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Chapter

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_
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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]

_0,Bly 0 A(r)

1
= 42C ot Proreut g — g " &

p(ro,t, )

where v; is the speed of the acoustic waves; B is the coefficient of volumetric
thermal expansion; C is the specific heat capacity; I 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).

‘_------....

p(1o, 1)

Figure 2.
The acoustic pressure wave p(vo,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(7o,t), the
approximate inverse solution is given by [14]

do (2)

t=|ro—7|/vs

2
. nC 1ap(ro,?)
Al = = 4Bl J ot

ot

This implies that first, compute time-derivative of the pressure wave, divide the
resultant by ¢, and finally, integrate over the ARC angle. Notice that » 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,>

Vs

Gr(x,y) =0, R(x — X, Y —yk,) cos (O (x,y)), —7<x<7,

—4<y<0
(4)

where vy, 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.
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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) : |0k(x,y)| < Z}. For
the M sensors, the back projection is done by the summation of (4) over the M
sensors, that is

Glr.y) = > Gulx,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
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Figure 4.

Signals veceived 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 circular disk of radius 0.25 cm centeved at (—2, —2). The set of
the signals ave used for the construction of the image in Figure 5.
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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 heve 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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