
Ultrasound in Med. & Biol., Vol. 33, No. 7, pp. 1132–1139, 2007
© 2007 Published by Elsevier Inc. on behalf of the World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/07/$–see front matter
doi:10.1016/j.ultrasmedbio.2007.01.005

● Original Contribution

ENHANCED TARGETING OF ULTRASOUND CONTRAST AGENTS
USING ACOUSTIC RADIATION FORCE

JOSHUA J. RYCHAK,* ALEXANDER L. KLIBANOV,† KLAUS F. LEY,*‡ and JOHN A. HOSSACK
‡

*University of Virginia Cardiovascular Research Center, Charlottesville, VA, USA; †University of Virginia
Department of Internal Medicine, Charlottesville, VA, USA; and ‡University of Virginia Department of Biomedical

Engineering, Charlottesville, VA, USA

(Received 19 June 2006; revised 18 December 2006; in final form 2 January 2007)

Abstract—Contrast-enhanced ultrasound has shown significant promise as a molecular imaging modality.
However, one potential drawback is the difficulty that ultrasound contrast agents (UCA) may have in achieving
adhesion to target molecules on the vascular endothelium. Microbubble UCA exhibit a lateral migration toward
the vessel axis in laminar flow, preventing UCA contact with the endothelium. In the current study, we have
investigated low-amplitude acoustic radiation as a mechanism to move circulating UCA toward targeted
endothelium. Intravital microscopy was used to assess the retention of microbubble UCA targeted to P-selectin
in the mouse cremaster microcirculation and femoral vessels. Acoustic treatment enhanced UCA retention to
P-selectin four-fold in cremaster venules and in the femoral vein and 20-fold in the femoral artery. These results
suggest acoustic treatment as a mechanism for enabling ultrasound-based molecular imaging in blood
vessels with hemodynamic and anatomical conditions otherwise adversarial for UCA retention. (E-mail:
jh7fj@virginia.edu) © 2007 Published by Elsevier Inc. on behalf of the World Federation for Ultrasound
in Medicine & Biology.
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INTRODUCTION

Targeted ultrasound contrast agents (UCA) have demon-
strated utility for ultrasound-based molecular imaging. In
a typical setting, the outer surface of a contrast agent is
coated with a ligand that binds one or more target mol-
ecules of interest. Detection of agents accumulated at the
target site using contrast-specific diagnostic ultrasound
enables imaging of the targeted molecular event. This
method has been used to image a number of physiolog-
ical processes in animal models, including postischemic
injury (Lindner et al. 2001), thrombus (Lanza et al. 1997;
Hamilton et al. 2002; Schumann et al. 2002), tumor
angiogenesis (Ellegala et al. 2003; Weller et al. 2005)
and vascular remodeling in skeletal muscle (Leong-Poi
et al. 2005).

Gas-encapsulated microbubbles are frequently used
as targeted ultrasound contrast agents. The microbubble
contrast agent was initially conceived as freely circulat-
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ing blood tracer. The microvascular rheology of several
nontargeted microbubble preparations has been shown to
be very similar to that of erythrocytes (Ismail et al. 1996;
Jayaweera et al. 1994; Lindner et al. 2002) and micro-
scopic observations have confirmed that microbubbles
tend to distribute toward the axis of the vessel (Keller
et al. 1989). This characteristic enables the use of these
agents as blood flow tracers for measuring vascular per-
fusion. However, for the purpose of molecular imaging,
which requires that a circulating UCA come into contact
with the targeted molecule at the vascular endothelium,
lateral migration of an UCA toward the vessel axis is
detrimental. In the microcirculation, hemodynamic and
anatomical factors, such as postcapillary margination
(Schmid-Schonbein et al. 1980), may facilitate UCA
contact with the endothelium; however, such forces are
largely absent in large blood vessels, especially in the
arterial circulation. Thus, the frequent absence of UCA
contact with the target surface may be a significant
impediment to the widespread use of these agents for
molecular imaging. This is especially pertinent for patho-
physiology found in large vessels, such as thrombosis or

atherosclerosis.
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The application of low-intensity acoustic energy has
been hypothesized as a mechanism to move freely flow-
ing UCA toward the endothelium (Fowlkes et al. 1993;
Dayton et al. 1997). The acoustic radiation force (also
known as the Bjerkness force) consists of two compo-
nents: these are a primary force directed away from the
acoustic source and a secondary force, which is typically
attractive between UCA. Dayton and colleagues verified
that the primary radiation force was able to displace
nontargeted UCA away from the vessel center in a flow
chamber (Dayton et al. 1997, 1999a) and in the mouse
microcirculation (Dayton et al. 1999b). The use of acous-
tic radiation force to enhance UCA adhesion to a target
surface was subsequently examined in vitro (Rychak
et al. 2005; Zhao et al. 2004). It was found that the
retention of UCA targeted to the inflammatory protein
P-selectin was increased significantly (up to 80-fold) by
the application of acoustic radiation force and that this
retention was specific. Significant clustering of UCA was
observed after the application of acoustic radiation
(Rychak et al. 2005), with up to 80% of the adherent
UCA occurring in multiparticle aggregates. Acoustic ra-
diation force has also been suggested as a mechanism to
enhance the delivery of therapeutic substances (Lum
et al. 2006; Shortencarier et al. 2004). In the current
study, we examine the ability of applied acoustic radia-
tion force to enhance the adhesion of UCA targeted to the
inflammatory endothelial protein P-selectin in vivo. Con-
trast agent retention was examined in a model of inflam-
mation in the mouse cremaster microcirculation and in
the femoral artery and vein.

MATERIALS AND METHODS

Ultrasound contrast agents
The microbubble UCA used in this study were

composed of decafluorobutane encapsulated by a lipid
monolayer. The preparation of these agents has been
described in depth elsewhere (Klibanov et al. 1999). The
fluorescent probe DiI (Molecular Probes, Eugene, OR,
USA) was incorporated into the lipid shell to enable
microscopic detection of the agents.

The anti-P-selectin monoclonal antibody Rb40.34
(Bosse and Vestweber, 1994), prepared from hybridoma
supernatant at the University of Virginia Lymphocyte
Culture Center (Charlottesville, VA, USA), and an iso-
type-matched control (clone R3-34; BD Biosciences, San
Jose, CA, USA) were used as targeting ligands. Target-
ing ligands were attached to the microbubble by means
of biotin-streptavidin chemistry, as in Lindner et al.
(2001). The size distribution and concentration of micro-
bubble dispersions was characterized by electrozone
sensing using a Coulter Multisizer IIe (Beckman-

Coulter, Miami, FL, USA).
Animal preparation
Ten male C57/Bl-6 mice (Hilltop Labs, Scottsdale,

PA, USA) and four male P-selectin knockout mice (de-
rived from the colony described by Bullard et al. 1995)
were used to examine UCA retention in the cremaster
muscle microcirculation. Six mice in which the gene for
green fluorescent protein had been knocked-in to the
Lys-M locus (Faust et al. 2000) were used to examine
UCA retention in the femoral vessels. All mice were
housed at the University of Virginia animal facility and
experiments were performed according to institutional
guidelines.

Anesthesia was induced by an IP injection of 125
mg/kg body weight ketamine (Parke-Davis, Morris
Plains, NJ, USA), 12.5 mg/kg xylazine (Phoenix Scien-
tific, St. Joseph, MO, USA) and 0.025 mg/kg atropine
sulfate (Elkins-Sinn, Cherry Hill, NJ, USA). Body tem-
perature was maintained with a heat pad. Contrast agents
were administered through a cannula made of PE-20
tubing (Becton Dickenson, Sparks, MD, USA) inserted
into the right jugular vein and secured with sutures.

Intravital microscopy
P-selectin expression in the cremaster microcircula-

tion was induced by the surgical trauma of exteriorizing
the muscle (Ley et al. 1995). After preparation, the
cremaster muscle was pinned to the stage of a custom-
fabricated bath mounted to a compound videomicro-
scope (Carl Zeiss, Thornwood, NY, USA). The bath was
filled to a depth of 50 mm with superfusion solution
(131.9 mM NaCl, 18 mM NaHCO3, 4.7 mM KCL, 2.0
mM CaCl2*2H2O, 1.2 mM MgCl2 equilibrated with 5%
CO2) that was continuously circulated through a heater to
maintain a constant temperature of 38°C. The ultrasound
transducer was bolted to the stage at the focal distance
(20.3 mm) from the cremaster using a ring stand and
transmission of ultrasound energy occurred through the
bath (Fig. 1). A bolus of 107 targeted or control UCA in

Fig. 1. Schematic of experimental apparatus. Acoustic energy
was applied to the insonated tissue (femoral vessels or cremas-
ter muscle) with a single element ultrasound transducer. The
insonated tissue was immersed in a heated superfusion bath and
the transducer was acoustically coupled to the tissue via the
superfusion fluid.
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�100 �L of saline was injected through the jugular
cannula, followed by a 20 �L saline flush. Acoustic
energy was applied to the cremaster tissue of 10 mice for
4 min immediately after administration of UCA. In four
mice, no acoustic treatment was applied.

Contrast agent retention was assessed by fluores-
cence microscopy 4 min after UCA administration using
a 40� immersion objective (40/0.8; Zeiss, Thornwood,
NY, USA) and a high-resolution CCD camera
(Dage-MTI, Michigan City, IN, USA). Contrast agents
were illuminated using a filter set specific for DiI (�ex �
549 nm and �em � 565 nm); the preparation was subse-
quently transilluminated to observe the vasculature. The
center line velocity (Vc) of each vessel was measured
using a dual-slit photodiode (CircuSoft Instrumentation,
Hockessin, DE, USA). The mean wall shear rate (�w) in
each vessel was computed from the measured center line
velocity (Lipowsky and Zweifach, 1978):

�w � 2.12[5 · Vc ⁄ D] (1)

where D is the diameter of the vessel (mm) and 2.12 is an
empirical correction factor. Systemic leukocyte counts
were determined from blood samples taken at the end of
the experiment. A 10 �L blood sample was mixed with
90 �L Kimura to stain leukocytes. Leukocyte rolling flux
fraction was computed from the number of rolling leu-
kocytes observed per minute in each vessel (Nrolling), the
mean vessel diameter (D), the mean blood velocity (Vb)
and the systemic leukocyte count (CWBC), as in Ley et al.
(1995).

RFF � [Nrolling] ⁄ [0.25 · � · D2 · Vb · 60 · CWBC] (2)

Inflammation in the femoral vessels was induced by
injection of 500 ng murine TNF-� (Sigma, St. Louis,
MO, USA) into the plantar surface (Eriksson et al. 2001)
of the left hind paw 3 h before UCA injection. The left
leg was extended and secured with tape in a 10 cm �
5 cm � 10 cm deep bath on the operating stage and the
skin on the posterior side of the leg was pinned aside to
expose the femoral vessels. The bath was filled with
circulated heated superfusion solution. A water-filled
stand-off was used to maintain the ultrasound transducer
at the focal distance (20.3 mm) from the tissue.

In the femoral vessel study, a bolus of 5 � 106 UCA
was injected through the jugular cannula. This dosage
was lower than that used for cremaster muscle to account
for the higher blood flow through the femoral artery. The
inflamed hindlegs of three Lys-GFP mice were insonated
for 5 min immediately after UCA injection and three
mice were not insonated. Retained UCA were observed
by fluorescence microscopy on the posterior intravascu-
lar surface using a 20� immersion objective (Zeiss, SW

20/0.5) and filters specific for DiI 5 min after injection.
The preparation was subsequently examined using a fil-
ter set specific for GFP (�ex � 498 nm and �em � 516
nm), which allowed visualization of the vessel walls and
adherent leukocytes. No signal bleed was observed be-
tween fluorescence channels. A SIT camera (SIT 66,
Dage-MTI) was used to observe the preparation, and
videomicroscopic data were recorded onto a standard
VHS cassette. Videomicroscopic images were digitized
using Apple iMovie (v 5.0.2). The intravascular area of
the posterior vessel surface was measured off-line and
the number of leukocytes adherent within this area was
determined.

Acoustic treatment
Ultrasonic acoustic energy was produced by a sin-

gle-element transducer (Panametrics V306, Waltham,
MA, USA) with a center frequency of 2.25 MHz, ele-
ment diameter of 12.7 mm and spherical focal depth of
20.3 mm. A square-wave pulser (Ritec SP-801, War-
wick, RI, USA) operating at a pulse repetition frequency
of 10 kHz provided the trigger for an arbitrary waveform
generator (Tektronix AWG 2021, Beaverton, OR, USA).
The AWG output signal was amplified 50 dB by an RF
power amplifier (ENI 325LA, Rochester, NY, USA) and
the resulting sinusoidal waveform was monitored on an
oscilloscope (Tektronix 2235). Forty sinusoidal cycles at
a frequency of 2.0 MHz were applied to the tissue at an
acoustic pressure of 50 kPa, determined with a needle
hydrophone (Onda GL-0085, Sunnyvale, CA, USA).
These acoustic parameters previously resulted in appre-
ciable microbubble translation in an in vitro flow cham-
ber system (Rychak et al. 2005) and were selected to
induce appreciable microbubble translation while mini-
mizing the possibility of microbubble destruction.

Analysis
Contrast agent retention was assessed after cessa-

tion of ultrasound in acoustically treated vessels. The
number of retained UCA in the cremaster microcircula-
tion was determined in 10 to 20 venules between 8 to
50 �m in diameter in each mouse. Only UCA that
appeared intact and spherical were counted. In the fem-
oral vessels, the number of retained UCA was deter-
mined in 8 to 12 contiguous fields-of-view at the upper
thigh in the femoral artery and in the femoral vein. Each
vessel was visualized on the posterior wall of the vessel
(opposite the placement of the transducer). Contrast
agent aggregation in the cremaster microcirculation was
defined as two or more UCA adherent within one half
UCA diameter (1.5 �m) of each other. Data in the
cremaster are presented as mean retained UCA per
venule � standard deviation and as mean retained UCA
per mm2 posterior intravascular surface area in the fem-

oral vessels. Statistical significance was determined with
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one-way ANOVA using the Bonferroni adjustment for
multiple comparisons, as appropriate, or the Student’s
t-test. Data were considered significant at p � 0.05.

RESULTS

The median particle diameter of all dispersions pre-
pared for this study was between 3.3 and 3.8 �m (Fig. 2).
No significant difference in median particle diameter
between the preparations was detected using ANOVA.
The size distributions of the particles exhibited a skewed
normal distribution, with �0.5% of the particles being
greater than 8.0 �m in diameter.

Hemodynamic properties of the venules exam-
ined in the cremaster microcirculation are summarized
in Table 1. The mean venule diameter and wall shear
rate were not significantly different between experi-
mental groups. We inferred the presence of P-selectin
from the leukocyte rolling flux fraction (RFF) and
found no difference in mean RFF in all wild-type
(WT) preparations. The RFF in P-selectin-deficient
(P�/�) mice was significantly lower than in the WT
preparations, as would be expected from the dominant
role of P-selectin in initiating leukocyte rolling in this
model (Ley et al. 1995).

Fig. 2. Size distribution of ultrasound contrast agents used in
these experiments. Electrozone analysis was used to determine

UCA size characteristics.

Table 1. Hemodynamic parameters in the cremaster m
fraction (RFF) were measured from intravital video

measured center

Genotype Ligand
Acoustic

pressure (kPa)
Venul

diameter

WT Rb40.34 0 21.7 � 1
WT Rb40.34 50 22.4 � 5
WT R3-34 50 25.5 � 1
p-selectin�/� Rb40.34 50 26.6 � 2
All values expressed as mean � standard deviation.
† p � 0.05 compared with other conditions.
An approximately four-fold increase in UCA reten-
tion was observed after acoustic treatment relative to
untreated preparations, shown in Fig. 3a. Retention ap-
peared to be due to specific adhesion to P-selectin, as
retention in P�/� mice and that of control-targeted UCA
in WT mice were both negligible (Fig. 3a). Clustering of
retained UCA was observed only for targeted UCA in
WT mice treated with acoustic radiation, where approx-
imately 25% of retention was in clusters of two or more
UCA particles (Fig. 3b). Characteristic fields-of-view
showing retained UCA in the cremaster microcirculation
are given in Fig. 3c and d.

Expression of P-selectin in the femoral vessels was
inferred from the presence of rolling leukocytes. A larger
number of rolling leukocytes was observed in the fem-
oral vein. A motion artifact due to respiration and pulse
prevented accurate determination of the rolling flux frac-
tion in this preparation, although the density of adherent
leukocytes on the endothelial surface facing the micro-
scope objective was measured from digitized in-focus
frames. Leukocyte adhesion density was significantly
greater in the femoral vein than artery in both acousti-
cally-treated and untreated animals shown in Table 2.
There was no detectable difference in leukocyte adhesion
density due to application of acoustic radiation. The
mean diameters of the femoral artery and vein segments
were 188 � 16 and 218 � 11 �m, respectively. Intra-
vascular area of the examined femoral vein and femoral
artery segments were similar.

Ultrasound contrast agent retention on the intravas-
cular surface facing the microscope objective of the
femoral vessels was examined. An approximately four-
fold increase in UCA retention after acoustic treatment
was observed in the femoral vein, similar to that ob-
served in the cremaster microcirculation. Virtually no
UCA retention was observed in femoral artery segments
that were not acoustically treated. We observed signifi-
cant UCA retention in the acoustically-treated femoral
artery, approximately 20-fold greater than that in the
untreated condition (Fig. 4).

rculation. Venule diameter and leukocyte rolling flux
copic data. Wall shear rate was calculated from the
elocity using 1

Center line
velocity (mm/s)

Wall shear rate
(s�1) RFF

3.32 � 0.30 1940 � 368 14.7 � 1.7
2.77 � 0.76 1837 � 534 18.8 � 16.4
5.21 � 0.58 2337 � 140 19.3 � 1.74
3.71 � 1.15 1672 � 675 0.385 � 0.357†
icroci
micros

line v

e
(�m)

.03

.54

.61

.91
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DISCUSSION

Ultrasound-based molecular imaging can offer sig-
nificant utility at the clinical and preclinical levels. While
the numerous advantages of this technique have been
described elsewhere (Liang and Blomley, 2003; Lindner,
2004), a potential obstacle to efficient ultrasound-based
molecular imaging is related to the size of the contrast
agent. Other modalities, notably nuclear medicine, em-
ploy single-molecule contrast agents that are readily
transported throughout the body. Contrast agents for
ultrasound are necessarily particulate and subject to the
shear forces imposed by blood flow. Lateral forces in
laminar blood flow can inhibit microparticles (such as
UCA) from crossing streamlines, resulting in axial colo-

Table 2. Vessel characteristic in the femoral vesse
microscopy data off-line. Mean posterior intravascular

vessel segment,

Vessel
Acoustic

pressure (kPa)

Femoral artery 0
Femoral artery 50
Femoral vein 0
Femoral vein 50

† p � 0.05 compared with femoral vein (0 kPa).
‡ p � 0.05 compared with femoral vein (50 kPa).

Fig. 3. Ultrasound contrast agent retention in venules
was observed by intravital microscopy. (a) Mean num
Fraction of retained UCA in aggregates of two or more
targeted UCA retained in two venules in WT mice
indicate (c) adherent UCA aggregate and (d) single adher
calization with erythrocytes; this behavior is related to
the size and compressibility of the particle (Nobis et al.
1985; Segre and Silberberg 1962) and has been con-
firmed for microbubbles in vivo (Keller et al. 1989) using
intravital microscopy. Nonmicrobubble ultrasound con-
trast agents, such as acoustically-active liposomes and
nanoparticle emulsions (Morowski et al. 2005), tend to
be smaller than microbubbles and may therefore experi-
ence different lateral migratory forces. However, lateral
forces that promote axial displacement may present a
significant impediment to microbubble transport and ad-
hesion to targeted endothelium.

A possible role for acoustic radiation in ultrasound-
based molecular imaging and drug delivery has been

ssel area and RFF were computed from intravital
er vessel segment and leukocyte adhesion density per
dard deviation

scular area per
ment (�m2) Adherent WBC/�m2

04 � 1.4 � 104 10.8 � 10�5 � 1.64 � 10�5†
04 � 0.2 � 104 9.92 � 10�5 � 1.67 � 10�5‡
04 � 0.3 � 104 7.88 � 10�4 � 0.48 � 10�5

04 � 0.7 � 104 9.10 � 10�4 � 2.81 � 10�4

cremaster microcirculation. Contrast agent retention
f retained UCA per venule � standard deviation. (b)
ndard deviation. (c) and (d) Micrographs of P-selectin
nsonation. Vessel wall is outlined in black. Arrows
ls. Ve
area p
� stan

Intrava
seg

6.9 � 1
6.7 � 1
8.3 � 1
7.7 � 1
of the
ber o

, � sta
after i
ent UCA. Scale bar represents 10 �m. † p � 0.05.



Enhanced microbubble retention ● J. J. RYCHAK et al. 1137
examined by several groups. Palanchon et al. (2005)
have examined the ability of acoustic radiation force to
displace air bubbles of various diameters, while Dayton
et al. (1999a) reported similar results using UCA micro-
bubbles. The ability of acoustic radiation force of various
strengths to deflect and concentrate UCA has been char-
acterized in an in vitro flow chamber system (Dayton
et al. 1997, 1999b), and this effect has been shown to
deflect nontargeted UCA away from the acoustic source
in vivo (Dayton et al. 1999a). Acoustic radiation has been
investigated as a mechanism to enhance targeted UCA
retention to P-selectin (Rychak et al. 2005) and �v�3-
expressing cells (Zhao et al. 2004) in vitro using various
flow chambers.

Previously, we (Rychak et al. 2005) observed that
targeted UCA accumulation to a P-selectin-coated flow
chamber surface decreased with increasing wall shear
rate. Above �700 s�1, virtually no accumulation was
observed. Acoustic treatment resulted in significant ac-
cumulation under the full range of wall shear rates ex-
amined (300 to 1200 s�1). It is known that the axially
directed lateral forces on a compressible particle are
proportional to vessel shear rate, and we interpreted the
in vitro results as evidence that the primary acoustic
radiation force was able to counteract this tendency and
induce UCA migration from the axis toward the target
surface.

The in vivo results presented here suggest that ves-
sel shear rate is not a robust predictor of the likelihood
that an UCA contact the endothelium in all circum-
stances. Vessel shear rates in the microcirculation are
significantly higher than in large vessels such as the
femoral artery. Although we did not directly measure
wall shear rates in the femoral vessels, we have used
microparticle image velocimetry (Smith et al. 2003) to

Fig. 4. Ultrasound contrast agent retention in the femoral ves-
sels. Intravital microscopy was used to measure UCA retention
in mouse femoral artery and vein segments. Density (number of
retained UCA per mm2) of UCA on the posterior intravascular
surface of the femoral artery and vein. Data presented as mean

� standard deviation. † p � 0.05.
estimate center-line velocities on the order of 9 and
5 mm/s in TNF-�-treated mouse femoral artery and vein
segments, respectively (data not shown and S. Unni-
krishnan, unpublished results). Corresponding estimates
for wall shear rates in the femoral artery and vein seg-
ments (approximately 500 and 250 s�1, respectively) can
be derived from the measured center-line velocities and
vessel diameters. We observed appreciable UCA reten-
tion in the microcirculation without acoustic treatment,
while retention in the femoral artery without acoustic
treatment was virtually absent, despite a lower shear rate
in this vessel. These data suggest that other factors, such
as vascular anatomy, play a role in UCA retention. Mar-
gination of UCA at drainage points, which could force an
UCA into contact with the endothelium, may account for
the observed UCA retention in untreated venules and the
femoral vein. A similar mechanism occurs in leukocyte
adhesion to P-selectin (Eriksson et al. 2001; Schmid-
Schonbein et al. 1980). In the femoral artery, there are no
confluent bifurcations and anatomically-determined mar-
ginating forces are absent. Differences in P-selectin ex-
pression between the various vasculatures may also ac-
count for the observed differences in UCA retention.

Adhesion of an UCA to a molecular target requires
that the target be expressed in density sufficient to sup-
port UCA retention and that the UCA comes into contact
with the target. Thus, targeted contrast-enhanced ultra-
sound images represent not the total density of the mo-
lecular target in the imaged tissue, but rather the density
of the molecular target in vessels in which hemodynamic
conditions enable UCA contact with the endothelium.
This limitation may confound interpretation of imag-
ing data, although ultrasound contrast intensity has
been shown to correlate well with histologic data for
some microcirculatory molecular markers such as
MAdCAM-1 (Bachmann et al. 2006). In particular,
imaging molecular targets in vessels with adversarial
hemodynamics and anatomy, specifically arteries, may
present difficulty. We have shown that acoustic treatment
can enhance specific UCA retention in vessels that en-
able hemodynamic UCA margination toward the endo-
thelium (femoral vein and cremaster venules), as well as
under adversarial hemodynamic conditions (femoral ar-
tery). This technique may serve to increase the range of
vessels that a circulating UCA may sample, enabling a
more robust mode of molecular imaging.

Our findings suggest one potential limitation of the
use of acoustic treatment. We observed clustering of
retained UCA within the microcirculation. Although we
cannot determine whether acoustic treatment induces
aggregation of circulating UCA or simply causes prefer-
ential retention in clusters, this is a factor that must be
investigated thoroughly. Aggregation of circulating UCA
may cause occlusion and the echogenicity of aggregated

UCA may be significantly altered. Experiments by Day-
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ton et al. (1999b) suggest that secondary radiation-force-
induced aggregates remain echogenic, although the sus-
ceptibility of aggregates to acoustic destruction may be
reduced. A reduction in the UCA dose and systemic
concentration will decrease a chance of multiparticle
aggregation, although aggregation may be beneficial for
UCA used as drug delivery devices, as in Lum et al.
(2006) and Shortencarier et al. (2004). The UCA dosages
used in this study were similar to those typically used for
contrast-enhanced ultrasound imaging in mice (Lindner
et al. 2001). Additionally, we administered acoustic en-
ergy in an open preparation, which diminishes ultrasound
attenuation from intervening tissue. It is clear that the
acoustic parameters must be carefully calibrated to en-
sure optimal acoustic treatment in various tissues.

In summary, we have investigated the ability of
acoustic radiation force to mediate targeted UCA adhe-
sion to P-selectin. The exteriorized cremaster muscle was
used as a model of UCA retention in the microcircula-
tion. Appreciable targeted retention was observed in the
absence of acoustic treatment, although UCA retention
was significantly greater in insonated preparations. UCA
aggregation was observed in insonated, but not in con-
trol, preparations. Cytokine-stimulated femoral vein and
artery were used as models for UCA retention in large
vessels. Acoustic treatment yielded a significant increase
in UCA retention in both vessels. This effect was most
pronounced in the femoral artery, where acoustic treat-
ment greatly enhanced the negligible baseline retention.
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