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Photoacoustic Imaging of Nanoparticle-
Containing Cells Using Single-Element
Focused Transducer: A Simulation Study

Subhajit Karmakar, Madhusudan Roy, and Ratan K. Saha

Abstract—A new theoretical approach for photoacoustic
(PA) image simulation of an ensemble of cells with endocy-
tosed gold nanoparticles is presented. Each cell was approx-
imated as a fluid sphere and suspended in a nonabsorbing
fluid medium. It was assumed that the cellular optical ab-
sorption coefficient changed greatly because of endocytosis of
nanoparticles; however, thermophysical parameters remained
unchanged because nanoparticles occupied negligible intracel-
lular volume. A frequency-domain method was used to obtain
a PA signal from a single cell and resultant signal detected by
a focused single-element transducer was evaluated by convolv-
ing signals from many cells with the spatial impulse response
function of the receiver. The proposed model was explored to
simulate PA images of numerical phantoms. It was observed
that features of the phantoms are retained precisely in those
simulated images. Also, speckles in PA images are significantly
suppressed because of strong boundary buildup when cells are
bounded to a region. Nevertheless, speckle visibility increases
when cells are not bounded to a region. This approach may be
developed as a realistic simulation tool for PA imaging of tis-
sue medium utilizing its cellular feature.

I. INTRODUCTION

THE photoacoustic (PA) effect—generation of sound
waves resulting from absorption of light—was discov-
ered by Alexander Graham Bell in 1880. However, it was
in the late 1990s when initiatives were taken to develop an
imaging modality by exploiting this effect for biomedical
applications, and, in fact, major advancements took place
over the last decade [1]-[3]. The PA imaging technique has
gained attention because it combines the most compelling
properties of optics and acoustics. For example, a PA im-
age can faithfully display high optical contrast possessed
by biological tissue. This is possible because, by choosing
suitable incident wavelengths, optical absorption by tissue
endogenous chomophores can be maximized with respect
to its nonabsorbing components. Further, because scat-
tering of sound waves is two to three orders of magnitude
less than that of light, this method can form images at
depths where other optical modalities (such as confocal

Manuscript received October 18, 2014; accepted November 27, 2014.
R. K. Saha expresses his thanks to the Council of Scientific and Indus-
trial Research (CSIR), New Delhi, India, for funding.

S. Karmakar is with the University Science Instrumentation Centre,
The University of Burdwan, Bardhaman, West Bengal, India.

M. Roy and R. K. Saha are with the Surface Physics and Material
Science Division, Saha Institute of Nuclear Physics, 1/AF Bidhannagar,
Kolkata, India (e-mail: ratank.saha@saha.ac.in).

DOI http://dx.doi.org/10.1109/ TUFFC.2014.006786

microscopy, two-photon microscopy, etc.) do not work.
The PA technique provides images at ultrasonic resolu-
tion and hence, by selecting appropriate transducers, bio-
logical structures of different scales can be visualized. In
addition to anatomical imaging, functional information
can also be gathered by measuring PA signals at multiple
optical wavelengths followed by a spectroscopic analysis,
which may become invaluable for studying various biologi-
cal processes of interests.

Currently, PA imaging techniques have been extensive-
ly explored at two settings, namely, photoacoustic micros-
copy (PAM) and photoacoustic tomography (PAT). For
PAM, a confocal geometry is generally used to weakly
focus the laser beams into the tissue situated at the fo-
cal region of the acoustic detector. The laser—transducer
module performs a raster scan to capture PA signals and
an image is generated using those raw signals [2]. Zhang
et al., using a 50-MHz transducer, produced longitudinal
image of tumor angiogenesis in rats in vivo for 584 and 764
nm illuminations [2]. The PAM technique has also been
used to generate images of cells and small animal organs
by other investigators [4], [5]. For PAT, the imaging re-
gion is uniformly irradiated and PA signals are detected
using either linear or circular-array transducers [3]. The
recorded signals are then back-projected to reconstruct
a high-resolution image. Wang and Hu were able to im-
age breast vasculature in a human volunteer in wvivo us-
ing a linear array operating in a frequency band of 4 to
8 MHz [3]. The implication of obtaining PA images with
ultrasound (US) transducers in the diagnostic frequency
range (2 to 15 MHz) is likely to be far reaching. It essen-
tially motivates development of a dual-modality US and
PA system for clinical applications. Such a system should
noninvasively provide both anatomical and functional in-
formation of the imaging region in a co-registered manner
[6]. Several attempts have been made by various research
groups to achieve this end [7]-[11]. The capability of PA
imaging specifically for in wvivo applications can be im-
proved further by introducing contrast agents [12]. Vari-
ous metallic and nonmetallic nanoparticles (NPs) have
been used as contrast agents in many studies [13]-[16].
For example, gold NPs (AuNPs) were used as a contrast
agent for imaging cancer cells [13]-[15] and carbon nano-
tubes were administered for visualizing tumors in a small
animal model [16].

Besides experimental investigations, efforts have also
been made to study spatial and temporal variation of
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PA fields generated by regular objects (e.g., cylinders,
spheres, etc.) as well as biological structures (e.g., vas-
cular networks) through computer simulations [17]. The
k-Wave simulation tool box has been exclusively used for
this purpose. It numerically solves coupled partial differ-
ential equations of fluid dynamics in an elegant manner. It
calculates spatial derivatives using the Fourier transform
method and temporal derivatives using a time propaga-
tor. This approach provides accurate time evolution even
for larger time steps and thus reduces computational bur-
den. The k-Wave method has been found to be immensely
useful for optimizing various parameters (such as laser
arrangement and pulse length, receiver arrangement and
bandwidth, etc.) and to study the performance of recon-
struction algorithms for PAT applications [18], [19]. How-
ever, in many situations, the whole field at every time step
must be computed to obtain acoustic pressure time-series
data at a single point [17]. Moreover, the existing studies
based on this tool box modeled tissue as a homogeneous
distribution of chromophores, and therefore the cellular
aspect of tissue was neglected.

The PA field generated by a cell, approximated as a
fluid sphere packaging chromophores and suspended in a
nonabsorbing fluid medium, can be calculated by solving
a wave equation in the frequency domain with the use of
appropriate boundary conditions [20]. The time-domain
solution can readily be obtained by employing the inverse
Fourier transformation. The inherent assumption of this
formulation is that light absorption takes place at the mo-
lecular level but acoustic emission takes place at the cellu-
lar level. The PA field from many cells can be expressed as
a linear superposition of fields emitted by the individual
cells [21]. This is known as the single-particle approach
and has been successfully utilized to explain experimental
results in ultrasonic and optical scattering problems [22],
[23]. This theoretical model has been used to predict the
PA behavior of non-aggregated and aggregated red blood
cells [21] and was subsequently compared with experimen-
tal results [24]. It has been employed to study the PAs of
oxygenated and deoxygenated red blood cells, malaria in-
fected erythrocytes, melanoma cells in blood, and as also
cancer cells with endocytosed AuNPs [25]—[28].

In this paper, the solution to the PA wave equation
for a spherical source and the spatial impulse response
function (SIRF) are combined to derive an analytical
expression of the PA signal for a focused single-element
transducer receiving tiny signals from a collection of cells
with endocytosed AuNPs. It has been hypothesized that
endocytosed AuNPs alter cellular optical absorption prop-
erty in a significant manner, although thermophysical pa-
rameters of cells remain unchanged because AuNPs oc-
cupy a negligible intracellular volume. The SIRF relates
transducer geometry to the transmit/receive field and can
be evaluated by computing pressure signal detected by
the receiver for a delta function disturbance originated by
a point source [29]. It may be noted that a cell emits an
acoustic pulse of finite width when uniformly illuminated

by a delta function laser pulse. Therefore, the PA signal
detected by a transducer for a single PA source can be
expressed in terms of convolution between the emitted
acoustic pulse and the SIRF. For many particle systems,
the resultant PA signal can be obtained by linearly adding
those signals from individual cells. The detailed derivation
of the model is presented in Section II. Such a framework
has been explored in this work to simulate B-mode im-
ages of numerical phantoms containing cells loaded with
AuNPs. The simulation method is illustrated in Section
III. The simulated results are presented in Section IV.
Finally, Section V contains discussion and conclusions of
this work.

II. MATHEMATICAL FRAMEWORK
A. Modeling of PA Field From a Single Spherical Source

The time-dependent wave equation for the PA field can
be derived from the linearized equations of fluid dynamics
using the condition of thermal confinement. It is given by
[20]
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Here, v, 8, and Cp are the acoustic wave velocity, thermal
expansion coefficient, and isobaric specific heat for the
light-absorbing region, respectively; @ is the amount of
heat received by the absorbing region per unit time per
unit volume. If an intensity-modulated laser beam with
intensity I, and modulation frequency w is used to deliver
heat, (1) reduces to its time-independent form as [20]
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where 1 is the optical absorption coefficient for the ab-
sorber. Eq. (2) can readily be solved in spherical polar
coordinates for a spherical absorber of radius a using ap-
propriate boundary conditions (such as the continuity of
pressure field and continuity of the normal component of
the particle velocity at the spherical boundary). The solu-
tion to (2) becomes [20]
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where |r' — ry| is the distance between the observation

point r’ and the center of the nth absorber positioned at
ry, as shown in Fig. 1, B = (iufua?)/Cp, and
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Fig. 1. Basic geometry of the imaging system.

with ¢ = kya. The notation j; represents the spherical Bes-
sel function of the first kind of order unity. The dimen-
sionless quantities p = pg/pr and o = v,/v; indicate the
density and the acoustic wave velocity for the absorber
with respect to those for the suspending medium, respec-
tively; ks and k¢ are the wave numbers for the acoustic
wave inside and outside the source, respectively. The time-
dependent PA field for a delta function heating pulse can
be derived by taking the inverse Fourier transform of (3),
yielding [20]
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where F'is the incident fluence and (5) denotes an analytic
signal. It may also be noted that contributions from all
possible frequencies are summed up while calculating PA
signal, so it is a wide bandwidth signal.

B. Modeling of PA Signal Detected by a Focused
Single-Element Transducer

The measured signal p,'(w) for the nth source is propor-
tional to PA pressure spatially averaged over the surface S
of the transducer and it can be written as
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= %BI 0P (W) H p(r,, w),
where S, is the aperture area and Hp(rp,w) =
fs(ew/vf‘r’_rﬂ‘)/@ﬂr’ — ry|)d?r’ is the directivity function
of the transducer [29].

The equivalent time-domain expression p,'(t) can be
obtained by taking the inverse Fourier transform of the
previous equation, and can be expressed as

2w
palt) = N

[P(t) ¢ hry, 1)], (7)
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*, denotes temporal convolution, and h(ry, t) = fs ot — |’

— ry|/v)/(27|r" — ry|)d®r’ represents the SIRF of the
acoustic receiver. The measured PA signal P(t) for a col-
lection of monodisperse absorbers with similar biophysical
and biochemical conditions can be cast as a linear super-
position of the tiny signals emitted by the individual
sources,

P(t) =) pi(t). (9)

n=1

The corresponding geometry is displayed in Fig. 1. In
practice, PA pressure signals are real and detected by an
ultrasound transducer with finite receiving bandwidth. A
Gaussian function can be used to suitably model the fre-
quency response of such a transducer. Therefore, a com-
plex filtering function can be constructed with real and
imaginary parts as

\/% e (€12 cos(wgt),

gi(wp, 1) = %2”

gR(w()v 3 t) = (10)

e (€12 sin(wgt),

(11)

where wy is the center frequency and £ is the —6-dB band-
width of the Gaussian function. A bandlimited (BL) RF
line PPM(t) can be formed by convoluting the real part of
P(t) with gg as [26]
PRM(t) = Re{P(H)} % gr(wo &1)- (12)
The Hilbert transform of (12) can be illustrated as [26]
PPY(t) = Re{P(O)} *( gi(wp, &1)- (13)

The envelope E(t) of RF line can be evaluated using the
following operation:

E(t) = J(PE(0) + (AP()*.

(14)
In this work, (14) was computed to simulate the PA am-
plitude line (A-line) for an ensemble of randomly posi-
tioned cells when detected by a focused transducer.
III. METHODS
A. Parameter Selection
In this study, each cell was considered as a fluid sphere

with radius ¢ = 5 pm which mimicked human epithelial
carcinoma cells (A431 keratinocyte). This cell line was
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previously imaged by others [13]. These cells encapsulated
Au nanospheres with radius 25 nm. The plasmon reso-
nance peak for such NPs appears around 520 nm, where
light absorption is maximum. The absorption coefficient
for a cell enclosing AuNPs could be estimated by mul-
tiplying the intracellular concentration of NPs with its
absorption cross-section at the wavelength of interest, i.e.,
1 = CONpOans. The intracellular concentration of NPs was
determined as Cyp = number of NPs divided by the vol-
ume of a cell and absorption cross-section was obtained
from o, = product of absorption efficiency and geometri-
cal cross-section of an NP. The absorption efficiency for
NPs was calculated using the Mie theory [30]. This theory
describes scattering and absorption of electromagnetic ra-
diation by a spherical particle of arbitrary size. It solves
the Maxwell equations in spherical polar coordinates and
uses appropriate boundary conditions at the surface of
the spherical object to derive exact analytical expressions
for extinction, scattering, and absorption cross-sections.
In this work, real and imaginary parts of the refractive
index at different optical wavelengths for Au were taken
from literature, and those numerical values were utilized
in computing the cross-sections [31]. The absorption effi-
ciency was computed as 3.297 at 532 nm, and accordingly,
1 was found to be 56004.65 cm~1 for a typical intracel-
lular concentration of NPs of about 45.3 x 10* NPs/cell
[28]. Previously, experiments were performed with cells
containing NPs at this concentration [14].

The density and the speed of sound for cell were cho-
sen as ps = 1090 kg/m3 and v, = 1535 m/s, respectively
[32]. These numerical values are similar to those of acute
myeloid leukemia cells. Other quantities, such as thermal
expansion coefficient, isobaric specific heat, and fluence of
the optical beam, were taken as constant because these
parameters essentially control amplitude of the signal and
do not affect its frequency content. The density and the
speed of sound for the surrounding medium were fixed at
pr = 1005 kg/m3 and vy = 1540 m/s, respectively [22].

B. Phantom Generation

1) Cyst Phantom: A numerical phantom was construct-
ed using NP-filled cells which were randomly positioned
inside the volume of 20 x 0.7 x 25 mm?®. The volume frac-
tion occupied by cells was 20 x 10* cells/mL, which was
similar to that of experiments in [13] and [14]. The ran-
dom positioning of non-overlapping spheres in 3-D is gen-
erally computationally expensive. However, an algorithm
was developed employing the Monte Carlo technique to
simulate tissue realizations in 3-D within realistic time
frame. A detailed description of the algorithm is presented
in [26]. Briefly, the entire volume was divided into several
boxes of size 0.5 x 0.07 x 25 mm?3. Each box was sepa-
rately filled with spheres in such a way so that they did
not overlap. Further, spheres situated at the boundaries
of a box also maintained non-overlapping condition with
particles from other boxes. A simulated tissue configura-
tion composed of spatially random distribution of cells

is shown in Fig. 2(a). All cells in this figure had p =
56004.65 cm~! except those located within the spherical
regions [see Fig. 2(a)]. The cellular absorption coefficient
for cells inside the spherical regions on the left side was
set to be 30 dB less (i.e., p = 1771.02 cm~! and 1.4 x 104
NPs/cell) than that of cells outside the spheres. However,
it was 30 dB higher (i.e., u = 1771022.50 cm~! and 1432.5
x 10* NPs/cell) for cells belonging to the spherical regions
on the right side compared with that of cells outside the
spheres. The spherical regions on the left and right sides of
Fig. 2(a) had diameters of 7.0, 5.0, and 3.0 mm from top
to bottom, respectively. The PA image simulation meth-
odology is described later and a side view of the scanning
geometry for this phantom is shown in Fig. 2(b).

2) Staircase Phantom: Another numerical phantom was
simulated and the corresponding PA image was gener-
ated. In this case, the entire volume (i.e., 20 x 0.7 x 25
mm?) was divided into four regions along the z-direction,
as shown in Fig. 3(a), and populated with cells having
different absorption coefficients such that they formed ab-
sorption stair steps. The absorption coefficient for cells in
the third stair (from the left) was about 56004.65 cm™!,
whereas the same in the two stairs on the left and one on
the right was at —20, —10, and 10 dB with respect to the
third one, respectively. Accordingly, intracellular NP con-
centration could be calculated to be 4.5 x 10%, 14.3 x 104,
45.3 x 10% and 143.2 x 10* NPs/cell from left to right. It
might be noted that the darkness of circles mimicking cells
gradually increased from left to right in Fig. 3(a), indicat-
ing sequential increment of p.

C. PA Image Formation

A side view of the scanning geometry is shown in Figs.
2(b) and 3(a). A 532-nm laser beam propagated along
the y-direction and uniformly illuminated a volume of 0.5
x 0.7 x 25 mm3 containing 1750 cells. The irradiated
region is highlighted in each figure. PA waves emitted by
cells belonging to that irradiated volume and propagated
along the —zdirection were detected employing a focused
transducer. A scan line was constructed by summing the
tiny signals from those cells. Initially, 40 scan lines along
the z-direction were generated from the entire phantom
(i.e., 20 x 0.7 x 25 mm3). The diameter of the transducer
was 8 mm with 20 mm as the focal length. The SIRF
of such a receiver could be evaluated by computing the
analytical expression of the SIRF of a concave spherical
radiator originally derived by Arditi et al. [33]. However,
in this work, Field II [29] was used to calculate the SIRF
of the transducer and the PA pressure field from cells was
obtained by evaluating (9). The sampling rate was fixed
at 4 GHz. The BL RF lines from the wideband pressure
signal were obtained for three transducers (center frequen-
cies at 10, 25, and 50 MHz and 60% bandwidth at —6
dB for each). The envelope of each BL signal was deter-
mined using the Hilbert transform pairs and calculating
(14). The Gaussian window of the filtering functions was
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Fig. 2. (a) A numerical phantom consists of randomly positioned cells
containing NPs at three different concentrations. Cells (green spheres)
within three spherical regions at the left contain about 1.4 x 10 NPs/
cell, whereas the cells (red spheres) in the regions at the right contain
about 1432 x 10* NPs/cell. The remaining cells (gray spheres) enclose
45.3 x 10* NPs/cell. (b) Side view of the scanning geometry.

truncated to +4/¢ length. Each BL RF line was further
downsampled by a factor of 100 and log compression was
used to obtain a finite dynamic range B-mode PA image.
Log-compressed RF lines were then interpolated 13 times
along the z-direction employing a cubic interpolator to
generate the final 50 dB dynamic range B-mode PA image
of the numerical phantom and 256 gray levels were used
to encode the dynamic range. The calculation of SIRF's for
many cells is a computationally expensive task in this ap-
proach. For example, it took about 8 h in a personal com-
puter [OS: Windows 7 (Microsoft Corp., Redmond, WA);
Processor: Intel Core i3-2130 CPU (Intel Corp., Santa
Clara, CA), 3.40 GHz; RAM: 4 GB] to generate a PA im-

age of a region with 70000 cells using a focused transducer
with 8 mm diameter and 20 mm as the focal length.

D. Speckles in PA Imaging

The origin to speckles in PA images was also studied
in this work in detail. For this purpose, a phantom was
generated. It was a kind of agar-gelatin block with size 3
x 0.05 x 3 mm3. It contained a cylindrical region with
an axis of symmetry along the y-direction [see Fig. 3(b)].
It was populated with cells enclosing AuNPs. The radius
and height of the cylinder were 1000 and 50 pm, respec-
tively. The volume fraction occupied by cells inside the
cylindrical region was varied from 10% to 40% with a 10%
increment; however, cell concentration outside the cylin-
drical region was zero. A 2-D view of such a phantom is
shown in Fig. 3(b). A representative illuminated region is
also shown in this figure. PA signals for such samples were
computed and analyzed to examine how cell concentration
affected boundary buildup and speckle visibility. To study
these effects further, another type of sample was investi-
gated. In this case, the volume fraction occupied by cells
inside the cylindrical region was kept constant at 20% but
it was gradually changed from 0 to 10% outside that vol-
ume. In both cases, cells were loaded with NPs at a con-
centration of 45.3 x 10* NPs/cell, providing p = 56 004.65
cm~ L. Finally, the effect of intracellular NP concentration
on speckles in PA images was examined. In this case, cell
concentrations inside and outside the cylindrical region
were fixed at 20%. The intracellular NP concentration for
cells inside the cylindrical region was taken as 45.3 x 10%
NPs/cell. The concentration was decreased from 18.1 X
104 to 2.3 x 104 for cells outside that region so that con-
trast (defined as the ratio of optical absorption coefficient
for cells inside to outside the cylindrical region) increased
approximately from 2.5 to 20.

IV. RESULTS

B-mode images of the phantom depicted in Fig. 2 are
shown in Fig. 4. Three images have been generated at
three different center frequencies of the ultrasound trans-
ducer [see Figs. 4(a)—4(c) for 10, 25, and 50 MHz, respec-
tively]. Fig. 4(a) demonstrates that six spherical regions
appeared at the desired locations with expected sizes and
shape. This served as a code sanity cheek. Although opti-
cal absorption for cells within three spherical regions on
the right side of the cyst phantom (see Fig. 2) is identical,
the middle circle in the PA image looks much brighter
than the other two positioned above and below it. The
central region of the cyst phantom falls inside the depth
of field of the transducer that has a focal length of 20 mm.
PA signals from cells located within the depth of field be-
cause of focusing action are added constructively, produc-
ing large intensity in the brightness map. Similarly, some
bright spots are visible inside the middle circle on the
left side. Other circles appear to be dark and textureless
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Fig. 3. (a) Side view of the scanning geometry for the staircase phantom. It contains four boxes. The intracellular NP concentrations are 4.5 x 104,
14.3 x 10%, 45.3 x 10%, and 143.2 x 10%, from left to right. Accordingly, u is 5563.37, 17679.17, 56004.65, and 177038.98 cm 1, respectively. (b) Same
as (a) but for the first type of speckle phantoms. Endocytosed cells are present within the cylindrical volume at the central region of the phantom.
For other types of phantoms, cells exist outside the cylindrical region as well.

because they are situated away from the focus. Note that
these circles confine cells having identical light absorption
coefficients. Similar observations can also be made from
Figs. 4(b) and 4(c). However, as expected, the size of the
focal region has shrunk as the center frequency of the
transducer is increased. Moreover, the number of bright
pixels inside each circular region decreases with increasing
center frequency and, hence, brightness and contrast of
that circular area are reduced with respect to the back-
ground. This may be attributed to the fact that sharp and
narrow N-shaped pressure pulses emitted by a single cell
become flat when filtered by a low-frequency transducer
(e.g., 10 MHz) and consequently, the number of pixels
with intermediate gray values increases. Some dark spots
have appeared at the focus in Fig. 4(c) but those are not
present in Fig. 4(a). The white arrow in Fig. 4(c¢) indi-
cates a dark spot. It may be noted that a sparse medium
(~0.01% being the volume fraction occupied by cells) has
been imaged and those dark spots may correspond to non-
absorbing extracellular matrix appearing, particularly at
higher frequencies.

Fig. 5(a) displays a simulated PA image of the staircase
phantom for a 10-MHz transducer. Corresponding images
simulated at 25 and 50 MHz are depicted in Figs. 5(b) and
5(c), respectively. Fig. 5(a) illustrates that only the focal
region is visible in the leftmost strip. However, the visible
region gets gradually extended from left to right because
of increasing intracellular NP concentration enhancing PA

signals from cells. Figs. 5(b) and 5(c) also exhibit similar
variation. Similar to the previous case, some dark spots
are specified with white arrows in Figs. 5(b) and 5(c).
Plots of average PA amplitude as a function of NP con-
centration are shown in Fig. 6 at three center frequencies.
The NPs reside within cells. The mean PA amplitude has
been calculated by averaging signals over an area of 4 x
10 mm? on each staircase [see Fig. 5]. The linear variation
is expected because PA amplitude in this model follows a
linear relationship with u [see (3)].

It is evident from Figs. 4 and 5 that fully developed
speckles are present in these simulated images. To investi-
gate the origin of speckles in PA images, a detailed study
has been performed in this work. For this purpose, three
types of phantoms were constructed and imaged via in
silico experiments as discussed in Section III-D. We be-
gin with three representative A-lines corresponding to the
central region of those samples, as plotted in Fig. 7. The
upper panel of Fig. 7 shows the A-line for a sample in
which 20% of the volume inside the cylindrical region is
filled by cells having the same p values and no cells are
present outside this region. The middle panel of Fig. 7 is
generated from a sample for which cells occupy 20% of
the volume inside the cylindrical region; however, they oc-
cupy 5% outside. For both the regions, u is constant. The
lower panel corresponds to a sample for which 20% of the
volume both inside and outside of the cylinder is taken
up by cells but contrast is about 2.5. It can be seen from
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Fig. 4. (a)~(c) 50 dB dynamic range B-mode images of the phantom depicted in Fig. 2 for three different transducer center frequencies: 10, 25, and
50 MHz, respectively. The white arrow in (c¢) indicates a dark spot that might have originated from nonabsorbing ambient medium.

the upper panel of Fig. 7 that boundary signals are very
strong and signal amplitude approaches to zero outside
the boundaries. Further, signal amplitude in the middle
segment is reduced significantly. A similar observation can
also be made from other panels. It is also interesting to
note from the middle and lower panels that the height of
the boundary signals has decreased and the signal ampli-
tude outside the boundaries has become nonzero.

PA images generated at 10 MHz of a cylindrical re-
gion containing cells at volume fractions 0.1, 0.3, and 0.4
are shown in Figs. 8(a)-8(c), respectively. However, no
cells are present outside this volume, meaning that light
absorption does not take place. Fig. 8(a) illustrates that
pixels at the boundaries of the cylindrical region are much
brighter compared with that of the middle segment. This
is because boundary signals are much stronger than that

10 MHz

Axial distance (mm)

5 10 15 5
Lateral distance (mm)

Fig. 5. 50 dB dynamic range B-mode PA images of a staircase phantom. Each stair step contains randomly located cells with fixed intracellular NP
concentration as shown in Fig. 3(a). The cellular absorption coefficients (u) are —20, —10, 0, and 10 dB, from left to right. (a)—(c) The three images
correspond to three different transducer center frequencies: 10, 25, and 50 MHz, respectively. The white arrows in (b) and (c) indicate dark spots
that may represent nonabsorbing extracellular matrix.

25 MHz

of the central region. The tiny signals from cells located
close to each boundary add up in phase at the transducer
surface and that results in boundary buildup. However,
cells are randomly placed within the central region, and
consequently phase variations are completely randomized
between 0 and 2w. Therefore, incoherent addition takes
place, leading to great reduction in signal strength. These
effects are much more prominent for phantoms with high-
er concentrations of cells, as shown in Figs. 8(b) and 8(c).
In other words, speckles are greatly suppressed in these
cases. It is further clear from Fig. 8(d) where speckle vis-
ibility, defined as the square root of the average speckle
power divided by the square root of the boundary power
[34], is plotted as a function of cell concentration inside
the cylindrical region. Fig. 8(d) shows that speckle visibil-
ity decreases with increasing cell concentration.

50 MHz

10 15

10 15 5
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Fig. 6. Variation of average PA amplitude with NP concentration. NPs
are inside the cells (9 x 109 to 286 x 109 NPs/mL corresponds to 4.5 x

10* to 143.2 x 10* NPs/cell). The average amplitude was obtained from
an area of 4 x 10 mm on a stair step at the focal region of Fig. 5.

300

The role of boundary buildup on speckle suppression
is further elucidated in this study. Figs. 9(a)-9(c) pres-
ent simulated PA images for a 10-MHz transducer of a
cylindrical region populated with cells occupying a fixed
volume fraction of 0.2, but with cellular volume fractions
outside this region at 0, 0.05, and 0.1, respectively. Strong
boundary buildup can be noticed in Fig. 9(a) and there-
fore, speckle visibility is less. However, the strength of
the boundary signal is reduced as the cell concentration
outside the cylindrical region increases [see Figs. 9(b) and
9(c)] and the associated speckle visibility increases. This
is expected because signals from cells outside the cylindri-
cal region and from cells situated close to boundary (and
also inside the cylindrical region) may meet out of phase
at the transducer surface, diminishing the boundary ef-
fect. Speckle visibility as a function of cell concentration
outside the cylindrical region is quantified in Fig. 9(d).

It has also been studied in this work how intracellular
NP concentration affects speckles in simulated PA images.
In Figs. 10(a)-10(c), cell concentrations inside and out-
side the cylindrical region are the same (cellular volume
fraction ~0.2). Endocytosed NP concentration outside the
cylindrical region is about 18.1 x 104, 4.5 x 104, and 2.3 x
10* NPs/cell in Figs. 10(a)-10(c), respectively. However,

el
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Fig. 7. Representative plots of A-lines corresponding to the central re-
gion of phantoms used for speckle studies (output of 10-MHz transduc-
er). (a) Corresponds to the sample for which volume fraction occupied
by cells within the cylinder is 20% but it is 0% outside [see Fig. 3(b)].
(b) The same quantity is about 20% within the enclosed region but it
is 5% outside; cells in both the regions have the same p values. (¢) Cell
concentration inside and outside the cylinder is identical and it is about
20%; p for cells inside the cylinder is 2.5-fold higher than that of cells
outside (i.e., contrast is 2.5).

it is fixed at 45.3 x 10* NPs/cell within the cylindrical
region in each figure. Accordingly, contrast can be com-
puted to be 2.5, 10, and 20, respectively. It can be seen
that boundary regions appear distinctly in each figure.
Nevertheless, the boundary effect is more pronounced for
samples with higher contrasts. PA signals from cells out-
side and inside the boundary do not differ significantly in
Fig. 10(a) because contrast is less and therefore, signals
of similar strengths interfere, causing a great reduction
of the boundary effect. Moreover, the speckle pattern is
approximately similar over the entire image. In the cases
of Fig. 10(b) and 10(c), the interference effect close to
boundary is not so dominant because the contrast is high,
leading to strong boundary buildup. As expected, speckle
visibility decreases as the contrast increases. Speckle vis-
ibility is quantitatively presented in Fig. 10(d). Guo et al.
[34] also obtained a similar trend when constructing RF
lines for a numerical phantom comprising large number of
point sources (~10° per wavelength).

4
in

Speckle visibility

10 20 30 40
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(c) (@

Fig. 8. (a)—(c) 30 dB dynamic range B-mode PA images generated with 10-MHz transducer. Volume fractions occupied by cells inside the circular
region for (a)—(c) are about 10%, 30%, and 40%, respectively, but it is fixed at 0% outside. (d) Associated variation of speckle visibility as a function

of cell concentration inside the circular region.
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Fig. 9. (a)—(c) 30 dB dynamic range B-mode PA images generated with 10-MHz transducer. Volume fractions occupied by cells outside the circular
region for (a)—(c) are about 0%, 5%, and 10%, respectively, but it is kept constant at 20% inside. (d) Corresponding variation of speckle visibility as

a function of cell concentration outside the circular region.
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Fig. 10. (a)—(c) 30 dB dynamic range B-mode PA images generated with 10-MHz transducer. Volume fractions occupied by cells outside and inside
the circular region are about 20%. The intracellular NP concentration for cells inside the circular region is about 45.3 x 10* NPs/cell in each figure.
However, it is approximately 18.1 x 104, 4.5 x 10% and 2.3 x 10* NPs/cell in (a)—(c), respectively, for cells outside the circular region. (d) The

variation of speckle visibility as a function of contrast.

V. Di1sCcUSSION AND CONCLUSIONS

A theoretical framework is presented for PA image
simulation of a collection of light-absorbing cells. This is
similar to conventional ultrasound B-mode imaging of an
ensemble of scatterers. It seems that this approach may be
suitable for PA imaging of a medium composed of discrete
absorbing structures. Additionally, effects of polydisper-
sity in size and strength of absorbers, and other practical
factors related to the receiver (such as geometry, apodiza-
tion, etc.) can easily be incorporated in this framework.
The simulation methodology presented in this paper has
been utilized to simulate PA images of various numerical
phantoms and to study the origin of speckles. Further,
noise-free signals were considered in this study for sim-
plicity. Nevertheless, in practice, PA signals are corrupted
with noise, which is likely to alter speckle visibility. In-
tuitively, average boundary power would be reduced by
the addition of zero-mean Gaussian noise to the boundary
signal and, hence, speckle visibility would be enhanced. It
would be interesting in future work to examine the effect
of the Gaussian noise on speckle visibility in detail.

As stated earlier, the k-Wave method has been exclu-
sively utilized for PA image simulations of regular objects
as well as vascular structures. It has proved to be a very
powerful tool for obtaining qualitative and quantitative
insight into various parameters that influence PAT out-
come. This method was also employed here to simulate
images of some phantoms for comparison. For this pur-

pose, a cylindrical region (radius 200 pm and height 50
pm) containing cells labeled with AuNPs was considered
[see Fig. 3(b)]. This region was imaged using the approach
presented in this manuscript with a transducer of diameter
135 pm and 25 MHz as the center frequency. Figs. 11(a)—
11(c) represent such images when cells occupy 10%, 20%,
and 30% of the cylindrical volume. As observed previously
(see Fig. 8), boundary buildup increases as the cellular
concentration increases, and also speckles are apparent at
the internal regions. Images of equivalent effective media
simulated with the k-Wave tool box are shown in Figs.
11(d)-11(f). The numerical values of effective parameters
were obtained by exploiting the additive nature of various
physical constants.! PA pressure data were evaluated over
a 3-D spatial grid of 256 x 128 x 128 pixels at a time
step of approximately 1 ns. A perfectly matched layer of
width 10 grid points was considered for boundary match-
ing. Spatial resolution along each direction was chosen to
be 5 pm. The circular boundary appears prominently in
each figure, whereas the central region produces a very
weak signal (PA amplitude below the lower cut off). The
boundary effect is most pronounced for the medium in
which cell concentration is maximum. Moreover, the imag-

LThe density, compressibility, sound velocity, and light absorption co-
efficient for the effective medium (denoted by eff) were defined as pog =
(n1ps + vopp)/ V, ket = (niks + wkp)/ V, Cof = 1/ Npeerrs and prog =
v/ V, respectively. Here, vy, vy, and V are the total volume occupied by
cells, volume of extracellular matrix, and volume of the illuminated re-
gion, respectively.



472 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 62, NO. 3, MARCH 2015

Axial distance (mm)

0

2 01
g
:
S 035
z
=
i
< 06

0 0.2
(d)

04 O

Axial distance (mm)

04 O

0.2
(©

02 04 O 0.4

(b)

02 04 O 02 04

(e) ®

0.2

02 04 O 0.4

Lateral distance (mm)

(@

Fig. 11. (a)-(c) 30 dB dynamic range B-mode PA images generated with a 25-MHz transducer of diameter 135 pm employing the particle-based
method discussed in this manuscript. Cellular volume fractions inside the cylinder are 0.1, 0.2, and 0.3, respectively. (d)—(f) Similar images of effective
media simulated with the k-Wave method. (g)—(i) Images constructed with the k-Wave tool box when non-overlapping cells are randomly placed at
the grid points inside the cylinder (grid resolution 5 pm).

es shown in Figs. 11(d)-11(f) seem to be speckle free. This
is expected because the absorbing medium is assumed to
be composed of freely suspended chromophores, as many
k-Wave implementations assume [18], [19]. Therefore, the
notion of confinement of chromophores [or discrete ab-
sorbers (cells)] and consequently, interference of signals
emitted by absorbers, has been ignored. The structural
details of the imaging medium at the micrometer level

(h) @

may be included in this method and their effects may be
examined.

To study this aspect, cells were placed randomly un-
der a non-overlapping condition at grid locations within
the cylinder. The volume concentrations of cells inside the
cylinder were taken to be 10%, 20%, and 30% for three
different phantoms [the same phantoms were also used to
generate Figs. 11(a)-11(c)]. The initial pressure was as-
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signed to be nonzero (oc 1) at grid points enclosed by cells;
otherwise, it was set to be zero. Final pressure data were
obtained by deploying the k-Wave tool box. Correspond-
ing images are displayed in Figs. 11(g)-11(i). The circular
boundary appears distinctively in each figure. Most im-
portantly, pixels in the central regions retain nonzero gray
levels resulting in the appearance of speckle. This may be
attributed to the fact that in this implementation, pres-
sure waves from individual sources are allowed to interfere
producing such a pattern, which is similar to that of Figs.
11(a)-11(c). Qualitative agreement between Figs. 11(a)—
11(c) and Figs. 11(g)-11(i) indeed validates the method-
ology described in this paper. Further, the width of the
circular boundary in a k-Wave image is wider than that
of an image generated by the present approach (bound-
ary width seems to be dictated by low-frequency content
of the signal). It might be noted that the frequency con-
tents of the initial simulated RF lines produced by the
two methods were drastically different. For example, the
maximum supported frequency in k-Wave lines was ap-
proximately 150 MHz, whereas it was 2000 MHz in the
other case. In both cases, simulated RF lines were suit-
ably downsampled and then filtered to generate B-mode
images. However, it might be speculated that ultrahigh-
frequency components of the current method might have
influenced low-frequency content, leading to a narrower
boundary than that of the k-Wave.

It might also be mentioned that k-Wave simulations
were performed over a small spatial domain to restrict
execution time within a practical limit. For instance, the
generation of an image via k-Wave involved ~9 h of com-
putation. In contrast, the approach presented in this study
takes advantage of analytical solutions to the PA wave
equation for absorbers of regular shapes for constructing
RF lines, and therefore reduces the computational burden
significantly (e.g., it required a few minutes to simulate an
image in the same computer). Finally, although the meth-
odology described here is a computationally efficient tech-
nique, it is limited to absorbers with regular shapes only.

It is known that endocytosed NPs are confined within
small vacuoles referred to as endosomes and their size may
be up to 1 micrometer [14], [35], [36]. It is discussed in
literature that NPs within endosomes may have plasmonic
interaction because of close packing. Such an interaction
may lead to temperature rise sufficient to alter thermo-
physical parameters, particularly at high fluence, and may
contribute to nonlinear increase of PA amplitude with flu-
ence. Nonlinear variation of PA amplitude with laser flu-
ence was observed experimentally and also reported in
literature (see [14, Fig. 4]). Nevertheless, in this work,
plasmonic interaction between NPs was not taken into
account and it might be a valid approximation for low flu-
ence. Thus, the proposed methodology may not work at
high laser fluence.

In conclusion, a theoretical model is described to simu-
late PA image of collection of cells labeled with AuNPs.
A Monte Carlo algorithm was implemented to generate
random locations of cells in 3-D. PA images were formed

for a focused ultrasound transducer and at three center
frequencies (10, 25, and 50 MHz). It was found that the
approach faithfully imaged numerical phantoms used in
this study. The origin of speckles in PA imaging was also
investigated in this work. It was observed that speckles
are greatly suppressed when absorbers are confined in a
region (e.g., red blood cells in vessels). However, speckles
become apparent when absorbers are not bounded to a re-
gion. Experimental validation of the observations reported
in this study as well as implementation of this framework
for array transducer involving dynamic focusing will form
the subject matter of a separate investigation.
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