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Abstract

Nanoparticles are widely used as contrast and therapeutic agents. As such, imaging modalities that
can accurately estimate their distribution in-vivo are actively sought. We present here our method
Magneto Acoustic Tomography (MAT), which uses magnetomotive force due to a short pulsed
magnetic field to induce ultrasound in the magnetic nanoparticle labeled tissue and estimates an
image of the distribution of the nanoparticles in-vivo with ultrasound imaging resolution. In this
study, we image the distribution of superparamagnetic iron oxide nanoparticles (IONP) using
MAT method. In-vivo imaging was performed on live, nude mice with IONP injected into lymph
node derived cancer of the prostate tumors induced over the hind limb of the mice. Our
experimental results indicate that the MAT method is capable of imaging the distribution of
IONPs in-vivo. Therefore, MAT could become an imaging modality for high resolution
reconstruction of MNP distribution in the body.
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Pulsed magnetic field

In magneto acoustic tomography a short pulsed magnetic field is applied to induce ultrasound in
tissue labeled with magnetic nanoparticle through magneto motive force. Using ultrasound
transducers placed around the object this ultrasound wave is measured. The reconstructed image
from the ultrasound signal is a representation of the distribution of the magnetic nanoparticles in
the tissue. This is shown in the present study with in-vivo experiments to detect and image the
distribution of IONPs in live, nude mice with induced lymph node derived cancer of the prostate
tumors over the hind limb.

Keywords

Magneto motive force; Magnetic nano particle; in-vivo; magneto acoustic tomography; ultrasound

Introduction

In recent years, magnetic nanoparticles (MNPs) have been widely used as contrast agents in
a variety of clinical and molecular imaging modalities [1]. Target specificity is typically
accomplished by coating MNPs with appropriate tumor/tissue specific markers, such as
antibodies, allowing them to bind to the tumor region [2-3]. These nanoparticles can then be
imaged within the tumors for clinical applications such as detection or pre-treatment
planning. For instance, there is a wide consensus that early detection of cancer improves
both 5-year survival rates and quality of life for patients. As seen in clinical data from
24,740 cases, five-year breast cancer survival rates can reach 96.2% if the tumor is
diagnosed when the size is less than 5 mm [4]. This has led to significant effort in
exploration of contrast agents and biomarker indicating tumors [5]. Also, techniques are
being actively developed to image cancer through the use of indigenous tissue properties
such as elastic properties [12] or electrical properties (EP) at various electromagnetic
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wavelengths [6-11]. The goal of these efforts is to obtain highly sensitive, good resolution
detection of tumors.

In addition to magnetic nanoparticles being used as imaging contrast agents, they are also
being actively investigated as therapeutic agents owing to the ability to heat MNPs by
alternating radiofrequency (RF) magnetic fields. Thus, the use of magnetic nanoparticles
could lead to theranostic (therapeutic and diagnostic) applications in cancer management
[13-15]. For these reasons, developing high spatial resolution imaging techniques for the
detection of the distribution of these MNPs in tissue is desired.

Several imaging techniques for estimating the distribution of nanoparticles in tumors have
been explored in recent years. Magnetic resonance imaging (MRI) was first used to image
magnetic nanoparticle-labeled molecular targets, as it can provide an enhanced imaging
contrast because of its nature and properties significantly shortening T2 relaxation time [16]
[17]. The reduced relaxation time of the signal in MRI is seen to depend on the
concentration of the magnetic nanoparticles used, and research is ongoing to be able to
reliably detect these nanoparticles under shortened relaxation times at nanoparticle
concentration levels in the 1-10 mg Fe/ml range [18]. Using the sweep imaging with fourier
transformation (SWIFT) MRI technique, quantitative imaging of up to 3 mg Fe/ml
concentration of iron oxide nanoparticles (IONPs) is possible [18][19]. CT scanning has also
been explored as another approach for estimating the distribution of magnetic nanoparticles
[20]. The IONP distribution above 10 mg Fe/ml is well recognized in the CT images with
the sensitivity limited below this concentration [20]. In addition, the cost of MRI or CT
imaging systems represents an economic burden for large scale screening for early cancer
detection applications [21]. Another approach that has been explored for detecting MNPs is
based on the heating effect [15],[22] which applies alternating magnetic fields and raises the
temperature of the MNP labeled tumor. This raises the temperature distribution around the
tumor which is then used to estimate its location. However, this technique is limited by its
ability detect superficial tumors at depths of up to 1.5 cm under the surface. It is also limited
by the amount of heat applicable to the tissue for diagnostic purposes. On the other hand,
ultrasound penetrates soft tissue with imaging depths of tens of centimeters in the current
ultrasound systems in the few MHz frequency range [23]; in this frequency range, the
imaging resolution is better than 1 mm. In addition, ultrasound based systems could provide
a cost effective imaging alternative to MRI or CT.

Recently, several ultrasound-based imaging techniques have been developed in which a
secondary effect of the nanoparticles is being used to indicate their presence. Photoacoustic
(PA) imaging is based on the detection of changes in optical absorption properties due to the
presence of nanoparticles. In PA imaging, nano agents with well-characterized absorption
spectrums absorb the applied laser pulses. This energy then converts to heat, generating
acoustic waves detectable with an ultrasound receiver [24][25]. In magneto-motive force
based nanoparticle detection, an RF magnetic field is applied to the tissue labeled with
MNPs experiencing a mechanical force from the magnetic field. The resultant mechanical
fields from this force can then be used to image the nanoparticles present in the tissue, which
is a diamagnetic medium without such magnetic forces. Imaging methods using these
magneto-motive forces, leading to the displacement in MNP labeled tissue, have been
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proposed for reconstructing these nanoparticle distributions [26—-29]. One such technique is
based on displacement measurements using optical coherence tomography (OCT) called
magneto-motive optical coherent tomography (MM-OCT) [26][27]. However, MM-OCT
has limited detection depth due to the strong scattering of light in tissues. Alternatively,
ultrasound based methods using B-mode or M-mode ultrasound measurements of magnetic
nanoparticle displacement for deep tissue imaging have been proposed as presented in
magneto-motive ultrasound imaging (MM-US)[28][29]. These previously used imaging
methods using magneto-maotive force either apply continuous alternating magnetic fields or
millisecond long, alternating pulsed magnetic fields to generate tissue displacement images
and perform measurement of the displacement which is prominently induced along the
direction of the force.

In our new method called magneto acoustic tomography (MAT) [30], we apply a short,
microsecond duration magnetic pulse to the tissue with MNP. This leads to a short pulsed
magneto motive force acting on the MNP creating acoustic vibrations that spread in all
directions throughout the medium. In addition, these acoustic vibrations are at the same
frequency as the dynamic magnetic field, which is chosen to match the ultrasound frequency
range. This allows recording of these acoustic waves with ultrasound transducers placed
around the object in this study. This measured signal can then be used to reconstruct the
acoustic source distribution in the object by using possible ultrasound imaging approaches
[31][32] leading to the reconstructed images having a good resolution of ultrasound imaging
and good imaging depth in soft tissue. The imaging resolution and depth are primarily
governed by the ultrasound system used. The imaging resolution is a function of the
ultrasound bandwidth and the imaging depth is governed by the ultrasound attenuation in
tissue. In the MAT method the ultrasound transducer is used only in the sensing mode unlike
traditional ultrasound imaging where the transducer acts as both transmitter and receiver of
acoustic waves. This allows the MAT method to have improved imaging bandwidth, limited
mainly by the receiving bandwidth of the transducer, leading to better resolution. Also, as
compared to traditional ultrasound imaging, the MAT method has lower ultrasound
attenuation due to the tissue from the reduced travel path of the acoustic waves from the
MNPs embedded in tissue to the sensing transducer leading to improved imaging depth. The
MAT method is similar to magneto acoustic tomography with magnetic induction (MAT-
M), which is being explored for high resolution bioimpedance imaging [7][33][34]. With
MAT-MI a combination of pulsed and static magnetic fields are used to generate acoustic
fields by using Lorentz force; this acoustic field can be used to estimate the high resolution
conductivity distribution of the tissue.

Different magnetic materials such as Fe, Ni, Mn, Co, Cr, Gd in their metal, metal alloy or
oxide forms can be used as magnetic contrast agents [35][36]. However, because metals and
metal alloys are prone to oxidation and corrosion, stable metal oxides are widely used as
MNP contrast agents. Toxicity considerations are also a factor in the choice of materials for
a contrast agent. The presence of iron in human bodies and the low toxicity profile [37] have
led to iron based nanoparticles being actively studied as contrast agents. Other materials that
could be highly toxic require proper coating or chelation when used as contrast agent [36].
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In this paper, we present our work on in-vivo imaging of the iron oxide based nanoparticles
(IONP). The particles chosen are small (around 10-20 nm) which leads to these particles
having superparamagnetic properties. This allows the particles to have good stability in
colloidal solutions [28]. Using these particles injected into the prostate tumor induced over
the hind limb of the mouse, we performed in-vivo MAT imaging of these nanoparticles
indicating their presence and distribution in tumors. An ultrasound scanning system
measuring acoustic vibrations along directions perpendicular to the magnetic field is used
for the imaging.

Magneto acoustic signal generation

In magneto acoustic tomography based IONP detection, a time varying magnetic field B (r,
t) is applied over the object space €. This field is generated by applying a pulsed current
through coils placed in the xy plane as seen in Fig. 1. This gives rise to magnetic fields
which are primarily along the z direction over the object space. Also, when the applied
current pulse duration is in the microsecond range, the corresponding magnetic field is in the
MHz frequency range. In biological tissue, such a field can uniformly penetrate through the
object and be considered to be quasi-static [38—39] and fully determined by the coil
geometry carrying the pulsed current. This allows the separation of the spatial and temporal
components of the magnetic field as follows

By(r,t)=B.(r)f(t) ()

Where B, is the magnetic field acting along the z direction in space, f (t) is the time
dependence of the field. The magnetic nanoparticles present in such a field experience the
magneto-motive force along the z direction as described by the following [28][40]:

Fm:X L pf sz f(t)

Ho 0z @

Where ynp is the magnetic susceptibility of the particles, Vi is the volume of the
nanoparticles and f,y, is the volume fraction of the nanoparticles and (1o the magnetic
permeability constant.

For a biological tissue medium behaving as an inviscid fluid, the linearized Navier-Stoke’s
equation describing the relationship of the pressure wave and the applied force is as follows
[71[23][41]

ov
—_—=— F,
o ot Vp+ m  (3)

where p(r, t) is the pressure, v(r, t) is the velocity at a point r in the medium, pq is the density
of the medium.
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Taking the divergence of the above equation and combining it with the continuity equation
9]

in the medium for such an acoustic wave, ﬂsa—erV v = 0 gives the wave equation for

pressure distribution:

1 0%p
PGV P @

1
Where Bg is the compressibility of the medium, s —7~—=- which is ~ 1500 m/s for biological
pOﬂs

tissue. As seen here, the divergence of the magneto motive force acts as the source for the
pressure wave which propagates in all directions in the medium.

The pressure in the medium is given by the Green’s function solution to equation 4:
1 .
p(r t)=— 4_ﬂ_fffd3r’vr’ cFp(r’, t)G(r, 1) (5)

Where r' is the location of the acoustic source, r is the location detector, V, implies
derivative with respect to source space r', the Green’s function for this solution

R
G(r,r, t)z% where B=|7 — 7’| The volume integration is carried out over the
acoustic source distribution in the object space Q. This equation gives the observed pressure
for an impulse source, i.e., a source with its time function as §(t). An induced acoustic
source field with time dependence h (t) and the transducer impulse response r (t) leads to an
observed pressure p (r, ty®@h(t)®r(t), where & is the convolution operator. The Green’s

hr (t— g)

function for this time dependence can be written as G(r, 77, t)= =

h(t)®r(t) [42].

, Where hr (t) =

Image Reconstruction

Equation 5 shows the pressure signal received by an ideal point receiver. With such a
receiver collecting pressure signals on an aperture enclosing the object () in an acoustically
homogeneous medium, the initial pressure distribution is related to the acoustic source as

1 9op
2ot or [7] can be determined by time reversing the acoustic waves [31]. This
gives the acoustic source distribution in the medium as:

—V . Fp,

1

V. Fp(r) = Srcd

ffzdsdn - =T (v, [ra — 1| /cs)

rq—r|

(6)

where rq is a point on the detection surface, r is a point in the object space, and the double
prime represents the second derivative over time. In this equation a term corresponding to
the first derivative is neglected as its contribution is negligible compared to the second
derivative term [7][31].
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Figure 2a shows the schematic diagram of the magneto acoustic tomography imaging
system for the mouse experiment. In this setup, a coil consisting of 3 turns of wire placed in
the same plane, with a maximum outer diameter of 70 mm and 2 mm thickness (APP Inc.,
Freeville, NY, USA), is used to apply a microsecond long magnetic pulse to the object
region. This coil is placed horizontally very close to the tank wall to maximize the magnetic
field in the object region. It is driven by a customized magnetic stimulator using a capacitor
and high power switch to apply a pulsed current to generate the magnetic field. This
capacitor in the stimulator can be charged from 0-24 kV applied to the coil by the solid state
switch (APP Inc., Freeville, NY, USA). Fig. 2b shows the current through the coil at 24 kV
capacitor voltage. The force contribution due to the magnetic field at this voltage is

0B, . . L
B, Yl 2677 /m leading to a force of ~ 2.6%10720 N per particle giving rise to a pressure

of ~1.5 Pain the medium from the previously described method in [30]. However, due to
the large current through the coil, electromagnetic interference is observed at the ultrasound
signal measuring transducers. In the imaging experiments the charging voltage is set to 16
kV giving optimum SNR for the ultrasound recording.

The imaging region of the object and the transducer with a diameter of 25 mm and a
nominal peak frequency of 0.5 MHz (TRS ceramic, PA, USA) were immersed in the plastic
tank of distilled water. The transducer has a bandwidth of 60% around the center frequency
and the scanning performed using a rotational stage (B5990TS, Velmex Inc., USA) over 180
degrees with a step size of 2 degrees around the object. Piezoelectric signals collected by the
transducer were amplified with a low-noise ultrasound amplifier and a bandpass filter with
75 kHz to 1 MHz cutoff frequencies (5660B, Olympus, MA,USA, and VVP2000, Reson,
Denmark) before entering the data acquisition system which acquired 2048 data points for
each channel with a 5 MHz sampling rate. The data is averaged 200 times for each channel
and recorded in the PC also synchronizing the magnetic stimulation, the data acquisition
timing and the motor’s position.

Additionally, after the magneto acoustic imaging experiment, pulse echo imaging of the
object is performed with a commercial ultrasound scanner, a 64-channel US system (OPEN
system, Lecoeur Electronique, Chuelles, France). The US system was connected to a 64-
element US phased-array transducer (P7-4, ATL) with the elements arranged in a linear
array configuration with interelement spacing of 0.18 mm. The center frequency of the
transducer is 5 MHz; its bandwidth is 3 MHz. This system is operated in the pulse echo
mode with transmission from each channel and corresponding echo recording from all
channels forming one measurement then repeated for all 64 elements. This data is then
beamformed using the synthetic aperture based backprojection algorithm to reconstruct the
ultrasound image corresponding to the imaging cross section of the MAT method [23][43].

Mouse tumor model preparation

For the in-vivo imaging experiments, prostate tumors are introduced over the hind limb of
seven week old nude mice by injecting LNCap cells into the limb. These LNCap cell lines
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commonly used in cancer research come from human prostate adenocarcinoma [44]. For
inducing the tumor, 1e6 cells suspended in 0.1 mL Matrigel matrix (50% Matrigel and 50%
LNCaP growth medium) are subcutaneously injected into the hind limb of each of the nude
mice weighing ~ 24 gm. The tumors grow for 4 to 6 weeks and approximately reach a
diameter of 5-10 mm. These mice are then used for the experiments.

In-vivo imaging experiment

For the experiments, we use commercially available, water soluble ferrofluid
superparamagnetic nanoparticles, EMG 308 (Ferrotec, NH, USA). The EMG 308 ()np = 0.5)
consists of Fe,O3 with a particle diameter of ~15 nm in the suspension [30][45].
Transmission electron microscopy (TEM) image of aqueous EMG-308 is shown in Fig 3a
and the histogram of the particle size distribution is shown in Fig 3b. For the mouse imaging
experiments, an aqueous solution of EMG 308 is used with an IONP concentration of 4 mg
Fe/ml; a volume of 50-75 ul is injected into the center of the tumor with a single
application.

The mouse in the imaging experiment setup is seen in Fig. 2a. As seen in this figure, the
anesthetized mouse with the tumor is placed inside a cup, in a sitting position, and fixed
with a cooled agar gel placed around the tumor region in the cup. Also, since the tumors are
present over the hind limbs, they are less affected by the cardiac motion. The cup region
with the tumor is immersed under warm water for coupling of the acoustic signal with the
ultrasound transducer, while the head of the mouse is held outside the water to allow for
breathing. Additionally, a heater with a thermostat is used to maintain the temperature (~36°
C) in the tank during the experiment. The mouse is anesthetized using IP injection of
mixture of Ketamine 100mg/kg and Xylazine 10mg/kg for the imaging experiments. After
the imaging experiment, the mouse, under anesthesia, is sacrificed by cervical dislocation
and the tumor excised for histological analysis. The histological section is stained with
Prussian blue stain and counter stained with nuclear fast red.

These experiments have been approved by the Institutional Animal Care and Use Committee
(IACUC) for animal research at the University of Minnesota.

MAT image reconstruction

For the image reconstruction we use the modified time reversal algorithm presented in the
theory section. It is seen through studies of ultrasound image reconstruction theory [46][47]
that there is data redundancy in the measured ultrasound signal from around the object. A
half view angle corresponding to 180 degrees of scanning for data collection around the
imaging object is sufficient for the tomographic reconstruction. In the present study, we used
180 degree scans to avoid potential signal distortion from the ultrasound pressure waves
traversing through the abdominal regions of the mouse reaching the transducer possibly
containing gases. Also, the reduced scan angle leads to reducing the scan time. The
ultrasound transducers available have a limited bandwidth around the center frequency of
about 60-70% acting as a bandpass filter on the received pressure signal as seen in the
theory section. This filter, as seen in the frequency domain, creates a signal windowing
function around the center frequency and behaves much like a Gaussian low pass filter
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combined with the temporal derivatives needed for ultrasound image reconstruction as seen
in equation 6 [48]. The temporal derivatives of the measured pressure signal used in the
image reconstruction could lead to amplification of high frequency noise present. However,
as the band pass filtering of the transducer already contains the temporal derivatives, we
further modify the image reconstruction in equation 6 by substituting the pressure signal, p,
instead of its derivatives, p", for a given transducer location.

In the experiments, the time varying magnetic field leads to electromagnetic interference
(EMI) at the ultrasound transducer. This continues for a certain duration due to the turn off
transients associated with the stimulator and the impulse response of the transducer. The
observed EMI signal in the experimental data has significant, low frequency variations. This
noise on time reversal leads to slow varying spatial signals interfering with the
reconstruction of the low spatial frequency component of the acoustic source distribution.
This leads to errors in IONP distribution imaging, so the received acoustic signal is further
bandpass filtered to eliminate most of the low and high frequency noise. A simple filter
implemented for this purpose in frequency domain is

_J 1, 100kHz<f<900kH z
F(f)_{ 0, otherwise

1/Q demodulation based envelope detection is performed on the filtered signal, and the
ultrasound image reconstruction algorithm as described above is applied to estimate the
acoustic source distribution [23].

We performed magneto acoustic tomography experiments in live nude mice using the
proposed system. In the experiment result seen in Fig 4, we used an agar gel phantom with
nanoparticles embedded to test the signal due to the magneto motive force. The phantom as
seen in Fig 4a consists of 1% agar gel with a 1.5 mm circular agar gel inclusion infused with
iron oxide nanoparticles. A thin piece of plastic is placed between the inclusion and the
background to prevent diffusion of nanoparticles. The concentration of nanoparticles in the
inclusion is varied from 8.3, 4, and 1.8 mg Fe/ml to perform three different experiments.
The MAT image of the phantom is reconstructed as described in the methods section. The
intensity of the signals used in the image reconstruction is normalized to the maximum
signal measured in the experiment. The reconstructed image corresponding to the inclusion
concentration of 8.3, 4, and 1.8 mg Fe/ml is shown in Figs. 4b, 4c and 4d respectively. It can
be seen then that the image intensity varies with the concentration of nanoparticles. Also, the
average image intensity and variation in the inclusion region for the three phantoms were
plotted with respect to the concentration as seen in Fig. 4e, which shows the linear
dependence of the magneto-motive signal on the nanoparticles concentration. In addition,
the resolution of the imaging system is ~1.5 mm [49][50]. The effect of this on the
reconstruction leads to distortion in the image of the object with the image intensity varying
through the inclusion region as seen in the Fig. 4.
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Experiments were also performed to image five mouse tumors with the nanoparticles
injected as described in the methods section. Fig. 5a is the imaged mouse and the tumor
region, about 7 mm, in the experiment phantom with the corresponding orientation of the
scanning transducer and applied magnetic field. The signal collected from this location is
processed as described in the methods section, and this envelope detected signal is shown in
Fig. 5b. It can be seen from the figure that strong signals are present around 183-187 us
corresponding with the location of the tumor region; the spread in the signal of around 4 us
corresponds to the distribution of the nanoparticles in the tumor. The background signal
strength is approximately 3—4 times lower than the IONP signals. Histological slices of the
tumor stained with Prussian blue can be seen in Fig. 5c, confirming the presence of the
injected nanoparticles. The measured magneto acoustic signals are used to reconstruct the
distribution of the IONP using the back projection algorithm. The image reconstruction
result can be seen in Fig. 6. The ultrasound (US) image of the mouse is in Fig. 6a showing
the imaged cross-section with the tumor present superficially over the right hind limb of the
mouse. As the pulsed magnetic field is not applied during the imaging, the signal from the
IONPs, due to the magneto motive force, is absent. The intensity of ultrasound speckle
distribution is fairly uniform throughout the reconstructed image. The MAT image showing
the IONP distribution can be seen in Fig. 6b. The noise baseline of the reconstruction from
the imaging system is used as the floor of the reliable signal that can be measured and
masked out from the MAT image. Fig. 6¢ shows the overlaying of the MAT image on the
ultrasound image of the mouse; the IONP signal is strongly present in the region over the
hind limb of the mouse indicating the tumor. Fig. 6d shows the tumor region with the
overlaying MAT image. From the non-uniform intensity of the reconstructed IONP
distribution, we can also see the heterogeneous distribution of the nanoparticles due to the
IONP injection in the tumor region, seen in the histology from Fig. 5c.

To further validate the MAT method for in-vivo IONP imaging, four more tumor images
were obtained as shown in Fig. 7. Figs. 7a — 7d, show the ultrasound image of the tumor
regions without the magnetic pulse stimulation. The corresponding images with IONP
distribution estimated from MAT images are shown in Figs. 7e — 7h. The presence of the
IONP in the mouse can be clearly seen in the MAT images. However, as the IONP
distribution is not uniform from the injection, the intensity distribution of the reconstruction
varies throughout; and as seen in Fig. 7h from the smaller region of IONP in the
reconstruction, the dose of the nanoparticles retained in the imaging region could be small.

Discussion

We applied magnetoacoustic tomography (MAT) methods using a short pulsed magnetic
field to image magnetic nanoparticles applied to prostate tumors in a mouse model. The
preliminary in-vivo study shows that the images of the IONP present in the tumor are
reconstructable. Further, we tested the strength of the MAT signal which is proportional to
the dependence on the concentration of magnetic nanoparticles for a phantom with uniform z
distribution of nanoparticles. The acoustic source creating the MAT pressure signal is the
divergence of the magneto motive force. This is dominant along the z direction in the
experimental setup over the object region and depends on the z distribution of the IONPs in
this MAT setup. Therefore, to further obtain a quantitative map of the IONP distribution,
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this z dependence of the acoustic source would have to be taken into account. This can be
achieved by varying the z profile of the magnetic field and performing multiple
measurements and combining them as used in multi excitation methods proposed in
electrical properties imaging [51][52]. This could give a quantitative distribution which
could be useful in designing therapeutic applications.

The MAT signal from the IONPs are in the same frequency range as the applied RF pulsed
field, matched to the ultrasound scanner being used to measure the signal for optimum signal
recording. The ultrasound systems have a limited bandwidth around a center frequency
governing the resolution of the image reconstruction. The ultrasound resolution can be
obtained, for the tomographic reconstruction method used in the current study, by estimating
the point spread function of the imaging system. This is done by using a point source in egn
(5), V- Fy (r) =6 (r), and substituting the estimated pressure in egn (6). This gives the
reconstruction of a point source with this imaging system, which is an estimate of the
imaging point spread function. The current ultrasound imaging system used in MAT
imaging has a center frequency of 500 kHz leading to an imaging resolution better than 2
mm shown in previous resolution estimating experiments and simulations of the point
spread function of the ultrasound system [49][50]. The imaging depth of the MAT system is
governed by the attenuation of the ultrasound wave travelling through tissue. Unlike
ultrasound, the magnetic field in the low MHz range used in MAT method does not get
attenuated by the tissue [38-39]. The strength of the ultrasound wave decays exponentially:
p (X) = p (0) exp(—a X), where x is the depth of the MAT source from the sensor, p(0), p(x)
is strength of the signal at the source and sensor, a is the ultrasound attenuation coefficient.
The attenuation coefficient a is around 1 dB/cm for most soft tissue at 1 MHz frequency. In
the current system the signal from the MNPs embedded in the tumors on the surface of the
mouse leads to an imaging contrast of 5-7 times due to the improvement in SNR from the
signal averaging from various measurement directions present in the image reconstruction
method [42]. This imaging contrast is proportional to the strength of the signal which is
obtained at the surface of the body of the mouse. Assuming an imaging contrast of 2 would
be the limit of the imaging depth, with the exponential decay of the pressure wave, this
contrast would be obtained for an imaging depth of around 10 cm in soft tissue. The spatial
distribution of the magnetic field generated in the MAT method is governed by the geometry
of the coils [38][39]. In the present study we use a 5 cm diameter coil and the imaging
region is located 2.5 cm from the coil surface. To obtain a similar strength magnetic field at
a larger depth either a larger diameter coil or coil arrays could be used.

In the current imaging setup a single transducer scanning mechanically around the object is
used for the data acquisition. For the data to image a tumor region with the tomographic
method used, 50 minutes of scanning time is required (140° view angle). However, the use
of ultrasound imaging arrays to acquire this data in parallel could significantly shorten this
time. After this data acquisition, an ultrasound back-projection algorithm with built-in data
filtering is used to reconstruct the acoustic source from IONPs. Thus, each of the presented
tomographic images of the nanoparticles’ spatial distributions can be produced less than 5
seconds by a computer with an Intel Core i7 processor.
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In the MAT method, though, we apply a very large magnetic field of around 120 mT at
ultrasound frequencies which can lead to induced electric fields in the sample to be around
550 V/m. This is comparable to the stimulating strength in transcranial magnetic stimulation
(TMS). However, the total energy applied to the samples in MAT is much lower than TMS,
as the MAT pulse duration is at the microsecond level instead of hundreds of microseconds
in TMS. Additionally, the temperature rise due to a microsecond long pulse applied to the
IONP at the concentration of EMG 308 is around the mK range [35], and also the pulse is
repeated at a slow repetition frequency under 50 Hz further dissipating the heat deposited
leading to unsubstantial temperature rise in the object. Thus the use of a short duration pulse
reduces the amount of energy deposited in the tissue.

The acoustic homogeneity assumption used in the theoretical derivation in this study
restricts the proposed imaging method to primarily soft tissue imaging. The acoustic
heterogeneity of soft tissue is less than 10%, and its effect can be negligible for those
imaging techniques based on the acoustic measurements of induced ultrasound signals [53]
[54].

In these in-vivo imaging studies we performed intratumoral injections to have efficient
accumulation of the non-targeted superparamagnetic nanoparticles. These intratumoral
injections lead to the uneven distribution of nanoparticles in the tumor. In future studies
using tumor specific antibodies, the magnetic nanoparticles would be applied systemically
through blood; and on accumulation in the tumor, it would be imaged as a potential method
for early detection of tumors for screening purposes. Also, superparamagnetic iron oxide
nanoparticles are seen to have low cytotoxicity concerns [37] enabling them to be more
suitable for cellular/molecular biomarkers in biomedical applications which could be a
concern with contrast agents required for some imaging methods such as radionuclide
imaging.

Conclusion

In conclusion, we demonstrated the capability of the MAT method to detect and reconstruct
the distribution of superparamagnetic iron oxide nanoparticles embedded in-vivo within live,
nude mice containing induced LNCap prostate tumors. As this is an ultrasound based
imaging method using a short pulsed magnetic field, the present method has good resolution
and imaging depth for potential applications in imaging tumors within soft tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Schematic diagram of magnetic nanoparticle imaging using magneto acoustic tomography
method with a short pulsed magnetic field.
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Fig 2.

(a) Schematic diagram of the MAT imaging setup. The coil placed close to the tank is used
to deliver the pulsed magnetic field to the imaging object. (b) The waveform of the applied
current to the coil generates the micro second long magnetic pulse.
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(a? Room temperature transmission electron microscopy (TEM) images of aqueous
EMG-308 IONPs were acquired with a FEI Tecnai T12 microscope (FEI, Inc., Hillsboro,
OR) operating at 120 kV. A 200 mesh copper grid with formvar and carbon supports was
dipped into a ~1 mg Fe/ml IONP suspension, then removed and allowed to dry before
imaging. (b) The histogram of the longest radius and the radius normal to it were measured
using Image J (NIH).
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Imaging experiment with a small circular inclusion of IONP at different concentrations in 1
% background agar gel. (a) Top view photo of the imaging object. (b),(c),(d) MAT images
of the object with IONP concentration of ~8.3, 4.0, 1.8 mg Fe/ml respectively. (e) Plot of the
measured image intensity with respect to the IONP concentration.
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(a) Top view photo of the imaging object showing the tumor region in the mouse and the
corresponding MAT signal due to the embedded IONPs. (b) Histological cross section of the
tumor injected with IONPs. The section is stained with Prussian blue stain and counter
stained with nuclear fast red with the blue areas indicating the IONPs.
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(a§J Ultrasound image (US) of the mouse corresponding to the magneto acoustic tomography
imaging cross-section showing the tumor on the right hind limb of the mouse. (b) Magneto
acoustic tomography image of the magnetic nanoparticles injected in the mouse tumor. (c)
Combined MAT and ultrasound image indicating the tumor with the nanoparticles present in
the region. (d) Reconstructed image area highlighting the tumor region.

Nanomedicine. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mariappan et al.

Fig 7.

MAT image of four tumors. (a)—(d) Ultrasound image corresponding to the pulse echo
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imaging method without the applied magnetic pulse. (e)-(h) MAT images overlying the
ultrasound image showing the IONPs present in the tumor region.
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