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Abstract
Objectives—The interaction of ultrasound contrast agents (UCAs) and ultrasound (US) provides
a way to spatially and temporally target tissues. Recently, UCAs have been used therapeutically to
induce localized angiogenesis. Ultrasound contrast agents, however, have been documented to
induce negative bioeffects. To further understand the balance of risks and benefits of UCAs and to
examine the mechanism of US-UCA–induced angiogenesis, this study explored the role of UCAs,
in particular Definity (Lantheus Medical Imaging, Inc, North Billerica, MA), in producing an
angiogenic response.

Methods—The gracilis muscles of Sprague Dawley rats were exposed to 1-MHz US. The rats
were euthanized the same day or allowed to recover for 3 or 6 days post exposure (DPE).
Ultrasound peak rarefactional pressures (Prs) of 0.25, 0.83, 1.4, and 2.0 MPa were used while rats
were infused with either saline or Definity. Assessments for angiogenesis included capillary
density, inflammation, and vascular endothelial growth factor (VEGF), both acutely (0 DPE) and
at 3 and 6 DPE.

Results—The results of this study suggest that the angiogenic response is dependent on infusion
media, Pr, and DPE. While capillary density did not reach significance, VEGF expression was
significant for infusion media, Pr, and DPE with inflammation co-occurrence (P < .05).

Conclusions—These results suggest that the angiogenic response is elicited by a mechanical
effect of US-UCA stimulation of VEGF that is potentially optimized when collapse occurs.
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Cardiovascular diseases affect one-quarter of men and women between the ages of 20 and
39 years; this number more than doubles after the age of 40 years.1 These statistics include
ischemia affecting the heart, brain, kidney, and limbs, due to atherosclerosis or diabetes.
Current treatments are contraindicated for certain populations due to their invasiveness. For
that reason, ultrasound (US) has been explored as a new strategy for myocardial and limb
ischemia over the past decade. Ultrasound has been cited to cause upregulation of
angiogenic growth factors such as vascular endothelial growth factor (VEGF) and basic
fibro - blast growth factor,2,3 decreased wound healing time,4 in addition to the induction of
angiogenesis in hind limb ischemia.5
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Recently, microbubbles have been explored as a means of drug delivery in an effort to treat
ischemia.6–8 Studies have shown that US and ultrasound contrast agents (UCAs) induce
neovascularization9,10 and arteriogenesis11,12 and improve cardiac function8 in ischemic
models. However, an equal amount of literature details the ability of US and UCAs to create
damage to various tissues. Ultrasound and UCAs have been documented to create undesired
bioeffects, including premature ventricular contractions,13 hemorrhage,14,15 capillary
disruptions,16 and lesions17 in normal animal models. Bioeffects studies focus on 0-day
effects in normal models, while methods to induce angiogenesis focus on 3 to 28 days after
US exposure, typically with ischemic models. Acute (0-day) and effect days are rarely
addressed in the same study. As such, little is known about the mechanism of US-UCA–
induced angiogenesis.

One of the reasons for the disconnect between US’s biological effects and therapy is that
there is a lack of understanding of mechanisms initiating the angiogenic response. Literature
shows a wide range of US peak rare - factional pressures (Prs) has been used5,8,11,18,19 with
no dose-effect examination of the therapy. A relatively low Pr (0.25 MPa) was demonstrated
to induce an angiogenic response,7 while Fuji et al19 found a much higher Pr (4.5 MPa) to be
beneficial. When UCAs are used, Pr is the exposure quantity of particular importance
because it affects the behavior of the UCA. As incident Pr increases, the UCA becomes less
stable and eventually collapses.20,21 The UCAs behavior affects the vasculature and
initiation of a biological response.22,23

Therefore, in an effort to connect the 0-day (day of exposure) bioeffects with subsequent
therapeutic responses, this study seeks to examine the role of the UCAs, and relate the
physical mechanism by which US-UCA interaction induces angiogenesis, via a dose-effect
study on Pr.

Materials and Methods
Ultrasound

A 1-MHz focused (f/3) single-element transducer (E1051, 0.75-in diameter; Valpey Fisher,
Hopkinton, MA) connected to a power source (RAM5000; Ritec, Inc, Warwick, RI) was
used for the exposures. An established procedure for exposures is detailed in previously
published work.24 Briefly, a custom-built system containing 35°C degassed water was made
to allow transducer coupling to the point of contact. An automated procedure, based on
established standards,25,26 was used to routinely calibrate the US fields.27

Exposimetry
The in situ Prs were estimated from Pr (in situ) = Pr (in vitro) e−Ax, where Pr (in vitro) is the
global-maximum water-based value. A is the attenuation coefficient of the skin (A ≈ 2 dB/
cm at 1 MHz)28 overlying the gracilis muscle, which had a thickness, x, of approximately 1
mm. Attenuation of US by intervening tissue is negligible (0.98 of in vitro Pr); thus, the
reported Pr is that of the in vitro value.

Prior to US exposure, the transducer was aligned with marked exposure sites. For transducer
alignment, a low Pr value (50 kPa) was used to ensure minimal US-induced damage.
Quantities used during the 1-MHz US exposure included Prs of 0, 0.25, 0.83, 1.4, and 2.0
MPa, a pulse duration of 10 cycles (10 microseconds), a pulse repetition frequency of 10 Hz,
and an exposure duration of 5 minutes at each location.
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Animals
One hundred fifty female Sprague Dawley rats (Harlan, Indianapolis, IN) were used in this 3
× 4 × 2 factorial study examining days post exposure (DPE; 0, 3, or 6), Pr, and infusion
media (saline or Definity [Lantheus Medical Imaging, Inc, North Billerica, MA]),
respectively. The rats were not only within a specified age range (11–13 weeks old) but also
a specific weight range (190–250 g; mean, 200 g). Six rats served as cage controls, and
contralateral limbs were used as shams (Pr = 0 MPa) for exposed animals. The remaining
144 rats were randomly assigned to 1 of 3 × 4 × 2 = 24 groups with n = 6 for each group.

Rats were weighed and anesthetized with ketamine hydrochloride (87 mg/kg) and xylazine
(13 mg/kg) administered intraperitoneally. Hind limb hair over the gracilis muscle was
removed with an electric clipper, followed by a depilatory agent (Nair; Carter-Wallace, Inc,
New York, NY) to maximize sound transmission. The rat was then placed in a custom-built
holder. Two locations, approximately 6 mm apart, on either the right or left gracilis muscle
(randomized) were marked with a black dot to denote the US exposure location. The US
transducer was visually aligned with the black dot using a custom-built laser pointer that
was spatially registered with the beam focus. For both US-UCA– and US-saline–infused
groups, the 0-day rats were euthanized within 1 hour following exposure; the 3- and 6-day
rats were euthanized on their respective days.

The experimental protocol was approved by the Institutional Animal Care and Use
Committee of the University of Illinois and satisfied all campus and National Institutes of
Health rules for the humane use of laboratory animals. Animals were housed in an
Association for Assessment and Accreditation of Laboratory Animal Care (Rockville, MD)–
approved animal facility and provided food and water ad libitum.

Microbubble Preparation and Infusion
The manufacturer’s recommended dosage for infusion was used to establish the 1×
concentration of Definity for UCA-infused groups.

Initial Manual Injection of the UCA or Saline—Prior to US exposure, the rat tail vein
was manually injected for 30 seconds with 0.5 mL of Definity solution (0.15 mL of Definity
in 0.35 mL of saline) such that the UCA was introduced into circulation. The saline group
received 0.5 mL of saline for 30 seconds prior to US exposure.

Infusion of UCAs or Saline—After manual injection, 1.0 mL of Definity solution (0.3
mL of Definity in 0.7 mL of saline) was infused with an infusion pump (model 780100; KD
Scientific, Holliston, MA) for 15 minutes into the rat tail vein at a rate of 4.0 mL/h. The
resulting infusion rate was a maximum of 2 × 108 microbubbles/min. The first of 2 US-
exposed sites was started approximately 5 seconds after the infusion pump was started (5
minutes per exposed site, 3 minutes for realignment with the next site, and 2 sites per rat =
13 minutes). Both exposures were completed before the infusion pump was stopped such
that the Definity solution was present during each 5-minute exposure.

The saline infusion groups received the same treatment but without UCA addition, and the
contralateral limbs served as the sham group, which received no US exposure.

Euthanization
Rats were euthanized on their respective assessment days using carbon dioxide asphyxiation
followed by cervical dislocation with prompt removal of exposed regions via a 6-mm biopsy
punch.
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Tissue Preparation and Processing
One exposed location was snap frozen in liquid nitrogen and the other formalin-fixed in
10% phosphate-buffered saline–formalin (Fisher Scientific, Pittsburgh, PA) for a maximum
of 24 hours. The formalin-fixed tissues were then paraffin embedded (Fisher Scientific).
Three-micrometer-thick sections were stained with hematoxylineosin for whole-tissue
examination and CD-31 antibody (1A10; Cell Marque, Rocklin, CA) for capillary density
counts and inflammation assessments.

Capillary Density Assessment
For each exposed site, the following slides were created: hematoxylin-eosin, CD-31, and
CD-31 negative control. A CD-31–positive control was made for a batch of slides. CD-31
slides were used for capillary density counting according to techniques detailed in
previously published literature.24 Only full lumen capillaries were counted. An Axioscope 2
upright light microscope (Carl Zeiss Microscopy, Thornwood, NY) had a high-power field
of 0.45 mm in diameter at 40× magnification. Fifteen high-power fields were averaged and
reported as capillaries per square millimeter ± SEM.

Inflammatory Cell Assessment
All slides were placed in a digital slide scanner (NanoZoomer Virtual Microscopy,
NanoZoomer Digital Pathology; Hamamatsu, Bridgewater, NJ) to create digital images of
the stained sections. Then, a MATLAB (The MathWorks, Natick, MA) routine was used to
quantify the presence of a brown stain indicative of inflammatory cells marked by CD-31
according to techniques previously used.24

Vascular Endothelial Growth Factor Analysis
The snap frozen section was used for VEGF analysis. First, total RNA was isolated using an
RNeasy kit (Qiagen, Valencia, CA). The procedure used was a standard protocol.29 Then the
optical density of the solution was read using a Nanodrop 2000 Spectrophotometer (Thermo
Scientific, Wilmington, DE). The RNA was labeled and stored at −80°C. After isolation, the
RNA was reverse transcribed to complementary DNA.

A real-time polymerase chain reaction was run on the cDNA (Platinum Q polymerase chain
reaction package insert) with an ABI Prism 7500 genetic analyzer (Applied Biosystems,
Foster City, CA) using a TaqMan 1-step reverse transcription–polymerase chain reaction
master mix reagent kit (Applied Biosystems) according to the manufacturer’s
recommendation. Real-time reactions were carried out using pooled RNA samples for both
18S RNA and VEGF-A RNA. The VEGF primer was designed with the forward sequence:
CCACTTCATGGGCTTTCTGCT, and reverse sequence:
CACTTGTACCTCCACCATGCCAAG. Values for VEGF were normalized to values
obtained for 18S RNA in each sample, and data were expressed relative to normalized
values for controls.

Statistical Analysis
N-way analysis of variance in MATLAB was used to determine if the main effects of Pr or
DPE were statistically significant for each of the measured end points (eg, capillary density,
inflammation, and VEGF). The level of significance was set at α = .05. Multiple
comparisons using the Tukey-Kramer method were used to compare infusion media,
pressure groups, and assessment days. The sham (0-MPa exposure) and cage control were
not statistically different. Therefore, to reduce the number of analyses and increase statistical
power, the sham and cage control were combined and are displayed as simply the control.
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Results
Capillary Density

Figures 1 and 2 show the capillary density with US exposure for 0.25, 0.83, 1.4, and 2.0
MPa at 0, 3, and 6 DPE for saline and UCA infusion, respectively. Statistical significance
was not found with Pr or DPE for capillary density.

Inflammation
Representative immunohistochemistry images of inflammation are shown in Figures 3 and
4. Figure 3 demonstrates the control level of inflammation seen with CD-31 staining. In
Figure 4A, acute inflammation (0 DPE) images representing 0.25 to 2.0 MPa show minimal
variation for saline and UCA infusion (Figure 4B). Figure 4, A and B, also displays
immunohistochemistry staining at 6 DPE for saline and UCA.

Inflammation did not demonstrate a trend across Pr for either UCA- or saline-infused groups
(Figures 5 and 6); DPE was found to be significant in the saline-infused group only. The
inflammation at 3 DPE was found to be significantly higher than 0 DPE for all but 0.83 MPa
(P < .02); however analysis of variance revealed that the 3- and 6-DPE groups did not differ.

Vascular Endothelial Growth Factor
Vascular endothelial growth factor expression is shown in Figures 7 and 8 in terms of fold
change. With saline, DPE was significant for VEGF (P < .001). The 0-DPE mean value of
VEGF increased with pressure for all but 0.83 MPa with respect to the control, but neither 3
nor 6 DPE were significantly different from the control.

Both Pr and DPE main effects were significant for VEGF when the UCA was used (P < .01;
P < .001, respectively). Multiple comparisons showed that acutely 1.4 and 2.0 MPa, and
0.25 MPa at 3 DPE were significantly different from the control, indicating a pressure
dependency (Figure 8). Six DPE was also found to be significantly lower than 0 and 3 DPE
for all but 2.0 MPa, whereas 3 DPE was not statistically different from 6 DPE.

Discussion
The intent herein was to ensure that excessive damage did not occur acutely, but also to
elicit an angiogenic response such that the mechanism could be explored. With information
concerning the mechanism of US-induced angiogenesis, current treatments can be improved,
optimized, or assessed for use in a particular situation.

This study used a range of pressures and three measurements (capillary density,
inflammation, and VEGF) to explore if US and/or US-UCA interactions could be used to
induce an angiogenic effect. Inflammation and capillary density at 0 DPE were measured to
ensure that excessive damage did not occur acutely. Further, inflammation (0 DPE) was
explored as a possible potentiator of the angiogenic response. There was no acute reduction
in capillary density with respect to the control. Inflammation, however, did increase with
respect to 0 DPE for the saline group for all Prs except 0.83 MPa. The maximal increase
seen for inflammation was approximately 1%. Biologically, this increase is not large enough
to place inflammation outside normal limits, which suggests that inflammation induced by
US-UCAs is not occurring in excess (ie, minimal damage). Because the increase is
biologically insignificant, it is uncertain whether or not inflammation is potentiating the
angiogenic response.

The angiogenic effect was measured with both capillary density at 3 and 6 DPE and VEGF
at 0, 3, and 6 DPE. These assessments, however, seemingly supported two opposing
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conclusions. Capillary density showed no statistical significance across infusion media, Pr,
or DPE, while VEGF was found to be dependent on infusion media, incident Pr, and DPE.
Capillary density was chosen as an end point because the literature suggests that capillaries
increase by approximately 33% (with respect to their control) after exposure to US and
UCAs at 3 to 7 days.9 In this study, 33% and greater increases are seen with respect to the
control at 3 or 6 DPE, but the effects are not seen due to the factorial nature of the design.
Vascular endothelial growth factor is a well-known and studied marker of angiogenesis;
therefore, it was assessed as a secondary measurement. Vascular endothelial growth factor
showed no significant change across Pr when saline was used; however, when the UCA was
introduced, VEGF became significant across Pr and DPE. Because VEGF increases, the data
suggest that there was, indeed, an angiogenic response. The data also suggest that collapse
of the UCA resulted in higher acute VEGF expression.

It was expected that as Pr increased, the acute capillary density, inflammation, and VEGF
would decrease, and there would be a subsequent rebound as DPE increased, as seen in
previous findings.24 Literature supports that there is possibly a range of Prs that may result
in beneficial therapy. Ultrasound pressures ranging from 0.18 to 1.8 MPa (1 MHz) have
been used to stimulate healing in varicose ulcers, induce angiogenesis, and treat ischemia
both with and without the use of UCAs.5–7,9,12,30,31

Ultrasound Bioeffects
It is generally assumed that the benefits of US are damage induced—as a result of inertial
cavitation or cellular changes via mechanical perturbation.12,18,24,32 These effects may or
may not result in tissue level damage. Research shows that US induces petechiae in vivo
without tissue destruction.14,33 The saline-infused group was used to assess US bioeffects. A
rise in VEGF and inflammation was expected to occur prior to any increase in capillary
density, as seen in the literature.9,34,35 Analysis of this study agreed with VEGF appearing
with exposure to US and inflammation increasing above the control. Ultrasound caused
inflammation that demonstrated an onset peaking at 3 DPE. The 3-DPE peak of
inflammation was not unexpected as angiogenesis is known to involve both early- and late-
stage inflammation.34

Ultrasound Contrast Agents
Ultrasound contrast agents increase the potential for damage by introducing cavitational
bodies intravascularly. While the general progression of angiogenesis was similar, the UCA
group demonstrated significant differences from the saline group. With UCAs, inflammation
is detected acutely, possibly due to the increased level of vascular perturbation, but does not
vary with Pr or DPE. One reason for this counterintuitive response might be the UCA
concentration chosen. For therapeutic applications, typically, UCA concentrations have
exceeded the standard recommendations for imaging.9,12,19 However, literature involving
UCAs use concentrations ranging from 0% to 60% of the solution consisting of
microbubbles. To prevent excess damage, this study used a relatively low UCA
concentration (≈35%).

Interestingly, when UCAs are used, Pr is one of the most relevant parameters. Ultrasound
contrast agent behavior has been documented for its dependence on Pr. Ultrasound contrast
agents progress from oscillation to collapse with increasing Pr. This laboratory, in separate
in vitro experiments, characterized the collapse threshold of Definity with a 1-MHz
transducer. This threshold reaches the 5% occurrence level at approximately 0.25 MPa.21

The occurrence rises to 50% at approximately 0.5 MPa, and 100% of bubbles exposed to US
collapse at about 1.25 MPa with oscillation co-occurrence.21 Thus, the range of Prs chosen
was from 5% to 100% collapse occurrence with exposure to US.
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In this study, 0.25 MPa is representative of a predominantly oscillation-inducing pressure.
As Pr increases, UCAs slowly expand and rapidly contract, resulting in collapse and shell
fragmentation (Pr = 0.83, 1.4, and 2.0 MPa). This collapse potentially damages the vascular
endothelium and surrounding tissue. In this study, there was no decrease in acute capillary
density as seen previously, 24 signifying that the vascular endothelium was not ruptured.
These data show that the presence of UCAs causes a change in the VEGF expression
possibly due to continual local hemodynamic disturbance from oscillation (Figure 8). As Pr
increases, collapse eliminates the constant oscillatory disturbance in the US beam focus, but
infusion replenishes the UCAs. While locally circulating red blood cells may be damaged,
the vessel lumen remains intact, as seen in Figures 1 and 2, suggesting a mechanical
dependence of VEGF stimulation, not vascular or tissue damage (Figure 8). Although
inflammation did increase at 3 DPE for the saline group, suggesting some level of
perturbation to the vascular endothelium and/or exposed muscle, this effect did not reach
significance when the UCA was used, indicating again that the angiogenic response is
influenced by the presence of UCAs. Interestingly the 0.83-MPa setting for inflammation
and VEGF saline groups displays a trend across DPE that differs from the other Pr settings,
resulting in insignificance, for which the reason is not understood at this time. A similar
occurrence is noticed with the 2.0-MPa setting for VEGF when UCAs are used, which may
be due to the involvement of collapse. More work needs to be conducted to fully understand
if/to what extent collapse and Pr influences the response.

Ultrasound-UCA–Induced Angiogenesis
The expression of VEGF was demonstrated to occur in vitro3 and in vivo5 after exposure to
US, which agrees with the findings in this study. One of the proposed mechanisms
underlying US exposure and vascular growth relates to the induction of local hypoxia and
inducing VEGF expression. 5 This reinforces the possibility of the mechanical effect
inducing VEGF. Ultrasound and UCAs seem to disturb the normal state, and this
disturbance caused an increase in VEGF in both this study and others.5,9 This study
displayed higher fold changes in VEGF for all pressures explored when compared to
previous findings in an ischemic model.5

Heating as a Possible Mechanism
Ultrasound-induced heating has also been documented to provide some therapeutic
benefit.36 The maximum change in temperature can be approximated with ΔTmax = (Q̇ Δt)/
Cv, where Δt is the exposure duration (for a single pulse, exposure duration is 10
microseconds); Cv is the medium’s heat capacity per unit volume (4.18 J/cm3-°C for
biological tissue); and Q̇ is the rate of heat generation per unit volume.37–39 For this study,
ΔTmax was calculated to be 0.95°C for the 2.0-MPa exposure. This approximation assumes
no heat removal, which is not necessarily the case for a 5-minute exposure. Further, thermal
therapy frequently requires repeated exposures of continuous US,36,40 whereas 1-time
pulsed US was used herein. Thus, it is reasonable to assume that heating is not a significant
biophysical mechanism for the results noted herein.

Previously published work conducted in this laboratory used the same UCA concentration
but a pressure that was approximately double the maximum Pr used in this study.24 Unlike
the damage seen in previous work, this study supports the idea that a mechanical effect
elicits the angiogenic response. When UCAs are introduced, two profiles change:
inflammation and VEGF; VEGF seems to have some correspondence to the occurrence of
collapse, whereas the mere presence of UCAs changes the inflammation profile.

It should be noted that the literature has, to date, reported only effects seen days after
treatment, with no investigation of connections between exposure and angiogenesis. If we
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remove 0 and 3 DPE from this data set, we find that capillary density and inflammation are
statistically different from the control for all measured end points. This result would then
support the effects reported by Chappell et al.9 The effect seen in this study raises
mechanistic questions for other US-UCA–induced angiogenesis studies. Further work
regarding US-UCA–induced angiogenesis needs to be done to fully characterize the
mechanism such that current therapeutic parameters can be selected for a desired result.

Limitations
The objective of this study was to assess mechanisms; how well the treatment is received in
ischemic situations was not explored. Ischemic models have been explored and shown to be
effective by other groups.11,19

A normal animal model was used, which could likely be more resilient to drastic changes in
capillary density until sufficiently high Prs are met. There is also a potential for UCA
concentration dependence.

Conclusions
Ultrasound exposure has the potential to stimulate an angiogenic response. When UCAs are
added, the progression of the response is disturbed, particularly when collapse occurs. These
results suggest that a mechanical effect of US-UCAs elicits angiogenesis via inflammation
and increased VEGF expression.
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DPE days post exposure

Pr peak rarefactional pressure

UCA ultrasound contrast agent

US ultrasound

VEGF vascular endothelial growth factor
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Figure 1.
Capillary density (capillaries/mm2) for exposures: saline. The stripes darken as days post
exposure (DPE) increase, with 0 DPE in light gray stripes and 6 DPE in dark grey stripes.
Error bars denote SEM.
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Figure 2.
Capillary density (capillaries/mm2) for exposures: ultrasound contrast agent (UCA). The
solid gray color darkens as days post exposure (DPE) increase, with 0 DPE in light gray and
6 DPE in dark gray. Error bars denote SEM.
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Figure 3.
Representative image of the control CD-31–stained slide. Scale bar denotes 100 µm.
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Figure 4.
Representative images of exposed CD-31–stained slides. A, Saline, B, Ultrasound contrast
agent. Zero-days post exposure (DPE) groups are shown in the left column with increasing
Pr. Top left to bottom left are 0.25, 0.83, 1.4, and 2.0 MPa, respectively. The 6-DPE
counterparts are in the right column. Top right to bottom right are 0.25, 0.83, 1.4, and 2.0
MPa, respectively. Scale bars denote 100 µm.

Johnson et al. Page 14

J Ultrasound Med. Author manuscript; available in PMC 2012 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Saline: normalized inflammation. The stripes darken as days post exposure (DPE) increase,
with 0 DPE in light gray stripes and 6 DPE in dark gray stripes. Error bars denote SEM. *P
< .02 with respect to 0 DPE.
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Figure 6.
Ultrasound contrast agent: normalized inflammation. The solid gray color darkens as days
post exposure (DPE) increase, with 0 DPE in light gray and 6 DPE in dark gray. Error bars
denote SEM.
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Figure 7.
Vascular endothelial growth factor (VEGF) expression in fold change: saline. The stripes
darken as days post exposure (DPE) increase, with 0 DPE in light gray stripes and 6 DPE in
dark gray stripes. Error bars denote SEM. *P < .01 with respect to the control.
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Figure 8.
Vascular endothelial growth factor (VEGF) expression in fold change: ultrasound contrast
agent (UCA). The solid gray color darkens as days post exposure (DPE) increase, with 0
DPE in light gray and 6 DPE in dark gray. Error bars denote SEM. *P < .01 with respect to
the control; +P < .001 with respect to 0 DPE; #P < .001 with respect to 3 DPE.
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