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In recent years, there have been increasing developments in the field of contrast-enhanced ultrasound

both in the creation of new contrast agents and in imaging modalities. These contrast agents have

been employed to study tumor vasculature in order to improve cancer detection and diagnosis.

An in vivo study is presented of ultrasound imaging of gas filled hollow silica microshells and

nanoshells which have been delivered intraperitoneally to an IGROV-1 tumor bearing mouse. In

contrast to microbubbles, this formulation of microshells provided strong ultrasound imaging signals

by shell disruption and release of gas. Imaging of the microshells in an animal model was facilitated

by novel image processing. Although the particle signal could be identified by eye under live imag-

ing, high background obfuscated the particle signal in still images and near the borders of the tumor

with live images. Image processing techniques were developed that employed the transient nature of

the particle signal to selectively filter out the background signal. By applying image registration,

high-pass, median, threshold, and motion filtering, a short video clip of the particle signal was com-

pressed into a single image, thereby resolving the silica shells within the tumor. VC 2012 American

Vacuum Society. VC 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.3694835]

I. INTRODUCTION

Over the past several decades substantial improvements

have been made in the development of ultrasound contrast

agents. Overwhelmingly, these contrast agents consist of

polymeric, protein, or phospholipid formulations, which form

shells around encapsulated perfluorocarbon gas or air.1–3 These

contrast agents can be imaged with the use of ultrasound by ei-

ther detecting the characteristic harmonic oscillations of micro-

bubbles or destroying the microbubbles to generate a

broadband signal.2–4 In both cases, it is possible to generate

signal because of the substantial acoustic impedance mismatch

between the gas and the surrounding environment.1,4 Typi-

cally, ultrasound contrast agents are administered intrave-

nously to study vasculature; due to the typical size of the
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microbubbles (1–5 lm), they cannot escape the vasculature.2–6

Consequently, ultrasound contrast agents have been employed

frequently in the detection and diagnosis of tumors by studying

aberrant tumor vasculature due to angiogenesis.4,7–10

Recent innovations and advancements in ultrasound con-

trast agents have stimulated development of enhanced meth-

ods to image these agents in order to increase image contrast

and quality. Notably, contrast pulse sequencing (CPS) imag-

ing has found widespread application by optimizing the

waveform used to discriminate against the linear signal

response typically seen in tissues and emphasize nonlinear

signals generated by microbubble contrast agents.3,11,12 With

these techniques, it is possible to suppress or eliminate the

signal from the tissue while displaying the signal from the

contrast agents. This allows substantial contrast to be

achieved with various commercial contrast agents, such as

Definity, Sonovue, and Sonazoid.12

Although microbubble contrast agents and contrast-

enhanced ultrasound (CEUS) imaging techniques generally

provide specific imaging of the microbubbles, image proc-

essing steps can provide additional image enhancement.

Dave et al. combined cumulative maximum intensity and a

sum of absolute differences motion filter to subharmonic

images of contrast agents to create single images with com-

plete traces of tumor vasculature.13 Ching-Hsiang et al.
applied a sequence of image processing steps including

high-pass filter, thresholding, medium filter, motion filter,

and summation to B-mode images of contrast agents to

detect permeability of the blood brain barrier.14 Aside from

image enhancement purposes, many researchers apply image

processing techniques to quantify tumor blood flow or to cre-

ate parametric images displaying the kinetic information

with a color map for diagnostic or therapeutic purposes.15–18

Hollow silica particles have been explored recently as

ultrasound contrast agents. Lin et al. tested hollow silica cap-

sules with CPS at high MI in a liquid filled plastic beaker.19

Martinez et al. employed color Doppler imaging to selec-

tively image gas-filled silica nanoshells and microshells in

tissue phantoms and in excised mastectomy tissue.20 How-

ever, these were nonliving samples with no blood flow,

which could obfuscate the Doppler signal from the particles.

Hu et al. developed hollow silica microspheres that were

imageable at low MI (0.06) and injected them into male rat

spermary and imaged with CEUS.21 Although background

tissue signal was present, the high local concentration of

particles was readily detectable by eye.

In this study, the imaging mechanism of hollow silica

nanoshells and microshells were first examined in vitro.

Previously, the use of hollow silica nanoshells and micro-

shells as stationary markers using color Doppler ultrasound

imaging in vitro was reported.20 For marking tumors for

surgical excision (e.g., breast conservation therapy) via injec-

tion of silica nanoshells and microshells, only stationary

imaging is required. However, for locating tumors not local-

ized by other modalities, such as CT, systemic injection may

be useful. Unfortunately, it is impossible to selectively image

these hollow silica nanoshells and microshells in circulation

using color Doppler due to the substantial color Doppler sig-

nal present from blood flow. To study the imaging behavior

in circulation in vivo, high mechanical index (MI) CPS was

used to image perfluoropentane filled hollow nanoshells and

microshells delivered intraperitoneally to an IGROV-1 tumor

bearing mouse model. The systemic delivery of gas-filled

silica contrast agents, as performed in this report, presented a

difficult problem in terms of imaging. Selectively imaging

the particles proved challenging due to the increased nonlin-

ear tissue response under high MI and the infrequent signal

response from the injected particles. The focus of this study

was to develop image processing techniques that filter the

background tissue signal from the particle response and

thereby form a clear image of the tumor.

II. MATERIALS AND METHODS

A. Silica particle fabrication

Tetramethyl orthosilicate (TMOS), trimethyl borate (TMB),

perfluoropentane (PFP), and 0.1j% poly-L-lysine (PLL) were

purchased from Sigma Aldrich (St. Louis, MO). Polystyrene

templates were purchased from Polysciences (Warrington,

PA). Phosphate buffered solution (PBS) was purchased from

Fisher Scientific (Pittsburgh, PA). Silica microshells and nano-

shells were produced and filled with perfluoropentane gas as

previously described by Martinez et al.20 The microshells and

nanoshells were suspended at a concentration of 2 mg/ml after

gas filling with perfluoropentane (PFP) and stored at room tem-

peratures. Particles were examined with SEM to ensure size

consistency and shell formation. A bolus of 100 ll of particles

were administered IP to the mice and then imaged hourly.

B. Examination of hollow silica particle imaging
mechanism

The Siemens Acuson Sequoia 512 Ultrasound machine

(Siemens Medical Solutions, Mountain View, CA) was used

throughout with the Acuson 15L8 transducer. During imag-

ing of particles, wall filters and gains were optimized in

order to maximize signal from particles while reducing back-

ground. Initial imaging experiments were conducted on the

2 lm gas filled shells diluted to 0.1 mg/ml. Particles were

inserted into a thin wall acoustically transparent chamber

and clamped in a water bath. The 15L8 transducer of the

Siemens Sequoia was clamped in the water bath perpendicu-

lar to the sample such that the bulb carrying the sample

could be imaged clearly. The particles were imaged with

contrast pulse sequencing (CPS) at various mechanical indi-

ces to assess particle response to ultrasound imaging.

Since the silica particles have rigid shells, unlike the com-

pressible microbubble contrast agents, it was speculated that

high MI CPS was able to successfully image these particles

by rupturing the shells, thereby releasing PFP gas and creating

local decorrelation events in the received ultrasound signal.

To further investigate the mechanism of imaging, 500 nm and

2 lm particles were placed into an acoustically transparent

chamber and subjected to high intensity focused ultrasound

(HIFU) for 2 min. Particles were recovered from the chamber

and were imaged with a scanning electron microscope (SEM)

to determine shell integrity following imaging.
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C. In vivo CPS imaging of silica particles

A mouse ovarian tumor model was employed to study the

imaging behavior of the particles delivered via intraperito-

neal (IP) injection. Two five-week-old female nu/nu mice

(Charles River Laboratories, Wilmington, MA) were housed

in a UCSD approved animal housing facility at 22 �C with a

12 h light/dark cycle. After an acclimation period of ten

days, 106 IGROV-1 cells were injected IP and developed

large malignant tumors within 5 weeks. Prior to particle

delivery, excess fluid was drained from the peritoneal cavity

to reduce excess fluid pressure and reduce the likelihood of

particles leaking out of the needle tract. 200 lg of PFP filled

2 lm or 500 nm particles (data not shown) were diluted in 3

ml of saline were injected IP; IP injections have been previ-

ously used as a form of systemic delivery in mouse

models.22–24 During particle administration and imaging the

mice were anesthetized with isoflurane gas. The tumors were

imaged at high MI using CPS imaging one hour after injec-

tion. After imaging, mice were anesthetized with isoflurane

gas and sacrificed by CO2 asphyxiation.

D. Image processing

Image processing routines, as described in Sec. III B

below, were implemented in MATLAB R2011a. Processing was

performed on a laptop with an Intel Core i7–2720QM proces-

sor, 6 GB of RAM, and a NVIDIA GeForce GT 525M GPU.

The image processing code was single threaded and was not

optimized for speed. Image registration was the most time

consuming step, requiring up to 30 min per video analyzed.

The remaining processing steps required less than 1 min to

complete. Processing times can potentially be significantly

reduced by using faster image registration routines25 and gen-

eral purpose GPU (GPGPU) programming.26–28

III. RESULTS AND DISCUSSION

A. Examination of silica particle imaging mechanism

Unlike the commercially available microbubble contrast

agents, the gas-filled silica particles have rigid, uncompressi-

ble shells. However, these particles can be ruptured (evidence

shown in Fig. 2), causing local decorrelation events which

appeared as bright, circular spots on the CPS image. Figure 1

shows the results of imaging the 2 lm particles at (A) 0.39

MI and (B) 1.9 MI with CPS. As expected, the particle burst-

ing resulted in bright spots which were associated with iso-

lated US echo decorrelation events. At 0.39 MI, only a light

density of spots appeared in the CPS image, but as the MI

was increased to 1.9, the density of bright spots increased

dramatically. This observation was consistent with the mech-

anism of imaging by shell rupture; at low MI (0.39), the ultra-

sound pressure was only strong enough to fracture the

mechanically weaker particles, resulting in a dimmer image,

whereas at high MI (1.9), the pressure could rupture

many particles simultaneously, resulting in a brighter image.

Figure 1(c) contains a CPS image of traditional microbubbles

(Definity) at a concentration of 108 microbubbles/ml imaged

at 1.9 MI. Comparing Figs. 1(b) and 1(c), it was shown

in vitro that the silica microshells provided a comparable

FIG. 1. (Color online) CPS Imaging of Gas Filled Silica Microshells. 100 lg/ml of gas filled 2 lm silica microshells were imaged in a thin-walled acoustically

transparent chamber using CPS mode. (a) CPS image of microparticles at 0.39 MI. Each bright spot was a single imaging event; the white arrow points to a

single imaging event. At low MI, the received signal intensity from each imaging event was low, resulting in dim images where the particle signal may be dif-

ficult to observe. (b) CPS image of microparticles at 1.9 MI. The large density of bright spots corresponded to a large number of particles being imaged. The

received signal intensity was much stronger than at low MI, resulting in much brighter images. (c) CPS image of traditional microbubbles at a concentration of

108 microbubbles/ml which closely correlated in particle count to 100 lg/ml of the silica microshells.

FIG. 2. SEM images of particles preand post-HIFU. Scanning electron mi-

croscopy (SEM) images of (a) 500 nm and (b) 2 lm particles after synthesis

but before receiving any treatment or experimentation. SEM images of (c)

500 nm and (d) 2 lm particles after undergoing 2 min of high intensity

focused ultrasound (HIFU). The appearance of semispherical half-shells

(white arrows) only after HIFU was consistent with the assumption that the

particles were fractured during high mechanical index imaging.
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amount of contrast relative to commercially available con-

trast agents at high MI.

To confirm that the silica particles were being ruptured

under high pressure US, the 500 nm and 2 lm particles were

exposed to HIFU for 2 min and imaged with SEM. Prior to

HIFU, the silica particles appeared as highly monodisperse

spheres [Figs. 2(a) and 2(b)]. After exposure to HIFU, the

particles appeared as a mixed population of intact spheres

and semispherical halves (Figs. 2(c) and 2(d), white arrows),

confirming the hypothesis that the gas-filled shells were

being fractured during imaging. Additionally, it has been

previously established that the shell thickness to particle ra-

dius ratio has substantial effect on the mechanical properties

of the particles.29 The thicknesses of the shells for both sizes

were approximately the same, but the radii were not, result-

ing in the 500 nm shells being mechanically stronger and

showing fewer fragmented shells post-HIFU.

B. In vivo CPS imaging and image processing

The 2 lm gas filled silica particles were tested in vivo with

an IGROV-1 mouse ovarian tumor model. The particles were

injected intraperitoneally; IP injections have been used previ-

ously as a form of systemic delivery in mouse models.22–24

One hour post-injection, the tumor was imaged with dual B-

mode and CPS imaging at high MI. Signal from the silica

microshells was readily identified under live imaging by a

few characteristic properties (Fig. 3). Signal from the particles

appeared mostly within the tumor as bright, isolated, circular

spots (green arrows) associated with particle destruction

events. The signal from each destruction event was transient

and persisted for only 1–3 frames. However, under high MI,

tissue behaves more nonlinearly and significant levels of

background signal were generated by the tissue, making it dif-

ficult to distinguish particle signal from background signal in

still images. Furthermore, since the destruction imaging

events were sparse and scattered over time, a full image of

the tumor could not be seen from a single image.

To improve the imaging of the silica particles, the CEUS

imaging processing was performed in four steps.

(1) Image registration was performed first to correct motion

due to movement of the transducer and breathing of the

mouse, providing a stable spatial frame of Ref. 30. The

rigid image registration parameters were detected from

the B-Mode images and applied to the CPS images.

(2) Capitalizing on the transient nature of the particles, a

high-pass filter (HPF) was applied to reduce the majority

of the signal response from the background tissue.31

(3) A median filter and threshold filter were applied to

remove individual pixels and low intensity signals.32

However, motion perpendicular to the imaging plane

could not be corrected by image registration and intro-

duced changes to the tissue structure (and thus the back-

ground signal) which could pass through all of the above

processing steps.

(4) The sum of squared differences between sequential

frames was used to detect motion from frame to frame,

and the particle signals from these frames were filtered

out (i.e., a global motion filter).

Since only several particle destruction events were visible

in any given frame, to produce an image with a clear depic-

tion of the entire tumor, the particle signal was integrated

over all frames and collapsed into a single image rendered as

a red-yellow heat map superimposed on the gray scale B-

mode image (Fig. 4). To demonstrate the effectiveness of

each of the processing steps, Fig. 4 shows the resultant inte-

grated intensity heat map when each of the steps were added

to the processing pipeline. The curved, horizontal feature

near the bottom of the images was the back of the mouse

which strongly reflected the ultrasound signal, and the green

arrow in Fig. 4(d) shows the location of the tumor. When

only motion correction was applied [Fig. 4(a)], the signal

reflecting from the back of the mouse was much stronger

than the particle signal from the tumor. When the high-pass

filter was applied [Fig. 4(b)], the signal reflecting from the

back of the mouse was reduced to a level comparable to

the signal coming from the tumor. Note that relative to

Fig. 4(a), Fig. 4(b) appears brighter because the color scale

in each image was normalized to the most intense signal

within the image. After the median and threshold filters were

applied [Fig. 4(c)], the majority of the background signal

was eliminated, and the edges of the tumor could be seen

clearly, but the tumor signal was still comparable to the

reflected signal. Finally, with the global motion filter

[Fig. 4(d)], the particle signal from the tumor became the

dominant signal within the image, allowing signal generated

by the particles to be clearly imaged within the tumor 1 h af-

ter injection.

FIG. 3. (Color online) In vivo Silica Particle CPS Imaging. CPS imaging

was performed 1 h after IP injection of 2 lm gas filled silica particles in a

mouse tumor model. A sample of frames were chosen, each frame sequen-

tially four frames apart, to show that (1) the particle signal appeared as tran-

sient bright spots (P: green arrows) and (2) under high MI CPS imaging,

there was significant nonlinear tissue response that persisted over time

(T: blue arrows).
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IV. SUMMARY AND CONCLUSIONS

This study investigated the imaging of perfluoropentane

filled silica nanoshells and microshells and presented a novel

image processing technique to selectively image systemi-

cally delivered particles. While a previous study showed that

stationary perfluoropentane filled silica nanoshells and

microshells could be readily imaged by color Doppler US,

imaging when particles are in motion requires a different US

imaging technique and different signal processing. These

particles were shown to selectively image a tumor in a

mouse ovarian tumor model via intraperitoneal injection of

the particles. Although background tissue response signifi-

cantly dominated over the particle signal under high MI CPS

imaging, custom image processing steps were designed

which took advantage of the transient characteristics of the

particle signal to filter out the background tissue response.

The short persistence of the particle signal allowed the high-

pass filter to remove background tissue signal without affect-

ing the particle signal. Capitalizing on the high intensity and

circular spot shape of the particle signal, the median and

threshold filters provided synergistic effectiveness with the

HPF by eliminating the individual pixels and low intensity

background signal that survived the HPF. Although the parti-

cle signal was slightly diminished by the motion filter, this

final processing step eliminated most of the motion-induced

signal and provided an image where the particle signal

within the tumor could be identified precisely. Although

other researchers have investigated using hollow silica par-

ticles as ultrasound contrast agents, including Hadinoto

et al.,29 Lin et al.,19 Martinez et al.,20 and Hu et al.,21 this is

the first report to the authors’ knowledge of applying image

processing techniques to selectively retain the signal

response from systemically delivered silica particles. The

image processing routines developed here may also be bene-

ficial to other researchers investigating the use of rigid-

shelled gas-filled particles as ultrasound contrast agents.
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