
Targeted Contrast-Enhanced Ultrasound: An Emerging
Technology in Abdominal and Pelvic Imaging

MARYBETH A. PYSZ and JÜRGEN K. WILLMANN
Department of Radiology, Molecular Imaging Program at Stanford, Stanford University School of
Medicine, Stanford, California

In vivo molecular imaging provides the ability to measure expression levels of molecules by

quantifying imaging signals generated with the help of contrast agents accumulating at sites

of molecular target expression. These contrast agents can be directed to bind various

molecular targets in vivo (eg, proteins, DNA, etc), thereby quantifying disease processes at

the molecular level in various disease processes. Thus, molecular imaging has the potential

to obtain tissue expression profiles in a volumetric manner without invasive tissue sampling

procedures and without the limitation of potential sampling errors from biopsies. Emerging

research in ultrasound technology and contrast agent design for ultrasound imaging has

paved the way for targeted contrast-enhanced ultrasound imaging to be translated to clinical

applications in the near future.1–6

Ultrasound imaging is a widely available, inexpensive, and real-time imaging modality that

does not expose patients to irradiation. It is already the first-line imaging modality for

assessment of many diseases in the abdomen and pelvis. Through the introduction of

ultrasound contrast agents (eg, lipid-shelled, gas-filled, 1- to 4-micron-sized microbubbles),

the sensitivity and specificity of ultrasound for detection and characterization of for example

focal liver lesions7,8 has been substantially improved. Recently, targeted contrast-enhanced

ultrasound (molecular ultrasound) imaging has gained great momentum in preclinical

research by the introduction of ultrasound contrast microbubbles that are targeted at

molecular markers overexpressed on the vasculature of certain diseases (Figure 1A and

Supplementary Figure 1). By combining the advantages of ultrasound with the ability to

image molecular signatures of diseases, molecular ultrasound has great potential as a highly

sensitive and quantitative method that could be used for various clinical applications,

including screening for early stage diseases (such as cancer); further characterization of

focal lesions and quantitative monitoring of disease processes at the molecular level;

assisting in image-guided procedures (eg, biopsy, surgery, or ablation); enhancing drug
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delivery; and confirming target expression for treatment planning and monitoring (including

novel drug candidates in preclinical studies).1,4,6,9,10

We describe herein concepts and applications in contrast-enhanced and molecular

ultrasound imaging with particular focus on imaging cancer and inflammatory diseases in

the abdomen and pelvis.

Contrast-Enhanced Ultrasound Imaging Techniques and Applications

Contrast-Enhanced Ultrasound Imaging Techniques

Microbubbles (Figure 1A and Supplementary Figure 1) are the most commonly used

ultrasound contrast agent, and are defined as microspheres with a lipidic or protein shell and

gas core.4,9,11,12 They are usually filled with perfluorocarbon (eg, perfluorobutane) gases

that are heavier than air (for stability reasons); this gas filling enables high reflection and

scatter of sound in blood for very sensitive ultrasound detection (Figure 1A, right). Because

of their micron size of usually between 1 and 4 μm, microbubbles stay confined to the

vasculature, and can pass through microcapillaries. The phospholipid shell is highly

biocompatible, and can be “decorated” with other biocomponents (eg, polyethylene glycol,

proteins) for added stability.4 Microbubbles typically remain in circulation for only a few

minutes, and are rapidly cleared through the reticuloendothelial system (in particular the

liver and spleen) and the lungs (exhalation of gas core).4,9,13 Generally, microbubbles are

safe intravenous contrast agents that are commercially available, and have been used for

cardiovascular and body imaging (see below). A major advantage of ultrasound contrast

agents compared to iodinated computed tomography contrast agents or gadolinium-based

magnetic resonance contrast agents is that they can be used in patients with renal

insufficiency and renal function tests are not needed before administration of

microbubbles.14

Contrast-enhanced ultrasound imaging with nontargeted microbubbles can be used to assess

levels of vascularity in real time (Figure 1A) using the first pass (bolus) of microbubbles into

the region of interest with time–intensity curve analysis; maximum intensity projection

analysis; or, re-perfusion analysis (see Supplementary Material).

Applications of Contrast-Enhanced Ultrasound Imaging in the Abdomen and Pelvis

Contrast-enhanced ultrasound imaging techniques for assessment of tissue vascularity are

increasingly used for clinical imaging of the liver,8,15,16 spleen,17 intestine,18–20

pancreas,21–29 kidneys,30–33 uterus/ovaries,34–37 and testes/prostate.38,39 The use of contrast

microbubbles allows for better focal lesion detection, and has been helpful in differentiating

between benign and malignant lesions. Additionally, contrast-enhanced ultrasound imaging

can provide a more accurate measurement of tumor size and margins, even in the case of

avascular tumors (eg, pancreatic ductal adenocarcinomas40). For more information, please

refer to a recent review.7
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Molecular Ultrasound Imaging: Clinical Translation on the Horizon

Ultrasound Imaging with Molecularly Targeted Microbubbles

Molecular ultrasound imaging utilizes the same contrast-mode detection methods as

nontargeted contrast-enhanced ultrasound imaging; however, the quantification of

ultrasound signal is performed by using molecularly targeted microbubbles attaching at sites

of molecular marker expression. It is challenging to separate the signals of attached

microbubbles from background signal associated with freely circulating, unattached

microbubbles, and new methods are under development.4 The most common and currently

used method measures signal before and after a high-powered, ultrasound pulse that destroys

the microbubbles within the beam elevation (Figure 1B). After microbubbles are injected

intravenously and allowed to circulate for several minutes to attach to the molecular targets,

the average signal intensity is measured over several seconds, representing imaging signals

generated from both attached and freely circulating microbubbles. This measurement is

followed by application of a high-powered ultrasound pulse for a few seconds to destroy all

the attached microbubbles within the beam elevation (microbubble destruction). After a few

seconds to allow the freely circulating microbubbles to replenish from outside the beam

elevation into the imaging area of consideration, a second measurement records the signal

intensity representing only circulating microbubbles. The targeted signal measurement is

calculated by the subtraction of the pre-microbubble destruction signal/image minus the

post-microbubble destruction signal/image (Figure 1B). Because most ultrasound imaging

systems are equipped with contrast mode detection software, the rate-limiting step for

clinical translation of molecular ultrasound imaging is design, testing, and approval (eg, by

the US Food and Drug Administration) of clinical-grade molecularly targeted microbubble

contrast agents.

Molecularly Targeted Microbubble Design and Steps Toward Clinical Translation

Microbubbles are molecularly targeted by coating with molecules such as antibodies,

peptides, proteins, or small molecules that can bind to endothelial cell surface proteins

expressed on the vessel wall (Figure 1A and Supplementary Figure 1). Identification of

specific molecular markers for microbubble targeting is of utmost importance in design

consideration, and must be verified for both clinical (human) and preclinical (small and

large animal) imaging. The process for identifying new, disease-specific markers, and

designing and testing microbubbles targeted to these markers is shown in Figure 2. First,

extensive biocomputational mining of literature reports and publicly available databases can

be used for discovery of potential molecular imaging targets that are taken alone or as a

group characteristic for certain diseases.10,41 For contrast microbubble design, it is

important to (1) ensure that targets are expressed on the surface of vascular endothelial cells,

(2) characterize the extent and duration of target expression (eg, temporal variability during

the course of a disease or during a certain treatment plan), and (3) verify that the molecular

targets are expressed in human diseases, and can be tested in well-characterized animal

models of those disease. An alternative approach for target discovery is direct differential

expression analysis on tissue samples. In this case, endothelial cells can be extracted (eg, by

laser capture microdissection) from normal and diseased human tissue, and used to obtain

proteomic (eg, mass spectrometry) and/or transcriptomic (eg, DNA microarrays) expression
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profiles.41 Expression patterns are compared for differences between normal and diseased

tissue, and a list of potential targets is generated. The second step is to validate target

expression on endothelial vessels associated with the disease process in human tissues, for

example, by using immunohistochemistry analysis (Figure 2B, black arrows).

Once a specific target has been discovered and validated as a differentially expressed marker

on endothelial cells in human diseased tissue, the third step is to test the target for molecular

ultrasound imaging in a preclinical model in vivo. For this purpose, microbubbles are

functionalized with ligands that bind to the identified molecular target (Supplementary

Figure 1 and Deshpande et al4). These targeted microbubbles are then tested for binding

affinity and specificity both in cell culture and in vivo animal models.9 Several preclinical

studies have executed these first three steps to characterize microbubbles targeted to

vascular endothelial growth factor receptor type 242,43 (human analog: kinase domain insert

receptor [KDR]2), integrin αVβ3,5,42 or endoglin in various cancer models including ovarian,

prostate, and pancreatic cancers.5,42– 44 Molecular markers of inflammation, including

mucosal addressin cellular adhesion molecule45 and P-selectin,46 have been used for

molecular ultrasound imaging of inflammation in mouse models of inflammatory bowel

disease.18

After extensive characterization and verification of target specificity, the fourth step is to

design a microbubble to bind to the target of interest and be safe to use in human patients.

Recently, a clinical-grade KDR-targeted microbubble (BR55) was designed and tested

preclinically in subcutaneous/orthotopic mouse models of breast,47 colon2 (Figure 3A and

Supplementary Figure 1) and prostate cancer.3 Before approval for the first clinical trials,

the clinical-grade, molecularly targeted microbubbles have to be tested for toxicity, side

effects, and binding specificity for the intended clinical application.1,10

Taken together, design and characterization of molecularly targeted microbubbles involves

several steps. Recent advances in target discovery (eg, bioinformatics and highly sensitive,

small-sample analysis [eg, proteomics]41), ligand chemistries, and ligand incorporation into

microbubbles will enable clinical translation of molecular ultrasound imaging of disease-

specific targets with molecularly targeted microbubbles.

Applications of Molecular Ultrasound Imaging

Molecular ultrasound imaging can be used for several applications, including primary

diagnostics with improved lesion detection, characterization of focal lesions, monitoring

disease activity and therapeutic treatment at the molecular level, and for improved delivery

of drugs (Figure 3). For example, vascular endothelial growth factor receptor type 2 is often

over-expressed on angiogenic vessels during tumorigenesis of many cancer types; therefore,

it could be used for detecting cancer at an early, potentially still curable stage (with a tumor

size of only few millimeters) when angiogenesis is necessary to promote tumor growth

(Figure 3A).9

Once a diagnosis is established, molecular ultrasound allows monitoring of diseases at the

molecular level over time, as well as in response to therapeutic treatments. For example,

early prediction of therapeutic efficacy of molecularly targeted drugs in cancer (eg, anti-
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angiogenic drugs) through quantification of molecular marker expression levels directly

affected by therapy can weigh in on treatment regimens early on (within a few days and not

only after several weeks when side effects and costs may have already accumulated).

Molecular ultrasound could also help the monitoring of chronic, relapsing inflammatory

diseases (eg, inflammatory bowel disease) to properly account for effective therapies and the

duration of treatment. For example, P-selectin is an endothelial surface protein that plays an

important role in the inflammatory response (ie, leukocyte rolling and attachment), and can

be used as a target for molecular ultrasound imaging to measure the inflammatory reaction

activity of inflammatory bowel disease.46 Figure 3B shows the molecular ultrasound signal

of P-selectin–targeted microbubbles in inflamed colon (chemically induced model of colitis)

of mice that did not (untreated) or did receive anti-inflammatory therapy; notably, P-selectin

marker expression (ie, ultrasound signal associated with P-selectin–targeted microbubbles)

decreased after therapeutic treatment, but was sustained in nontreated mice.46

In addition to therapeutic monitoring, therapeutics (eg, small molecule drugs; or, plasmids

for gene expression of toxic or therapeutic proteins) can be delivered to a diseased location

using ultrasound and microbubbles via sonoporation (Figure 3C). Although sonoporation

can also occur with nontargeted microbubbles, use of molecularly targeted microbubbles

may provide improved specificity for localized therapeutic delivery to the region of interest

by accumulation of molecularly targeted microbubbles. Therapeutics can be attached (either

covalently or non-covalently bonded) to the surface of microbubbles, or they can be

enclosed in the core of the microbubbles.48 The process of sonoporation is shown in Figure

3C. First, drug-carrying targeted microbubbles are injected intravenously, and allowed

several minutes to bind to their targets (as in Figure 1B for targeted signal quantification).

Second, application of high-powered ultrasound pulses (on/off) allows for microbubbles to

oscillate and create shear stresses/forces that result in cavitation, or formation of pores in

cell membranes; and then to destroy the microbubbles to release the therapeutics in close

proximity to cells. Finally, therapeutics can cross the cell membranes via the pores created

with cavitation. Ultrasound has also been shown to create separations between neighboring

cells, thereby enabling therapeutics to reach multiple layers of tissue. Thus, molecular

ultrasound with molecularly targeted microbubbles can provide quantification of disease-

specific endothelial marker expression levels for diagnosing, therapeutic monitoring, and for

localized delivery of therapeutics.

Conclusion and Future Directions

Contrast-enhanced ultrasound imaging plays an increasing role in the clinical arena.

Emerging strategies can expand the current morphological and functional imaging

capabilities of ultrasound to molecular imaging to obtain quantitative measures of molecular

signatures in various diseases. This becomes increasingly important with the introduction

and clinical testing of novel molecularly targeted drugs that often have minimal or delayed

effects on tissue morphology or size; therefore, molecular imaging surrogate read-outs that

allow quantification of therapeutic effects at the molecular level are warranted. As a

relatively inexpensive, real-time, high-throughput, and safe modality, molecular ultrasound

has great potential for assessing treatment effects early on after treatment initiation in future

clinical trials (eg, in cancer patients as early as after the first few doses of therapy). Further
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improvements such as introduction of large-field, 3-dimensional transducers and/or co-

registration with other cross-sectional imaging techniques (such as magnetic resonance

imaging or computed tomography) are expected. These improvements will make ultrasound

a more reliable and reproducible imaging modality, which will help to standardize the

anatomical/spatial visualization of molecular ultrasound signal for treatment planning and

monitoring. Another exciting potential indication for molecular ultrasound includes cancer

screening since ultrasound does not involve irradiation, is a relatively low cost examination,

and is already considered among the first-line imaging modalities for various organs where

earlier detection of cancer may have a substantial influence on patient survival (eg, ovarian

or pancreatic as well as breast cancer). Ongoing research explores how molecular ultrasound

could be integrated into a screening algorithm in combination with, for example, blood

biomarker tests (ie, to first enrich the screening population by identifying high-risk patients

through family history and blood biomarker tests, and then to perform molecular ultrasound

imaging examinations to confirm the diagnosis made with the blood biomarker test). After

the recent preclinical introduction of clinical-grade molecularly targeted contrast agents,

first-ever clinical trials exploring the potential of molecular ultrasound in patients with

various diseases are expected in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Principles of nontargeted and molecularly targeted contrast-enhanced ultrasound imaging

with contrast microbubbles. (A) The gas core of lipid- or protein-shelled microbubbles (left)

makes them highly echogenic compared to surrounding tissue and blood. Right, The pulse-

inversion technique is commonly used for detection of microbubbles (see Supplementary

Material). Two inverse-phase (red) pulses are transmitted through the tissue, and different

echoes are reflected back from either microbubbles (MBs; white) or tissue (black). The

resulting echo (summation from each pulse) from microbubbles (nonlinear behavior) is a

distinct signature (white wave), whereas the waves reflected from the tissue (linear) signal

cancel out (white flat line).49 The resulting ultrasound contrast-mode image shows a pixel-

by-pixel distribution of the microbubble signal in a subcutaneous human colon cancer

xenograft in a mouse. (B) Example of imaging sequence for quantification of molecular

ultrasound imaging signal intensities within a region of interest. Please refer to text for more

details.
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Figure 2.
Possible approaches for molecular target discovery (step 1; A) and validation (step 2; B),

testing of targeted contrast microbubbles (step 3; C), and clinical-grade contrast

microbubble design (step 4; D). See text for more details. Example micrographs for target

validation are immunohistochemically stained normal and diseased colon (C, crypt; SM,

submucosa) tissues with hematoxylin-stained cell nuclei (blue) and target-stained (brown)

vascular endothelial cells (black arrows); note that in this example, imaging targets are only

expressed on vascular endothelial cells in diseased but not in normal tissue. Targeted

microbubble can then be tested preclinically for binding specificity both in cell culture with

flow chamber (schematic; brightfield micrograph [original magnification, ×100] shows

white microbubbles attaching to cells2) and in animal models in vivo in a subcutaneous

human colon cancer xenograft (green outline) in a mouse. Target expression is also verified

ex vivo by immunostaining; a 100-× micrograph shows brightly stained green blood vessels.

Example of clinical-grade targeted microbubble design shows direct incorporation of

binding ligand (eg, peptides identified by phage display; see also Supplementary Figure 1)

into the microbubble shell.
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Figure 3.
Nontargeted and molecularly targeted contrast-enhanced ultrasound imaging techniques can

be used for several applications: Primary diagnostic imaging (detection and characterization

of disease foci), monitoring disease activity and therapeutic treatment, and highly focused

therapeutic delivery. (A) Early detection of cancer in a subcutaneous mouse xenograft by

visualizing KDR, a marker of tumor angiogenesis expressed at early tumor stages (few mm

of size; yellow bar, 3 mm), using KDR-targeted BR55 microbubbles.2 (B) Transverse

ultrasound images show inflamed mouse colon (green region of interest around colon wall)

visualized with contrast microbubbles (red and white colormetric map overlaid on B-mode

image) targeted at inflammatory marker P-selectin, which is over-expressed in inflammatory

bowel disease.46 (C) Nontargeted and/or disease-targeted (more focused delivery)

microbubbles carrying therapeutics combined with ultrasound can be used to enhance

therapeutic delivery to highly localized anatomical regions. Delivery process is described in

text (also see Tinkov et al48).
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