscopes have a miniaturized scanning
head at the tip of the endoscope or execute the scanning outside the patient transfer-
ring the scan pattern of the tissue through an optical fiber bundle. CLE can provide
high-resolution images (~0.7-1 pm) of the GI mucosa at a cellular and subcellular
level, with a field of view of ~200-300 pm [9]. By delivering real-time surrogate
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“optical biopsies,” it enables physicians to interpret histology in real time. Since the
first visible neoplastic changes in epithelial cancers occur at a cellular level (such

as increased nucleocytoplasmic ration, irregular shape and size of the nucleus,
fragmentation of nucleus, prominent nucleoli, etc.), it facilitates early detection and
treatment of cancer. It allows for targeted biopsies of abnormal mucosa, thereby
decreasing unnecessary biopsy as compared to WLE. Besides the esophagus and
colon, it is also able to provide an optical biopsy within the pancreas [10]. Since

CLE relies upon tissue fluorescence, intravenous or topically applied contrast agents
(dyes) are required [11]. The major disadvantage of CLE is a small field of view

(<1 mm) when compared to the area of examined surfaces (several cm).

1.4 Optical coherence tomography

Optical coherence tomography (OCT), also known as volumetric laser endo-
microscopy (VLE), is a more recent endoscopic imaging technique. OCT is based
on the same echolocation principle as an ultrasound but uses light waves instead
of acoustic waves [12]. The OCT imager’s probe can be introduced through the
accessory channel of an endoscope and be directed toward the area of interest. It
is then kept in contact with the mucosal surface. OCT uses near-infrared (NIR)
light (700-1500 nm range of wavelength) and directs it at the target tissue. Using
an interferometer device setup, the differential light scatter is picked up, inter-
preted, and converted into a cross-sectional image. The typical axial resolution is
around 7-10 pm which enables the cross-sectional images to provide information
about the architectural morphology of the GI epithelium at a microscopic level.
The lateral resolution of OCT is about 30 pm, and depending on the applied
wavelength of light, depth of penetration for OCT is around 2-3 mm [13]. Since
tissue is relatively transparent, the longer wavelength can penetrate deeper than
CLE. However, the lateral resolution is lower than that of CLE (CLE resolution
isup to 1 pm). While OCT resolution is able to detect deeper structures (e.g.,
crypts and glands), it cannot pick up microscopic nuclear changes, such as
nuclear dysplasia. The main advantage of OCT is the deeper penetration, which
would help detect cancer in the submucosal layer (the layer present right below
the mucosa) [14]. On the other hand, clinical interpretation of OCT images can
be challenging.

1.5 Endoscopic ultrasound

Endoscopic ultrasound (EUS) can differentiate between the various layers of the
gastrointestinal tract and provide anatomical and structural details. It can employ
a broad range of frequencies (5-20 MHz) to provide images with a variable depth
of penetration (5-6 to 1-2 cm) and resolution (2-3 to ~0.2 mm) [15]. The most
routinely used EUS array has a central frequency of 7.5 MHz. EUS is limited by a
lack of specificity and an inability to differentiate between pathologies due to poor
contrast (for example pancreatitis from pancreatic cancer) and is of limited use in
picking up early and metastatic cancer. Additionally, EUS is a technique that largely
depends on the operator’s skills and has a significantly long learning curve for
novice gastroenterologists [16].

The aforementioned imaging techniques have come a long way since their incep-
tion, but are still far from perfect in several ways. Imaging that relies on WLE is
substantially limited by what the human eye can see and detect on the surface, with
no insight into the subsurface or cellular level. Techniques like NBI and CLE are able
to provide a higher resolution but cannot reach superior depths of penetration. OCT
and EUS can penetrate deeper into the tissue but are limited by poor contrast, which
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makes interpretation of pathology difficult especially for early detection. Therefore,
they are usually associated with low sensitivity and specificity. Figure 2 summa-
rizes the aforementioned optical methods of endoscopy.

The field of endoscopic imaging is continuously being upgraded in an attempt
to address some of the abovementioned concerns. An emerging imaging technique
known as photoacoustics (PA) may have a major advantage over other imaging
modalities in both resolution and penetration depth.

1.6 Photoacoustic imaging

The basic principle of photoacoustic (aka optoacoustics) imaging is derived
from the photoacoustic effect: (1) it uses a pulsed nanosecond-long laser light
to illuminate a target tissue, and (2) when the energy of laser light is rapidly
absorbed and followed by fast heating of material, it is converted into pressure
wave via thermoelastic expansion of the targeted tissue. Using detected acoustic
signals, the PA images can be reconstructed by means of algorithms of computed
tomography (CT).

The amplitude of a generated PA pressure wave, p, can be described by the
formula [17, 18]:

V2
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r

with the optical absorption coefficient y,, the local optical fluence F, and
the dimensionless Griineisen parameter I" representing thermoelastic efficiency of
the medium. The Griineisen parameter is temperature sensitive and depends on the
volumetric thermal expansion coefficient (), the speed of sound (V;) for longitu-
dinal waves, and the specific heat capacity at constant pressure (C,) [19, 20]. In the
tissue, a rise of temperature AT ~ 10~°C generates a pressure wave of p ~ 1 kPa.

The depth of imaging is correlated with (a) the depth of light penetration in
materials and (b) the detection sensitivity of an US transducer that varies with its
frequency range. Since PA imaging combines the use of light and sound, it can pro-
vide spatial resolution at the scale of optical imaging (up to submillimeter range)
and a penetration depth across US dimensions (at centimeter range).

Endoscopy Endomicroscopy
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Figure 2.
Comparison of endoscopic imaging modalities: (a) WLE, (b) NBI, (c) CLE, and (d) OCT. (a—c) Images by
Prof. Sharmila Anandasabapathy, MD. (d) Image courtesy of Prof. Guillermo J. Tearney, MD, PhD.
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Resolution of PA images can be affected by multiple factors. Heat-generating
optical energy must be delivered to the tissue faster than the producing pressure
wave can propagate the distance equal to the desired spatial resolution. Therefore,
the use of nanosecond optical pulses is a necessary (but not sufficient) condition to
achieve the desirable spatial resolution. Besides, a temporal response function of a
pressure-wave detector has to be not slower than the optical-pulse duration to make
sure that the desirable spatial resolution is achievable.

Tissue structure can be represented by PA images only if acoustic detectors are
capable to resolve rapid changes in PA signals associated with boundaries and sharp
edges in tissues and reproduce slow changes associated with smooth variation in
optical properties within the tissue at once. That is to say, acoustic detectors must
register both high and low ultrasonic frequencies of acoustic pressure at the same
time. Such acoustic detectors are called ultra-wideband acoustic transducers [18, 21].

It is challenging to detect PA signal properly. The US detection bandwidth of an
acoustic transducer defines the limits of axial (depth) resolution. Furthermore, the
lateral resolution of PA images is provided by an array of transducers and depends
on the dimensions of each acoustic transducer and the geometry and dimensions
and of the US transducers in an array. Scanning a single transducer along tissue
surface can simulate the array.

In practice, PA imaging is frequently combined with conventional US detectors.
At the same time, conventional US detectors have relatively narrowband character-
istics due to its design to both transmit and receive acoustic wave. Spectral ampli-
tudes of typical PA signal and US transducer parameters are illustrated on Figure 3.

Conventional piezoelectric transducers limit the potential axial resolution of
broadband PA signals. Note that all-optical detectors of PA signal are wideband and
have significant advantage in these terms [22, 23].

In general, the depth-resolution ratio defines the quality of PA imaging system.
The tradeoff between depth and resolution leads to three types of PA imaging
methods: microscopy (pm-scale, cellular), mesoscopy (mm-scale, microvascula-
ture), and macroscopy (cm-scale, organs).

Scanning PA microscopy can demonstrate resolutions greater than 50 pm (e.g.,
resolving capillary bed and even single erythrocytes) [24] at depths that are beyond
the optical diffusion limit, something which is not achievable with conventional
microscopy methods (depths are up to 4-5 mm). Additionally, spatial resolution
and penetration depth are somewhat mutually exclusive in imaging techniques like
the ultrasound (i.e., as the penetration depth increases, spatial resolution decreases
and vice versa). PA imaging in gastroenterology mostly employs meso- and
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Figure 3.
Spectral amplitudes of broadband PA signal and conventional US transducer.
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macroscopic scale. PA deep-tissue imaging uses NIR light to generate an acoustic
signal allowing for more clinically relevant penetration depth up to several centi-
meters, along with maintenance of spatial resolution (resolution of 0.2-2 mm at
reported imaging depths of 3-7 cm) [18]. Combining clinically relevant depth with
high resolution can make it possible to unmask inconspicuous “flat” lesions during
early stages of cancer development. It can also help with determining the extent of
the tumor depth both intraoperatively and postoperatively. Figure 4 resumes the
depth of penetration associated with the aforementioned imaging modalities on the
example of the esophageal lining tissue.

Unlike other imaging modalities, PAI can use endogenous chromophores such
as oxyhemoglobin, deoxyhemoglobin, lipid, water, and melanin. The NIR light
has longer wavelengths (700-1000 nm) than the visible light range, and these
wavelengths can be used to reach deep within the tissue and provide detailed
information about its composition. In addition to revealing normal physiological
characteristics (total hemoglobin concentration, O, saturation of hemoglobin, blood
flow, temperature), it can help physicians detect hypoxia, perfusion, and increased
vasculature (also called neoangiogenesis—which is an early sign of cancer) through
anatomical and functional imaging, relying exclusively on endogenous contrast agent
(without dyes). Exogenous agents can also be used to provide molecular imaging,
to enhance the contrast further, and to facilitate deeper penetration. They can be
used in a targeted manner to target molecular-specific processes, such as biomarkers
specific to inflammation or certain type of tumors. For example, cancer develop-
ment is associated with increased permeability of the vasculature, which leads to
extravasation of the contrast agent use. Overall, by providing a high optical contrast,
it helps differentiate the cancer margin from the surrounding healthy tissue in real
time. Lastly, it is quite similar and also naturally compatible with the ultrasound in

WLE CLE NBI OCT PAE

~10-30 pym
Mucosa
~300 ym
~300-400 pm
Submucosa
=2-3 mm
Muscle

*3-'? mm
Connective tissue

Figure 4.
Schematic summarizing the depths of penetration into esophagus tissue for routine and emerging imaging
techniques.
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principle and operation. It is portable and can be used in real time and requires no
special training. It does not utilize ionizing radiations and is therefore minimally
invasive and safe, making it an easily adoptable technology for physicians. In the
upcoming sections of this chapter, we will discuss most recent PA imaging applica-
tions for gastroenterology.

2. Applications of photoacoustic imaging in endoscopy
2.1 Esophageal cancer

Esophageal adenocarcinoma carries a significant disease burden in the Western
world. Barrett’s esophagus (BE) is the most important risk factor for developing
esophageal adenocarcinoma. Patients with BE are at 30- to 125-fold increased
risk of developing cancer than the general population [25]. Patients who develop
high-grade dysplasia (HGD) from BE have an even higher chance of developing
esophageal adenocarcinoma [26]. Indeed, early detection of Barrett’s esophagus sig-
nificantly improves treatment outcomes, yet accurate detection of dysplasia in BE
still remains a challenge. In BE, the normal esophageal squamous mucosa (which
appears white under WLE) is replaced by an intestinal-type columnar mucosa
(appears salmon pink under WLE). The current standard of care includes taking
targeted biopsies of visible lesions under WLE guidance, which are then sent over to
histopathology for staging. However, since this approach cannot sample the entire
esophagus, the chances of missing dysplasia (precursor to cancer) are very high
[27]. Additionally, the screening is just limited to the mucosa, making detection of
submucosal invasion impossible.

Indeed, techniques like NBI and CLE yield high-contrast, subcellular images,
but they fall short in terms of depth (1.5-2 mm) [28], which is not sufficient to
detect submucosal invasion. Tumors that have invaded the submucosa are treated
by surgical removal of the esophagus (esophagectomy) which is often associated
with significant mortality and decreased quality of life, whereas tumors that have
not yet invaded the submucosa can be treated by less aggressive techniques like
endoscopic mucosal resection (EMR). There is a clinical need for developing an
imaging modality that can detect dysplasia in vivo and also image beyond the
mucosa layer into the submucosa. Since PA microscopy can provide high-resolution
imaging of the microvasculature, it can help to bridge these gaps by helping
physicians to differentiate between nondysplastic and dysplastic BE early on.
Additionally, it is also capable of imaging deeper into the tissue (up to 3-5 mm) and
reaching the submucosal layer, thereby also helping with staging of the cancer in
real time. In the next section of this chapter, we will talk about an in vivo preclinical
and an ex vivo clinical study that used PAI to help detect esophageal cancer.

2.1.1 Noncontact, all-optical photoacoustic endoscopy

A miniature, all-optical, forward-viewing PA catheter for high-resolution 3D
endoscopy was developed by Ansari et al. [29]. The sensor provided the necessary
broadband (1-70 MHz), well-behaved frequency response for faithfully recording
the wideband acoustic frequency spectrum of photoacoustic waves. A 3D image had
a cylindrical field of view of 3.5 x 7 mm; the diameter of the catheter was 3.2 mm.
The lateral resolution ranged from 40 pm at a depth of 1 mm to 175 pm at a depth
of 7 mm. These variations arise because the solid angle that is subtended by the
absorbers to the FP sensor plane decreases as the depth increases. The first tests
were performed on highly vascularized tissue samples and demonstrated great
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potential of the method (Figure 5). Excitation laser wavelength, 590 nm; pulse
repetition frequency, 30 Hz; and incident fluence, 15 m]J/cm?, which is lower than
the American National Standards Institute (ANSI) laser safety limit (20 mJ/cm?),
were used.

The microvasculature can be seen very well. The data acquisition time was as
long as 25 min and cannot be considered as clinically relevant; though, in the future
this parameter can be improved applying a faster laser with pulse repetition rate up
to 200 Hz and parallelizing readout of the sensor. The technique described above
addressed some of the needs for early diagnostics of esophageal cancer (since BE
is associated with increased vasculature) and demonstrate capability to image
partially submucosa. However, to the best of our knowledge, no examination of this
method was performed on esophagus so far either in vivo or ex vivo.

2.1.2 Catheter-based photoacoustic ultrasound endoscopy

The use of contact (coupling required) multimodal photoacoustic and ultrasonic
endoscopic imaging to two rabbit esophagi, to investigate the esophageal lumen
structure and microvasculature, was demonstrated by Yang et al. [30]. Both in vivo
and ex vivo studies were performed, and high-resolution photoacoustic images of
vasculature network in the walls of GI tract were acquired and analyzed. To per-
form this experiment, they used a catheter-like side-viewing photoacoustic endo-
scope/endoscope ultrasound miniprobe (PAE-EU). This setup allowed to image
internal walls of the GI tract using both PA and US simultaneously. A wavelength of
584 nm with a laser energy of 0.3 mJ/pulse was used to produce PA image contrast
proportional to the hemoglobin concentration. The detection transducer was fabri-
cated as ~36 MHz, 65% fractional bandwidth that allowed a penetration depth of up
to 3.5 mm. The field of view of the endoscopic scanning system was 7 mm, and its
angular field of view was set to 270 degrees. A focused US transducer detected 1D
depth-resolved signals (or A-lines), and cross-sectional images (or B-scans) were
produced using rotation of a scanning mirror that directed optical and acoustic
waves. Data acquisition system collected dual-wavelength photoacoustic and

Figure 5.

(Ag) Schematic of the all-optical forward-viewing PA endoscopy probe includes the magnified distal end of
individual fiber-optic coves in the coherent fiber bundle and ultrasound sensor based on the principle of fabry-
perot (FP) interferometer. (B) High-vesolution PA images of ex vivo capillary network of the chorioallantoic
membrane that surrounds the avian embryo. X-Y maximum intensity projections (MIPs) for depth range

& = 0—200 um of two regions on the same sample with the microvascular anatomy. (C) X-Y MIPs for the depth
range z = 0—1.5 mm for the same two regions as Panel B, vespectively, and Y-Z MIPs. The images are reproduced
from open-source publication [29] with author permission.
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ultrasonic B-scan images in real time (~4 Hz) during the experimental procedure.
The endoscopic probe had a diameter of 3.8 mm and a working distance of 0.5 mm
from the probe surface which were optimal for a rabbit esophagi. The recently
upgraded version has diameter of 3.2 mm and fits within the 3.7 mm diameter of
instrument channel of a standard clinical video endoscope (Figure 6).

Two intact rabbit esophagi were imaged using the above setup. The rabbits
were fasted for 12 h and adequately anesthetized before the procedure. They were
then laid down at a slight incline in a supine position. Since water is able to provide
acoustic couple, the esophagi were filled with water; following which the endo-
scopic probe was inserted through the mouth and advanced using gentle force,
until it could no longer be advanced gently (25-30 cm). At this point, simultaneous
PA and US imaging were initiated and images were acquired. Following in vivo
imaging, the rabbits were euthanized, and their esophagi were imaged again in an
ex vivo setting, using the same procedure. On completion of the ex vivo imaging,
samples were collected for histology, and the results were later compared with the
PA and US images.

In vivo imaging results: cross-sectional PA images and corresponding coregistered
US images of vasculature within the esophagi were acquired. Since the images were
acquired over several respiration cycles, they had significant motion artifact, which
resulted in an uneven mapping of the vasculature. With assistance from a filter-
ing algorithm and at the expense of spatial resolution, the motion artifacts were
artificially corrected. Ultimately, only larger vascular structures and organs like

Figure 6.

(Agund B) Photos of the catheter-based PA and US probe within the 3.7 mm channel of a clinical video
endoscope. (C and D) Side-viewing design of distal end of the combined probe. (E and G) Normalized PA
images of rabbit esophagus show the total Hb distribution in vivo and ex vivo, correspondingly. The left side is
the lower esophagus; the right side is the upper esophagus. (F and H) Total Hb distribution in the mediastina
in vivo and ex vivo, corvespondingly. AO, aorta; TC, trachea; AL, accessory lobe; LL, left lobe; RL, right lobe;
CA, carina; CVC, caudal vena cava; LBVa, 2, large blood vessels; CC, cricoid cartilage. Scale bar, 10 mm.
(1and J) B-scan images PA (red) and US (green) as indicated at E, F: esophageal wall (EW) is less contrasted
on US image than on PA image. The images ave veproduced from open-source publication [30] with author
permission.
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the inferior vena cava, aorta, and parts of the pulmonary vasculature were visible.
Unfortunately, following the correction, the finer vessels were blurred out and were
not visible.

Ex vivo imaging vesults: the absence of motion artifact in the ex vivo experiments
enabled the acquisition of higher-quality, uninterrupted 3-D maps of the esopha-
geal vasculature. The PA data was clearer, stronger, more detailed, and overall supe-
rior than the US data. Vascular structures (both major and feeding vessels) were
clearly visible, whereas in US the smaller vessels were not as clear. Using PA, the
group was also able to measure the blood vessel diameter, based on the PA esopha-
gus distance maps. On comparing PA and US images with histology, it was found
that the PA images provided clear boundaries of the esophageal wall, consistently
throughout the length of the esophagus. This can be attributed to a strong PA signal
generated by the capillary dense submucosal layer. However, the US did not show
clear boundaries of the mucosal and submucosal layers consistently, mainly due to
weak signal intensities in these layers. Wall thickness of the esophagus calculated
using PA varied only slightly from the histological images (PA were thinner than
histological images). This slight change can be attributed to distortion of the tissue
during histological fixation. Thorough analysis of PA-US overlapped images made it
possible to identify the submucosal layer of the esophagus along with the surround-
ing vasculature like the aorta and inferior vena cava [30]. Thus, PAE can provide
label-free visualization of microvasculature (as small as 190 pm), which exceeds the
capability of current EUS technique in the esophagus. While Doppler ultrasonog-
raphy can image blood vessels, it can only image large blood vessels which lowers
its sensitivity. Since PAE can image smaller blood vessels, it is far more sensitive
and could prove to be an invaluable asset for diagnosing BE. Moreover, PAE can
also visualize vasculature in the surrounding mediastinal region, which can prove
helpful intraoperatively (during esophagectomy). Since a majority of modern endo-
scopes have narrow working channels, further miniaturization of the tool to about
2.8 mm in diameter is required. Furthermore, if motion artifacts can be decreased,
this technique can be used not only for diagnosing BE but also for guiding surgical
procedures like esophagectomy. Motion artifacts can be reduced by increasing the
scanning speed and by adding respiratory gating to the image acquisition. Next, we
will talk about an ex vivo study that was done in human samples.

2.1.3 Ex vivo endoscopic vesection tissue with PA tomography system

An ex vivo feasibility study in humans that used PA imaging in patients
undergoing EMR for dysplasia was conducted by Lim et al. [31]. The aim of this
study was to identify microvascular patterns associated with dysplasia in ex vivo
samples, with the long-term goal of performing in vivo PA imaging for the detec-
tion of dysplasia in patients. In this study, a commercially available photoacoustic
tomography imaging system Vevo LAZR (VisualSonics, Toronto, Ontario, Canada)
was applied. A linear-array US transducer of 40 MHz central acoustic frequency
and 256 elements (LZ550, VisualSonics) were integrated with fiber-optical bundles
to provide a cross-laser-beam geometry for optical excitation. Photoacoustic and
US images were recorded and displayed at a frame rate of 5 Hz. PA and US scans
were obtained from a total of 13 ex vivo EMR samples from 8 patients. Excised
tissues were mounted using ultrasound gel onto a plastic dish filled with gelatin
(5% weight of 40 mL volume) to minimize acoustic signals from the dish. Because
of the cross-laser-beam geometry of the PA imager fiber bundle attached to the
transducer, there was an optimal photoacoustic zone located between 9 and 11 mm
in front of the probe. Hence, they positioned the top surface of the tissue at 9 mm
for consistency between samples.
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PA imaging scans were made at each wavelength of 680, 750, and 850 nm.
Additional measurements were made at 824 and 970 nm in anticipation of future
work, in which this data would serve as controls in studies of topical biomarker-
targeted porphyrin-lipid nanoparticle contrast. The transducer was mounted onto a
motorized translational stage and scanned over a 3D volume at ~0.06 mm step size.
The PA imaging laser power was below the ANSI maximum permissible exposure
for skin (20-70 mJ/cm2 for 680-970 nm), avoiding any tissue heating that might
damage the tissue, as confirmed on subsequent histopathology. Once data acquisi-
tion was completed, the specimen was marked and sent for histopathology.

The relative concentrations of oxyhemoglobin (HbO,) and deoxyhemoglobin
(Hb) were estimated by PA imaging intensity using two wavelengths of 750 nm and
850 nm. The relative total hemoglobin was then given by the sum of relative HbO,
and Hb values. PA images were used for a 3D reconstruct of the complete EMR
tissue. The US provided structural information, while the PA imaging provided
functional information about the distribution of endogenous absorbers (blood)
within the tissue. While there were no differences seen relative hemoglobin (HbT)
among the various subclasses of BE, a higher relative HBt was seen in BE as com-
pared to normal squamous mucosa. Since BE is associated with increased vascu-
lature, it makes sense that it appears salmon pink under WLE (whereas normal
tissue appears white). Even though this study did not utilize submucosal tissue, PA
imaging data was detected beyond 2 mm from the tissue surface. A major limitation
of this study was that distinction between dysplastic BE and nondysplastic BE could
not be made on resected tissue. Further studies are needed to find out if PA imaging
can help detect dysplasia. However, owing to its penetration depth capability, PA
imaging can be very useful for endoscopic cancer staging. Note that the selection of
more optimal PA imaging system also can improve the outcome.

2.2 Inflammatory bowel diseases

Inflammatory bowel disease (IBD) is widely prevalent and carries a significant
burden around the world [32]. While the diagnosis is usually a clinical one, colo-
noscopy is performed for confirmation. Patients with a long-standing history of
the disease (8-10 years) are at a higher risk of developing colorectal cancer. Annual
screening colonoscopies are advised to detect early cancer changes (dysplasia) and
to monitor the status of the disease in these patients. Colonoscopy is a minimally
invasive but uncomfortable procedure that is necessary in this patient population.
Real-time multispectral optoacoustic tomography (MSOT) imagers can detect the
oxygenated and deoxygenated hemoglobin in tissue, thereby allowing physicians to
detect structural and vascular changes associated with IBD in a noninvasive man-
ner. More recently, MSOT can use combined photoacoustic and ultrasound signals,
which further improves its radiologic capabilities. In this section we will discuss
three studies that used MSOT to study IBD. First, we will talk about a preclinical
study that used MSOT to study inflammatory and early cancer changes associated
with IBD, in mice.

2.2.1 Preclinical studies

Bhutiani et al. [33] tested the usefulness of this MSOT to assess inflammatory
and dysplastic changes associated with IBD, in bowel murine models. The goal of
the study was to assess diagnostic capability of PA imaging of endogenous contrast
agent (hemoglobin) for inflammation of the GI tract organs in preclinical model.
A total of 9 mice were imaged from the thorax to the pelvis using the preclinical
MSOT system inVision 256 TF (iThera Medical). Wavelengths of 680, 710, 730,
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740, 760, 770, 780, 800, 850, and 900 with an acquisition time of 10 ms per frame
were used for imaging. Imaging was done at three time points, the first one was
before bacterial inoculation, the second one was done 2 days post bacterial inocula-
tion, and the final imaging was done 7 days post bacterial inoculation. The images
were reconstructed through back projection with 75 pm resolution. Following
imaging, colonoscopy was performed on the mice, and a Colitis Severity score was
obtained using a standard severity index. After colonoscopy, the mice were eutha-
nized, and samples from their colons were taken and sent for histopathology.

The mice in the experimental group, who had bacterial-induced colitis, showed
an increased mesenteric and colonic vascularity. An increase in the mean signal
intensity of oxygenated hemoglobin by MSOT was also observed in the experimen-
tal group as compared to the control group. The intensity of the signal was mild at
time point two (i.e., 2 days post bacterial inoculation) and was most remarkable
at point three (i.e., 7 days post bacterial inoculation). The deoxygenated signal
obtained through MSOT showed no difference between the two groups at any time
point. The findings on MSOT were confirmed by the colonoscopy findings. The
mice in the experimental group, who had bacterial-induced colitis, had higher
colitis score than the control group at time point two (2.5 vs. 1.5). At time point
three, i.e., 7 days post bacterial inoculation, the experimental group had an average
score of 5.5 with visible vascular and structural changes. Both the MSOT and colo-
noscopy findings were also confirmed by histopathology. Mice in the experimental
group showed increased infiltration by inflammatory cells along with architectural
destruction, at both time points two and three. We will now discuss two clini-
cal models that used MSOT to assess changes associated with Crohn’s disease in
humans.

2.2.2 Clinical studies

Using clinical, handheld probe MSOT, intestinal inflammation in 91 patients
with Crohn’s disease (ClinicalTrials.gov number, NCT02622139) was detected
transabdominally as reported by Knieling et al. [34]. MSOT was used to assess
hemoglobin levels in the intestinal walls of patients with active and non-active
Crohn’s disease. Using clinical, endoscopic, and histological scorings, patients were
classified into two groups: patients who had active Crohn’s disease (inflammation)
and patients with no active disease (no inflammation). Ultrasonography was also
done, following which the patients underwent MSOT imaging. Comparisons were
made between the distributions of MSOT measurements between the two groups
(patients with active Crohn’s vs. non-active disease). The diagnostic performance
of MSOT was also compared with that of ultrasonography. It was found that there
was a significant difference in single wavelength measurements at 760 nm and
spectrally unmixed total hemoglobin between patients in remission and those with
active disease. While this study was limited by a small sample size, it suggests that
MSOT can be used to differentiate patients in remission from those with the active
disease. If patients are in remission, they do not need more invasive procedures
(Figure7).

In another set of experiments conducted by Waldner et al. [35], as a part of the
same clinical trial (ClinicalTrials.gov number, NCT02622139), MSOT was used as
rapid, noninvasive method to assess disease activity in patients with Crohn’s disease.
CD activity was determined based on clinical, endoscopic, and histologic evaluation
along with ultrasonography. A handheld MSOT device (3—4 MHz, 256 transducer)
was placed on the abdominal wall and used to provide images of the intraabdominal
organs. B-mode ultrasound imaging was used in conjunction to localize parts of the
intestine for accurate photoacoustic measurements.
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Figure 7.

Multispectral photoacoustic tomography for the assessment of Crohn’s disease activity. (A) Transabdominal imaging
method using handheld US probe upgraded with laser light illuminators. PA data were acquired at the wavelengths
of 700, 730, 760, 800, 850, and 900 nm. MSOT system calculated total hemoglobin (Hbyy,), oxygenated
hemaglobin, deoxygenated hemoglobin, and oxygen saturation to evaluate tissue perfusion and oxygenation as
factors of inflammation. (B) Normalized signal level indicated Hbyy, in the intestinal wall of both the large bowel
and the small intestine as a function of endoscopic inflammation degree. Simplified endoscopic score for Crohn’s
disease (0-56) was applied to evaluate severity of intestinal inflammation: Remission <3; low disease activity 3-6;
modevate disease activity 7-15; high disease activity >16. IQR is the interquartile vange; a single asterisk points to

P < 0.05 and a double one to P < 0.001. (C) The top row represents pseudocolored maps of Hbyq in the large bowel
and small intestine with an overlay of US images. The middle row exhibits schematics of the top row images. The
bottom row demonstrates the corresponding endoscopic images used for evaluation of inflammation. The images are
reproduced from [34]. Copyright © 2017 Massachusetts medical society. All vights veserved.

MSOT signals were acquired with 700-, 730-, 760-, 800-, 850-, and 900-nm
excitation wavelengths. Results showed that Hbyq,, HbO,, and SO, continuously
increased and correlated well with disease activity. Since MSOT signals can be
obtained within 5 minutes, this technique can be used as a rapid, noninvasive way
to assess disease activity in patients with Crohn’s disease.

MSOT offers many advantages over the current imaging modalities. It is portable
and noninvasive with a high depth of tissue penetration (up to 5 cm). It does not
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require contrast agents and quantifies oxygenated hemoglobin, to inform physicians
about inflammatory and vascular changes associated with IBD. Therefore, it can be
used as a noninvasive objective assessment tool not only to diagnose IBD but to also
monitor its severity, progression, and transformation into cancer. Small changes in
MSOT imaging can prompt physicians to alter treatment course and possibly also
help with early detection of cancer. Finally, since it is noninvasive and less uncom-
fortable than a colonoscopy, it is also likely to be accepted by patients.

2.3 Pancreatic cancer

Pancreatic cancer is the seventh leading cause of cancer-related mortality world-
wide [36]. The 5-year survival rates are <7%, mostly due to a delayed diagnosis and
ineffective treatment methods [37]. Treatment is usually done by surgical resection
of the tumor, and only 20% of patients are eligible for resection at their initial diag-
nosis, due to locoregional spread and metastasis [38]. The 5-year survival rates can
be significantly improved if the diagnosis is made at an early stage (no metastasis)
and if the patient has cancer-free margins post-surgery [39, 40]. When the diagno-
sis is made at an early stage, the tumor is usually small, well defined, and localized.
During surgical resection of the tumor, the surgeon aims to remove the entire
cancerous tissue (to get cancer-free margins); however, margin-positive resections
occur very frequently (up to 70% of PDAC cases) [41]. Due to the growth pattern of
the tumor and inability to differentiate between normal and cancerous tissue, small
tumor extensions are usually missed during surgery. This increases the chances of
metastasis post-surgery which impacts long-term survival rates negatively.

The current imaging modalities used for diagnosis and treatment are X-ray
radiography, transabdominal ultrasound, endoscopic ultrasound, computed tomog-
raphy, magnetic resonance imaging (MRI), positron emission tomography (PET),
and single-photon emission computed tomography (SPECT). While sensitivity for
detecting tumors larger than 2 cm is very high with modalities like CT, the sensitiv-
ity for tumors less than 2 cm is only 77% [42]. Imaging techniques like ultrasound,
CT, and MRI detect structural and anatomical changes in the pancreas. They cannot
detect molecular changes, and since it takes years of molecular changes for the
structural changes to manifest, these imaging techniques have low specificity for
early detection of pancreatic cancer. Molecular imaging techniques like PET and
SPECT offer more sensitivity and specificity. But PET and SPECT involve ionizing
radiation and thus are harmful to living organisms. Another major limitation of
the conventional imaging techniques is that most of them cannot be employed as
intraoperative imaging tools [43].

The only tools currently available intraoperatively to assist the surgeon
with resection are intraoperative ultrasound (IOUS) and intraoperative frozen
section analysis (IFSA) by a pathologist. IOUS helps the surgeon to anatomi-
cally differentiate cancerous tissue from the surrounding structures [44, 45]. It
provides high-resolution, real-time intraoperative imaging and helps determine
resectability of the tumor [44]. However, it is not as reliable for detecting smaller
superficial lesions [46]. Additionally, it requires considerable amount of training
and experience both for operation and for interpretation [47]. IFSA also helps
determine resectability of the tumor, when locoregional spread is identified. It
helps the surgeon to ensure negative margins after resection [48]. However, it
is time-consuming and associated with high false-negative results [49, 50]. The
inability to accurately identify tumors intraoperatively can lead to incomplete
resections, which results in metastasis post-surgery. Additionally, patients with
undetectable micrometastasis, who are not eligible for resection, may undergo
unnecessary surgeries without any impact on the outcome. Thus, there is a need for
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newer imaging techniques that can help with early detection pf pancreatic cancer
and also help stratify patients better for treatment. Since PA imaging combines the
use of light and sound waves, it can provide real-time, high-resolution, functional,
and molecular imaging without ionizing radiation—a significant advantage over
the other imaging techniques like CT, PET, and US. As previously discussed, PA
imaging also allows penetration up to clinically relevant depths, thereby making

it a favorable imaging tool that can be used intraoperatively. Additionally, when
used in conjunction with tumor-targeting molecular agents, it has the potential to
provide crucial information to the surgeon during intraoperative use. Lastly, PA
imaging is very complimentary both to US imaging and fluorescence imaging and
can be easily adopted by gastroenterologists.

2.3.1 Preclinical studies on diagnostics

Using exogenous agents in PA imaging can further enhance its diagnostic
capabilities. Homan et al. [51] developed a PA contrast agent—silver-silica nano-
cages (180-520 nm in diameter), to enhance PA imaging in pancreatic tissue. The
nanocages were injected into the ex vivo porcine pancreas which were then imaged
using a combined PA and US benchtop experimental setup (PA-US). The PA-US
used an 800 nm light with a 7 ns pulse duration at a 10 Hz repetition rate. Optical
fibers were symmetrically bundled on two sides of the US linear transducer array
with 7 MHz center frequency, 14 mm wide, and 128 channels, and this arrangement
allowed to produce PA and US images along the same plane. The imaging results
showed that nanocage contrast agents enhanced PA imaging contrast.

Further, Homan et al. [52] also used silver nanoplates as PA imaging contrast
agent to conduct in vivo PA and US imaging in transgenic mice with orthotopically
grown pancreatic cancer. At first, PA and US images of the tumor were obtained
without the nanoplates. Subsequently, silver nanoplates were injected into the tail
vein, and imaging was done every hour following the injection, up to a total of 6 h.
PA signals were captured in the wavelengths of 740-940 nm to differentiate the sig-
nals from blood and nanoplates using known optical spectra. A 3-D reconstruction
of the orthoptic tumor was made, and a heterogenous distribution of nanoparticle
accumulation in the tumor was noted. These findings were confirmed on histology.
Because silver nanoparticles accumulate in the tumor and can provide contrast-rich
images of the tumor using PA imaging, they have tremendous potential particularly
in studying the molecular profile of pancreatic cancer.

Dai et al. [53] conducted a study in which they used in vivo murine models to
obtain molecular images of pancreatic tumor at transmission (forward projection)
mode of PA imaging. They used multimodal endoscopic approach combined with
targeted multifunctional iron oxide nanoparticles (IONPs). The authors evaluated
the efficiency of the proposed biomarkers to identify margins of pancreatic tumor
using contrasted PA imaging and compared to NIR fluorescence. Results showed
that the contrast between the tumor and normal tissue was very low to identify the
tumor with nontargeted molecules (NIR830-IONP), whereas tissue with targeted
molecules (NIR830-ATF-PEG-IONP) showed greater contrast between normal and
cancerous tissue. Additionally, the tumor margins were clearly demarcated. The use
of targeted multifunctional nanoparticles significantly improved the signals of the
tumor.

2.3.2 Clinical studies on intraoperative photoacoustic imaging

An intraoperative use of PA imaging that targets the epidermal growth factor
receptor (EGFR) was described by Tummers et al. [54]. EGFR a transmembrane
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receptor is highly expressed in pancreatic cancer and hence can be used as a
target for fluorescence imaging. Patients with pancreatic cancer, who were
eligible for resection, were given a pretreatment dose of unlabeled cetuximab,
which saturated the EGFR receptors in normal tissue with high expression.

This also helped differentiate between a cetuximab reaction and a cetuximab-
IRDye800 reaction. Thereafter, patients underwent surgery. During surgery,

the abdomen was first imaged using laparoscopic optical imaging system (NIR
imaging), which was followed by resection of tumor. Following resection, all
excised tissues underwent ex vivo photoacoustic imaging. Lastly, the samples
were sent for histopathological correlation. Results showed that during laparo-
scopic NIR imaging, the pancreatic tumor and lymph nodes would be identi-
fied in all patients (6/6). Using fluorescence imaging, a clear contrast was seen
between the tumor and surrounding tissue for pancreatic cancer and lymph node
dissection. Ex vivo photoacoustic images showed an increased PA signal in the
primary tumor tissue as compared with the surrounding pancreatic tissue and in
tumor-bearing LN. A difference in signal-to-noise ratio was also observed. Both
these findings were consistent with the fluorescence imaging results in the same
patients.
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(A) Absorption spectrum detected with UV-VIS spectrophotometer when light is attenuated only via molecular
absorption. (B) UV-VIS spectrum when light is attenuated (i) due to molecular absorption by contrast
nanoagents after its cellular uptake and (ii) a part of the incident photon flux is scattered. (C and D)
absorption spectra of PEG-coated gold nanoparticles localized in extracellular matrix (HUVEC+GNRout)
and internalized by HUVEC cells (HUVEC+GNRin) as detected by all-optical, narrow-beam PA
spectrophotometer. Reproduced from open-source publication [22].
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2.3.3 Identifying photoacoustic properties of target nanoagents in complex media

The future work on the detection and treatment of pancreatic cancer with PA
will include investigation of theranostic nanoagents that have potential to provide
specific molecular-targeted PA imaging of malignant tumor, PA and US activation
of nanoagents, and following treatment of lesions.

Photoacoustic properties include (a) thermoelastic behavior of a system of an
absorbing compound in complex surrounding environment and (b) absorption
spectrum of nanoagents involved in biological processes. Petrova et al. [55] dem-
onstrated that generation of PA response from blood in terms of its thermoelastic
properties depends on compartmentalization of hemoglobin within erythrocyte.
Recently, Pelivanov et al. [22] showed that localization of nanoagents in extracel-
lular and/or intracellular matrix can affect the resultant absorption spectrum of
nanoagents (Figure 8).

To identify thermoelastic and optical properties of PA contrast agents meticu-
lously is crucial for successful implementation of theranostic nanoparticles for the
therapy and early diagnostics of pancreatic cancer.

3. Conclusions

In summary, PA imaging is an emerging modality in gastroenterology and
mostly used in combination with ultrasound or fluorescent imaging. Diagnosis
through angiogenesis and blood oxygenation in the lining of esophagus and colon
can be performed using PA imaging. High-resolution, multispectral PA imaging is
offered via catheter-based (i) all-optical/noncontact solution and (ii) a miniatur-
ized contact PA/US endoscope for preclinical studies. The capability to image both
the mucosa and submucosa layers (up to 3-4 mm in depth of GI tract walls) is the
vast advantage of these PA methods comparing to other routinely used optical
imaging modalities. However, further miniaturization of catheter-based endo-
scopes and improvement on specificity of diagnostics through blood oxygenation
parameters are required. Multispectral, multiscale PA/US system based on hand-
held probe demonstrated rigorous data on assessment of a chronic inflammatory
bowel disease in clinical studies. Using multispectral transabdominal examina-
tion, the PA system was able to evaluate hemoglobin level and blood oxygenation
and accurately correlate it with abnormal activities in the large bowel and small
intestine assessed through standard colonoscopic procedure. The only limitation
of this method is depth beyond 5-6 cm in the body. Nonetheless, the proposed PA
approach is noninvasive and use non-ionized radiation that is extremely fascinating
for further clinical research. Many other PA imaging methods including intraopera-
tive multimodality of PA and fluorescent imaging are currently under development
and demonstrate high potential for use in gastroenterology.
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Chapter 6
Photoacoustic Imaging of the Eye

Yanxiu Li and Yannis Mantas Paulus

Abstract

Photoacoustic imaging (PAI) is a novel, hybrid, non-ionizing, and non-invasive
imaging technology with high-resolution, high sensitivity, high-contrast, and high
depth of penetration. Hence, it has particularly useful applications in eye investiga-
tions. It can provide both anatomic and functional ocular characterizations. Many
eye diseases, including macular degeneration and diabetic retinopathy, involve
abnormalities in the vasculature, and thus the ability of PAI to affectively visualize
the vasculature can be incredibly helpful to evaluate normal and disease states of
the eye. In future research, PAI of the eye can be dramatically improved in terms
of its resolution, use of contrast agents for molecular imaging, safety evaluations
to develop a clinically approved system, and integration with existing fundus
imaging modalities. Multimodality ocular imaging platforms have also been suc-
cessfully developed by a combination of photoacoustic microscopy (PAM) with
other optical imaging such as optical coherence tomography (OCT), scanning
laser ophthalmoscopy (SLO), and fluorescence microscopy (FM). The multimodal
images can accurately be acquired from a single imaging system and co-registered
on the same image plane, enabling improved evaluation of eye disease states. In this
book chapter, the potential application of photoacoustic imaging of the eye in both
research and clinical diagnosis are comprehensively discussed as a powerful medical
screening technique for visualization of various ocular diseases.

Keywords: photoacoustic imaging, photoacoustic ophthalmoscopy, photoacoustic
microscopy, multimodal imaging

1. Introduction

The eye is unique organ in that it is optically transparent to visible light in
normal health and thus offers optical access to internal structures. The refractive
system of the normal eye includes the cornea, the fluid-filled anterior chamber,
crystalline lens, and gel-like vitreous. These optically transparent structures have
low absorption and light scattering to visible light, which plays a pivotal role in the
entry of light and the formation of visual pathways. In the eye, the major endoge-
nous light-absorbing materials are hemoglobin and melanin. Hemoglobin is present
in blood vessels in the iris, choroid, ciliary body, retina, conjunctiva, and pathologic
neovascularization. Melanin is present inside the uvea (iris, choroid and ciliary
body), retinal pigment epithelium (RPE) and pigmented tumors.

Photoacoustic imaging (PAI), which converts light energy into sound waves,
has been demonstrated to image hemoglobin [1, 2] and melanin [3, 4]. Thus eyes
are an ideal system for PAI. PAI can provide an ocular vascular image based on
the inherent optical absorbance of hemoglobin. Many eye diseases, including
corneal neovascularization, macular degeneration, diabetic retinopathy, sickle cell
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retinopathy, and retinal vein occlusions, involve abnormalities in the vasculature.
Thus the unique ability of PAI to provide detailed vascular morphologic informa-
tion can assist ophthalmic diagnosis.

Currently several imaging modalities have been used to diagnose and monitor
ocular diseases. Well-established imaging instruments include color fundus photog-
raphy, ultrasound (US) imaging, fluorescein angiography (FA), indocyanine green
angiography (ICGA), scanning laser ophthalmoscopy (SLO), optical coherence
tomography (OCT) and OCT angiography (OCTA). Each imaging modality has
advantages and disadvantages. OCT has a limited depth of penetration and has dif-
ficulty visualizing deep structures like the choroid and sclera. FA and ICGA require
the use of an exogenous contrast agent that may cause adverse reactions and cannot
specify the depth of the vessels. OCTA is unable to show leakage, provides limited
view of microaneurysms, has a limited depth of penetration, and has a restricted
field of view often with motion artifacts.

PAI is a new, emerging, non-ionizing and non-invasive imaging technology. PAI
is based on the optical absorption contrast so that can provide anatomical informa-
tion and functional analysis for the eye as well as with a high depth of penetration.

In 2010, photoacoustic imaging was first described in the eye of a living animal [4].
Since then, there is a huge advance in photoacoustic imaging of the eye. Furthermore,
the application of multimodality imaging systems including integrated photoacoustic
microscopy (PAM) with other imaging modalities and the use of contrast agents for
molecular imaging have undergone significant development. This chapter focuses on
recent advances and applications of photoacoustic imaging of the eyes.

2. Photoacoustic imaging of the eye

Photoacoustic imaging systems can be divided into several categories which
include: optical-resolution photoacoustic microscopy (OR-PAM), acoustic-resolu-
tion photoacoustic microscopy (AR-PAM), photoacoustic computed tomography
(PACT), photoacoustic tomography (PAT) [5, 6]. Ocular PAI systems are primarily
OR-PAM and AR-PAM systems due to the importance of high resolution imaging
in the eye [7-9]. AR-PAM is used to image deep-tissues, where an illumination
laser is diffusively delivered to the tissue and a focused acoustic detector is used
to detect the induced PA signals. The lateral resolution of AR-PAM is determined
by the acoustic focus spot, and the axial resolution is determined by the acoustic
center frequency and bandwidth [5, 8]. OR-PAM has a tighter optical focus than
AR-PAM and can achieve micrometer-level lateral resolution. The lateral resolution
of OR-PAM is determined by the optical focal spot, and the axial resolution is still
determined by the acoustic parameters [5, 8].

PAI can also be classified into mechanical-scanning systems and optical-scan-
ning imaging systems [7]. In the mechanical-scanning mode, both the optical exci-
tation and ultrasound transducer are simultaneously scanned over a planar surface.
Each step of the scan can detect and generate a PA signal. During imaging, a water
tank is necessary to maintain ultrasound coupling [6]. The mechanical-scanning
can be used to visualize almost all the eye tissues, including the cornea, iris, lens,
retina, choroid, sclera, and blood vessels [4]. In the optical-scanning mode, the
focused optical illumination is raster-scanned using galvanometers, while the ultra-
sound transducer is kept stationary [10]. Figure 1a shows the schematic diagram of
the optical-scanning in a multimodality system. Figure 1b illustrates the physical
setup [11]. Compared with mechanical-scanning, optical-scanning can provide
higher scanning speed, and it is suitable for chorioretinal microvasculature imag-
ing, and compatibility with OCT and SLO [9, 12].
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Figure 1.

Intgegmted multimodal PAM, OCT, and FM imaging system. (a) Schematic. (b) Photograph of

the multimodality retinal and choroidal imaging system. OPO, optical parametric oscillator; SLD,
superluminescent diode; BS, beam splitter; DM, dichroic mirror; SL, scan lens; OL, ophthalmic lens; CIB,
conjugate image planes. Adapted with permission from Ref. [11] [Publisher: Springer Nature].

Currently, many applications of ocular PAI have been reported. This chapter
summarizes those applications by the anatomic portion of the eye imaged and
functional information.

2.1 PA imaging of the anterior segment vasculature of the eye
2.1.1 Normal ivis vasculature

Anterior segment PA imaging of a normal eye receives signal from hemoglobin
in the red blood cells of the iris microvasculature. Both AR-PAM and OR-PAM
have been reported for iris vascular imaging. de la Zerda et al. [4] have used
AR-PAM to qualitatively assess the rabbit eye in vivo. PA signals from the iris
were detected, but the image of iris microvasculature was not clearly as the lateral
resolution of the system was limited (around 200 pm). Hu et al. [13] have used a
OR-PAM mechanical scanning system to get high resolution iz vivo images of the
iris microvascular in Swiss Webster albino mice (Figure 2a). The lateral resolution
of the system was ~5 pm. The center frequency of the focused ultrasonic detector
was 75 MHz. Hu et al. also have used two excitation wavelengths (570 and 578 nm)
to estimate the concentrations of oxyhemoglobin (HbO,) and deoxyhemoglobin
(HbR), thereby have quantitatively measured sO, of the iris microvasculature.
Dashed box in (Figure 2a) show the false-color map of the vasculature. With the
limitation of mechanical scanning, the image acquisition took ~2 hours. Rao et al.
[15] have used an OR-PAM hybrid-scanning system to image the major artery
circle and the minor artery circle of the iris microvasculature in albino mice. Zhao
et al. [14] have used a custom-built OR-PAM system to perform three-dimensional
(3-D) vasculature imaging of rat iris in vivo with a lateral resolution of ~5 pm. They
have extracted accurately vessel diameter, vascular density, and vascular tortuosity
information (Figure 2b).

2.1.2 Corneal neovascularization

Normal corneal tissue is avascular and optically transparent. Corneal neovascular-
ization is a pathologic condition that can lead to reduced vision characterized by the
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Figure 2.

PAgimages of the iris vasculature. (a) Label-free photoacoustic ophthalmic angiography of hemoglobin oxygen
saturation sO, in the iris microvasculature of a living adult Swiss Webster mouse. CP, ciliary process; MIC,
major iris circle; RCB, recurvent chovoidal branch; RIA, radial ivis artery. Adapted with permission from
Ref. [13] [Publisher: The Optical Society (OSA)]. (b) Depth encoded photoacoustic imaging results of iris
vasculature. Reproduced with permission from [14] [Publisher: SPIE].

presence of blood vessels in the cornea. This pathophysiology has been observed in
humans with inflammatory or autoimmune responses.

Liu et al. [16] have used a mechanical scanning OR-PAM system to image
corneal neovascularization of alkali-burn-injured mouse eyes in vivo for the
first time. The lateral resolution of the system is 2.76 pm, and the axial reso-
lution is around 50 pm. OR-PAM can achieve a similar lateral resolution as
confocal microscopy without a contrast agent. However, the imaging depth
is limited (700 pm) and the depth of variation of corneal vessels can be more
than 1.4 mm owing to the curvature of the mouse cornea. Jeon et al. [17] have
demonstrated a new method to evaluate blood circulation in the eye by com-
bining in vivo PAM imaging. By using a machine learning algorithm, random
sample consensus algorithm (RANSAC), they could have visualize the PA
anterior ocular vasculature image and demonstrate layer-by-layer analysis of
corneal neovascularization on a mouse eye (Figure 3c—e). This OR-PAM system
had a 3 pm lateral resolution. PAM provides the ability to delineate corneal
neovascularization from iris vessels and enables visualization of individual
capillaries with high-resolution (Figure 3b). By stimulating corneal angiogen-
esis with an alkali burn in Tie2-GFP fluorescent-reporter mice, Kelly-Goss et al.
[18] have used the PAM system to analyze functional hemodynamic changes
in microvessels over time during adult corneal angiogenesis. These functional
measurements of the microvasculature supplement traditional metrics of vas-
cular architecture, including blood flow velocity, hemoglobin content, and sO,.
The study is the first time to measure the functional information on corneal
neovascularization.

Several of the above studies of the anterior segment vasculature images have
utilized mechanical scanning OR-PAM system. However, mechanical scanning
OR-PAM has limitations: the imaging speed is slow and careful coupling medium is
required. Recently, a non-interferometric photoacoustic remote sensing microscopy
system has been developed with a high scan rate and an improved signal-to-noise
(SNR).
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Figure 3.

PAgimages of the corneal neovascularization. (a) Photograph (left) and PA maximum intensity projection
(MIP) image (right) of a mouse eye. Adapted with permission from Ref. [17] [Publisher: Springer Nature].
(b) PAM distinguishes between the iris (green) and corneal (ved) vasculatures, due to their different

depths. Adapted with permission from Ref. [18] [Publisher: Springer Nature]. (c—e) PA imaging of corneal
neovascularization on a mouse alkali burn model eye. (c) Representative photographic images taken before
alkali burn and 7, 14, and 21 days after alkali burn, the region of burn is highlighted with a white dashed
circle. (d) Surface-based depth-encoded images. (e) Images after supra surface vessel isolation from the surface-
based depth-encoded images. Scale bars indicate (a, c—e) 500 pum, (b) 50 um. Adapted with permission from
Ref. [17] [Publisher: Springer Nature].

2.2 PA imaging of the posterior segment vasculature of the eye
2.2.1 Retinal vasculature

Posterior segment PAI of a normal eye images red blood cells in the retinal and
choroidal microvasculature. To obtain the images, both AR-PAM and OR-PAM
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systems have been used, along with mechanical scanning and optical scanning
systems.

Using an AR-PAM system, de la Zerda et al. [4] have used a pulsed laser
(wavelength 740 nm) combined with a 25 MHz central frequency transducer to
mechanically scan a living rabbit eye. They have obtained the blood distribution
of the posterior eye. But owing to the system?’s lateral resolution of 200 pm, limited
features of the retinal or choroidal vasculature are visualized. Furthermore, it took
90 min to acquire the full 3-D image.

Jiao et al. [12] have developed an optical-scanning OR-PAM system for in vivo
retinal imaging in 2010, which they have referred to as a photoacoustic ophthal-
moscopy (PAOM). The pigmented rat fundus was imaging using the PAOM system
(Figure 4a—c). In the PAOM system, the illumination source was a 532 nm pulse
laser, the laser pulse energy was set lower than 40 nJ/pulse. The laser induced PA
waves from the retina were detected by a custom-built needle ultrasonic transducer
(30 MHz; bandwidth: 50%), which was placed in contact with the eyelid coupled
by ultrasound gel. The lateral and axial resolution of the PAOM were ~20 and
23 pm, respectively. It only took 2.7 s for the volumetric PAOM images consisting of
256 B-scans. Multiple additional studies of imaging retinal vasculature by PAOM
in small animals have been performed [10, 20-22]. PAOM as a non-invasive, 3-D
microscopic imaging modality, has achieved high-speed, high-resolution iz vivo

imaging of the vasculature of the retina.

¥

)

Figure 4.

Reginal vasculature imaging by optical-scanning OR-PAM system. (a—c) PA imaging of retinal vasculature
in a rat eye. (a) Showing the imaged retinal structure by PAOM. (b) Segmented PAOM images of the retinal
blood vessels. (c) Pseudo-coloved PAOM images of the vetinal vessels and RPE. Adapted with permission from
Ref. [12] [Publisher: The Optical Society (OSA)]. (d—f) PA imaging of an albino rabbit retinal blood vessels.
(d) Close-up of the retinal vessels of rabbit. (e) Maximum intensity projections of PAM signals of RVs and

choroidal vessels. (f) 3D volumetric rendering of the PAM image. Adapted with permission from Ref. [19]
[Publisher: The Optical Society (OSA)].
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Before 2017, most reported PAM imaging of the posterior segment used small
animals, like mice and rats. Mice have an axial length of ~3 mm and rats ~6 mm,
which is much smaller that the human axial length of ~23 mm. In order to improve
clinical translation of the technology, Tian et al. [19] have developed a novel PAM
system to visualize rabbit chorioretinal vasculature. Rabbit eyes have an axial
length of 18.1 mm [23], which is almost 80% of the axial length of human eyes.
They have used a 570 nm pulsed laser. The excited PA signals have been captured
by a custom-built needle-shaped ultrasonic transducer (27 MHz; bandwidth: 60%)
placed in contact with the conjunctiva by ultrasound gel. The laser pulse energy on
the rabbit cornea was 80 nJ or half the ANSI safety limit [24]. The lateral and axial
resolution of the PAM system were 4.1 and 37 pm, respectively. This PAM system
obtain high-resolution images of New Zealand rabbit retinal and choroidal vascula-
ture (Figure 4d-f).

2.2.2 Chovoidal vasculature

Wei et al. [25] have first applied an OCT-guided PAOM system to image the
choroidal vessels in albino rats. The laser output optical wavelength was 578 nm,
and the laser pulse energy was set below 40 nJ. The induced PA waves were detected
by a custom-built, unfocused needle ultrasonic detector (35 MHz; bandwidth:
50%). The lateral resolution of PAOM was around 20 pm and the axial resolution
of PAOM was 23 pm. Based on the OCT cross-sectional images, the distance from
the retinal vessel layer to the choroid was found to be 200 pm [26]. Thus, the retinal
and choroidal vessels were well resolved along the axial direction. Figure 5a—c show
PAOM images of segmented retinal vessels and choroidal vessels. Song et al. [20, 27]
have used an integrated PAOM and OCT system to detect in vivo posterior segment
imaging of albino and pigmented rats. They have acquired both retinal and choroi-
dal vessels from an albino rat by PAOM, but they were unable to visualize choroidal
vessels from a pigmented rat due to melanin from the retinal pigment epithelium
(RPE). Figure 5d and e show the contrast images. In addition, Figure 5f and g show
the images of choroidal vessels in albino rabbit obtained by Tian et al. [19]. These
experimental results have demonstrated that PAI can visualize the choroid and reti-
nal vessels. However, PAM was limited to albino animals when imaging the choroid.
The high melanin concentration of the RPE present in front of choroidal vascula-
ture did not allow the illumination light with in visible spectrum range to penetrate
through the RPE to generate sufficient PA signal from the choroid for imaging. Near
infrared (NIR) light may be a solution to allow PAOM to image choroidal vessels in
pigmented eyes.

2.2.3 Retinal neovascularization

Retinal neovascularization (RNV) is the growth of abnormal new retinal blood
vessels and represents a major cause of vision loss and blindness. RNV is a common
complication of several retinal diseases, including proliferative diabetic retinopathy
(PDR), retinal vein occlusions (RVO), sickle cell retinopathy, and retinopathy of
prematurity (ROP).

Zhang et al. [11] have demonstrated an integrated PAM, OCT, and fluorescence
microscopy (FM) multimodality system to evaluate RNV iz vivo in rabbit eyes. The
model of RNV was induced by intravitreous injection of vascular endothelial growth
factor (VEGF), which mimics numerous retinal diseases, such as PDR. Using a
similar PAM system as Tian et al. in 2017 but with a laser wavelength of 532 nm, this
study has presented high-quality visualization of retinal vasculature and RNV in
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PA images of the chorioretinal vasculature. (a—c) PA imaging of chorioretinal vessel in an albino rat eye. (a)
Complete chorioretinal vessel network image. (b) Segmented retinal vessels. (c) Segmented choroidal vessels
[25]. (d, e) Comparing PA images of the choriovetinal vasculature in an albino rat and a pigmented vat.

(d) Acquired from an albino vat, and (e) acquired from a pigmented rat. RV: retinal vessel; CV: choroidal
vessel; RPE, vetinal pigment epithelium. Scale bars indicate 500 um adapted with permission from Ref. [27]
[Publisher: JoVE]. (f, g) PA imaging of an albino rabbit. (f) Fundus photograph of rabbit demonstrating the
choroidal vessel distribution inferior to the optic nerve. (g) Maximum intensity projections of PAM signals of
the CVs. Adapted with permission from Ref. [19] [Publisher: The Optical Society (OSA)].

albino and pigmented rabbits in vivo. Figure 6 shows that the blood vessel diameter
and blood flow in neovascularization are smaller than those of normal vessels, yet
PAM can detect neovascularization and the small, irregular vascular network. At the
same time, Nguyen et al. [28] have found that multi-wavelength PAM can selectively
monitor and detect RVO and RNV in the rabbit retina. This has demonstrated that
PAM could achieve label free imaging of microvasculature and RNV without admin-
istration of exogenous contrast agents. In addition, rabbit eyes have a similar size to
human eyes, which paves the road to clinical translation of the technology.
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Figure 6.

PAgimages of the retinal neovascularization. (a—c) RNV in albino rabbits. (a) Color fundus image. (b)
2D PAM image indicated by white dashed box in (a). (c) 3D reconstruction of PAM image. (d—f) RNV
in pigmented rabbits. (d) Color fundus image. (¢) 2D PAM image indicated by white dashed box in (d).
(f) 3D reconstruction of PAM image. White arrows indicate normal retinal vessels; green arrows indicate
RNV, Adapted with permission from Ref. [11] [Publisher: Springer Nature].

2.2.4 Choroidal neovascularization

Choroidal neovascularization (CNV) is characterized by the abnormal growth
of new vessels originating from the choroidal vasculature and their subsequent
growth under the RPE, subretinal space, or a combination of both [29]. CNV
most commonly occurs in neovascular age-related macular degeneration (AMD),
which is a major cause of vision loss. Dai et al. have used PAM system to investigate
laser-induced rat CNV evolution. For the PAM system, the laser output wavelength
was 532 nm, and the pulse energy was 60 nJ. The induced PA signals from the
retina were detected by a customized ultrasonic transducer (30 MHz; bandwidth:
15 MHz). the axial and lateral resolution of PAM were 50 and 20 pm, respectively.
The new capillaries growing from the choroid up to subretinal space can be distin-
guished as shown in Figure 7.

2.3 PA imaging in retinal metabolism

Retinal oxygen metabolic rate (rMRO;) is an essential parameter in the
retina and can help further understanding of some blinding diseases, such as
diabetic retinopathy [31, 32] and glaucoma [33, 34]. The precise measurement
of rMRO; can be critical in investigating these blinding diseases. Song et al. [35]
and Liu et al. [36] have successfully determined rMRO; in rats by integrating
PAOM and OCT. Obtaining rMRO, measurements required measuring retinal
blood flow and sO, together. They have quantified retinal blood flow by Doppler
SD-OCT, and retinal sO, by PAOM at three wavelengths (570, 578, and 588 nm).
Owing to the distinct light absorption spectrum between HbO, and HbR, multi-
wavelength imaging can assess the sO, in retinal vessels. They have calculated
total retinal blood flow as 7.43 + 0.51 and 7.38 + 0.78 pL/min within the venous
and arterial systems, respectively. The sO, value in arterial and venous blood
were 93.0 + 3.5 and 77.3 + 9.1%, respectively. In PAOM system, they used a
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Figure7.

PAM images at different depth in CNV rat fundus. (a) 2D enface image of anterior retinal structure.
(b) 2D enface image of posterior retinal structure. (c) 2D enface image of RPE layer. Scale bars indicate
100 pm. Adapted with permission from Ref. [30] [Publisher: SPIE].

tunable laser (output laser wavelength: 570, 578, and 588 nm), the laser energy
was 40 nJ/pause. Acoustic waves were detected by an unfocused small-footprint
ultrasonic transducer (40 MHz; bandwidth: 30 MHz). The lateral resolution was
20 pm, and the axial resolution was 23 pm. The study measured rMRO; in normal
small animals. Hariri et al. [37] have demonstrated the use of PA ocular imaging
(PAOI) in measuring chorioretinal oxygen saturation (CR-sO,) gradients in New
Zealand white rabbits with ocular ischemia model. The PAOI signal showed a
sixfold decrease in CR-sO, after significant elevation of IOP during ischemia. In
the PAOI, they used a tunable laser (680-970 nm), 750 and 850 nm were used

to differentiate the HbO, and HbR. A linear array ultrasound transducer with a
center frequency of 15 MHz was used to detect acoustic signals. The lateral and
axial resolution were 580 and 290 pm, respectively. One limitation of the study
was balancing special resolution and penetration depth. Although they could
achieve much deeper penetration, they could not discriminate between the retina
and the choroid, nor could they distinguish individual vessels.

2.4 PA imaging of melanin of the eye

Melanin is naturally present in the eye within the iris, ciliary body, pigmented
choroid, and RPE [38]. The RPE is a single layer of epithelial cells beneath the
neurosensory retina and tightly adherent to the underlying choroid. The RPE plays
a crucial role in the overall health of the retina: nourishing photoreceptors and
disposing of retinal waste and metabolic end products. The melanin concentration
in RPE can decrease over time due to light exposure and oxidative stress [39]. RPE
melanin decrease is a sign of ocular senescence and is a risk factor and a pathog-
nomonic sign of AMD [40, 41]. To further study melanin, PAI has been used to
specifically detect and quantify melanin [42].

In 2010, Silverman et al. [43] for the first time have demonstrated that PAI can
acquire images of melanin in the iris in ex vivo pig eye. Jiang et al. [44] have designed
an adaptive optics PAM (AO-PAM) system to correct the wavefront errors of the
illuminating light of PAM. The lateral resolution of PAM was improved to 2.5 pm with
AO. They imaged the ciliary body and the RPE layer of an ex vivo pig eye. In addition,
the single RPE cells were first resolved by AO-PAM system (Figure 8a and b). Jiao et al.
[12] have successfully acquired images of the retinal vessels and RPE in pigmented
rat eyes by using integrated PAOM with OCT system with a 23 pm axial resolution.
The study was the first in vivo demonstration of PA imaging melanin of eye. Zhang
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Figure 8.
PA images of melanin of the RPE. (a, b) MAP of the PAM images of the RPE of the pig eye: (a) without

AO. (b) With AO. Adapted with permission from Ref. [44] [Publisher: The Optical Society (OSA)]. (c-h)
PA images of porcine and human RCC. (c) PA image of porcine RCC acquired by customized piezoelectric
transducer. (d, e) PA image of porcine RCC acquired by broadband MRR detector. (d) Axially segmented
porcine RPE. (e) Axially segmented porcine choroid. (c, e) Are images of the same area on a single sample. (f)
PA image of human RCC acquired by customized piezoelectric transducer. (g, h) PA image of human RCC
acquired by homemade MRR detector. (g) Axially segmented human RPE. (h) Axially segmented human
choroid. (f, h) Are images of the same area on a single sample. RCC, RPE-choroid complex. Bottom right scale
bar indicates 50 uym. Adapted with permission from Ref. [45] [Publisher: The Optical Society (OSA)].
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et al. [46] have combined autofluorescence (AF) with PAOM system to image the RPE
melanin and lipofuscin in albino and pigmented rat eyes. Song et al. have developed

a multimodal system that contains PAOM, SLO, OCT, and FA to image the eye. They
have demonstrated that melanin from the RPE and choroid was able to be imaged in
vivo in the retinal of albino and pigmented rats, [20] as well as mice [21]. To demon-
strate the feasibility of NIR-light PAOM in vivo, Liu et al. [47] have developed a dual-
wavelength (532 and 1064 nm) PAOM and further integrated it with SD-OCT to image
albino and pigmented rat eyes. They found that NIR light (1064 nm) PAOM system
successfully imaged RPE/choroidal melanin with good signal-to-noise ratio (SNR) in
pigmented rat eyes. After that, in 2015, Liu et al. [48] have demonstrated the feasibility
of an OCT-PAM system working in the NIR-light. The OCT and PAM used the same
broadband light source with a center wavelength of 800 nm. This system can provide a
deep-penetration depth and melanin-specific images of the retina in pigmented rats.

The above papers are qualitative studies of eye melanin by PAI. PAI also has the
capability of providing a quantitative reading of melanin concentration in the eye.
Shu et al. [49] have performed a Monte Carlo (MC) stimulation to investigate light
propagation and energy deposition in the eye and tested the feasibility of using
PAOM to quantify the RPE melanin concentration. In this study, they used PA
signals from retinal blood vessels as references to measure RPE melanin variation.
However, the main challenge in accurate quantification of RPE melanin concentra-
tion is to distinguish the RPE from underlying pigmented choroid. The RPE is a
10 pm thick cell monolayer and is tightly attached to the choroid, and thus a higher
axial resolution of PAOM was necessary. Shu et al. [45] then have used a micro-ring
resonator (MRR) detector in their PAOM system to increase the axial resolution
(<10 pm). They obtained images where the RPE and choroid can be distinguished
in ex vivo porcine and human eyes and quantified the absolute melanin concentra-
tions in the RPE and pigmented choroid, respectively (Figure 8c-h).

PAI can obtain volumetric images of melanin in the eye and can quantify mela-
nin in the RPE and the choroid. However, the technique has yet to be explored in eye
disease models and the human eye, so it is unknown that how it can be used in eye
research and clinic in the future.

2.5 Multimodal PA imaging system

PA imaging can obtain structural and functional imaging of the eye. PAI can also
be combined with other ocular imaging devices, such as OCT, SLO, AF, AO, FA,
and fundus photography. These combined multimodal platforms can compensate
the weaknesses of each system and provide more comprehensive information of the
eye. That would be very beneficial for investigating ocular pathology and detect-
ing disease. For instance, with correcting wave-front errors with AO, the lateral
resolution of PAM can be improved [44]. With PAM and AF combined, informa-
tion on the distribution and concentration of retinal melanin and lipofuscin can
be obtained iz vivo simultaneously [46]. The most commonly integrated imaging
systems combine PAI with OCT since this carries several advantages. OCT can not
only acquire posterior segment anatomic information with high axial and lateral
resolutions, but also can quantitatively measure retinal blood velocity and flow rate.
In addition, OCT can also guide PAI, helping the PAI system image a specific region
of interest in the posterior segment of the eye. Song et al. [20, 21] have developed
a multimodality system which integrated PAOM, SD-OCT, AF-SLO, and FA to
provide optical absorption, optical backscattering, and fluorescence properties
of the retina in albino and pigmented rats and mice. Song and Liu et al. [35, 36]
have quantified the rMRO, using PAOM and SD-OCT. PAOM measured the sO,,
and SD-OCT mapped the blood flow rate. Tian and Nguyen et al. [19, 28, 50, 51]
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have used a PAM and OCT dual-modality system to acquire chorioretinal imaging
and retinal neovascularization imaging in living rabbit eyes. Zhang et al. [11] have
described a multimodality imaging system that combines PAM, OCT, and fluores-
cence microscopy (FM) to evaluated retinal angiogenesis in albino and pigmented
rabbit eyes. The multimodal images can be acquired from a single imaging system
and co-registered on the same image plane. Thus, ocular diseases can precisely

be detected and visualized at earlier stages, resulting in improved understanding
of pathophysiology, improved management, and improved monitoring of retinal
treatment to prevent vision loss.

3. Limitations and future directions
3.1Innovative laser sources for PA imaging

PA imaging can achieve anatomic information with monochromatic pulsed laser
illumination. However, to acquire ocular functional information using PAI, multi-
wavelength laser illuminations is required. An optical parametric oscillator (OPO)
(for example, the Ekspla NT-242, pulse repetition rate 1 kHz, duration 3-6 ns, tun-
able wavelength range 405-2600 nm) can be used as a suitable laser source to obtain
the above information. However, in multimodality systems, such as PA imaging
and OCT, the two modalities can require different types of illuminations and thus
separate light sources. Liu et al. [48] have used a single ultrafast laser source (pulse
repetition rate 10 kHz, pulse duration 3 ns, center wavelength 800 nm; bandwidth
30 nm) to acquire melanin-specific images of in vivo rat retina simultaneously from
PAM and OCT. However, this shared laser was limited to imaging melanin since
the absorption of hemoglobin was relatively weak in the NIR range. Recently, pulse
laser diodes (PLD) have been described as an alternative laser excitation source in
mouse ear vascular structures [52]. In the future, one could envision PLD and other
novel laser sources for PAI and multimodal imaging applied to ophthalmology.

3.2 Non-contact detection of PA signal

In reported studies to date, researchers either placed a water tank on the cornea or
directly coupled an ultrasonic needle transducer with the eyelid or sclera using ultra-
sonic gel or balanced salt solution (BBS). Given the sensitivity of the human eye, this
is not ideal for clinical application on patients. Non-contact remote sensing has been
described where an interferometer is used to sense the surface displacement induced
by PA ultrasound signals [53, 54]. Discovering a non-contact ultrasonic detection
with both stability and sensitivity is a promising area of active investigation.

3.3 Field of view of PA imaging

The field of view (FOV) of PA imaging is limited by the ultrasound transducer.
The typical scan area of reported studies has been shown in Table 1. For most
studies, the image area was no more than 3 x 3 mm. The human retina area is about
10 cm?, so increasing the field of view would be beneficial, possibly through novel
ultrasound transducer configurations or array patterns.

3.4 Speed of PA image acquisition

Several current PA imaging systems can acquire high-resolution images in
<1 min. The imaging speed is limited by the laser pulse repetition rate. The image
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speed can be reduced until it depends on the ultrasound propagation time from
the posterior eye. The advantage of improving imaging speed is that it will reduce
motion artifacts and increase patient comfort. Ideally a clinical PA system would
acquire images in less than a second to a couple seconds.

3.5 Lateral and axial resolution of PA

The lateral resolution of PA imaging is determined by the smallest achievable
spot size of the illuminating light in the retina. Tian and Zhang et al. described the
lateral resolution of their PAM system as 4.1 pym [11, 19]. AO allows one to correct
for ocular aberrations and has been applied to ophthalmic imaging to improve
resolution. A feasibility study was conducted on the integration of AO with PAM for
ex vivo imaging of the eye, which have improved the lateral resolution of the PAM
to 2.5 pm. If one adds AO into multimodality systems, it can further improve the
lateral resolution of PA imaging.

The axial resolution of PA imaging is determined by the bandwidth of the
ultrasound transducer. The larger ultrasonic bandwidth will allow higher axial
resolution, but with less sensitivity. Therefore, a balance is required between axial
resolution and sensitivity.

3.6 Real-time PA imaging

Currently many PA images require post-image processing to display images.
Further investigation of an advanced ophthalmic PA imaging system is to obtain
real-time imaging.

3.7 Imaging the choroidal vasculature in pigmented animals

PA imaging is often limited to albino animals when imaging the choroid due to
the high PA signal of the RPE melanin in pigmented animals. Further methods need
to be developed and refined to penetrate the RPE layer and allow improved choroi-
dal visualization. NIR light has been proposed as a solution, but further testing is
needed.

3.8 Imaging ocular disease animal models

PA imaging has been demonstrated in some animal eye models to date, includ-
ing mouse corneal neovascularization model, rat CNV model, and rabbit retinal
neovascularization model. PA imaging needs to be further explored in more eye
disease models to evaluate how the information provided by PA imaging will be
used clinically in the future.

3.9 Exogenous contrast agents and theranostics

To improve PA image sensitivity and specificity, exogenous contrast agents can
be utilized. PA imaging with exogenous contrast agents also allows one to extend
the imaging scope to molecular imaging [56, 57]. Exogenous contrast agents for PA
imaging include organic and inorganic agents. However, each agent has advantages
and limitations. Organic agents (e.g., ICG) can have a limited level of contrast
enhancement but a more rapid path to clinical translation [58]. Inorganic agents
(e.g., gold nanoparticle (AuNP)) can offer higher contrast but a less rapid path
to clinical translation due to less long-term evidence of biosafety [59, 60]. Thus,
exploring suitable exogenous contrast agents with safety and high contrast can be
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used for PA imaging will be meaningful in future research. In addition, theranostic
agents that can be used both for diagnostic imaging and therapy, should be further
refined and developed to allow for targeted therapy at the time of imaging.

3.10 Safety evaluations and clinical approval

Before PA imaging can be applied to human imaging, a thorough evaluation of
laser safety is necessary. Although the reported systems compare their laser fluence
to the ANSI laser safety regulations, [24] one must monitor the long-term effect
of both single and multiple imaging sessions on the structure and function of the
retina. In additional, regulatory approval should be sought for a clinical system so
that PA can be applied to patients and diseases.

4, Conclusion

The chapter introduces the applications, recent developments, and future direc-
tions of PA imaging in the eye. It has been demonstrated that PA imaging can pro-
vide both anatomic and functional information of eye with high-resolution, high
sensitivity, high-contrast, and high depth of penetration. This chapter describes
the ocular structure of PA imaging including normal vasculature of the iris, retina,
and choroid, neovascularization in cornea, retina, and choroid, and melanin of the
RPE. This chapter summarized PA imaging to quantify the functional information
of measuring the vascular sO, and quantifying the absolute melanin concentrations.
Limitations and future directions of PA imaging of the eye are also discussed.
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