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Abstract

During the past decade, ultrasound has expanded medical imaging well beyond the “traditional” 

radiology setting - a combination of portability, low cost and ease of use makes ultrasound 

imaging an indispensable tool for radiologists as well as for other medical professionals who need 

to obtain imaging diagnosis or guide a therapeutic intervention quickly and efficiently. Ultrasound 

combines excellent ability for deep penetration into soft tissues with very good spatial resolution, 

with only a few exceptions (i.e. those involving overlying bone or gas). Real-time imaging (up to 

hundreds and thousands frames per second) enables guidance of therapeutic procedures and 

biopsies; characterization of the mechanical properties of the tissues greatly aids with the accuracy 

of the procedures. The ability of ultrasound to deposit energy locally brings about the potential for 

localized intervention encompassing: tissue ablation, enhancing penetration through the natural 

barriers to drug delivery in the body and triggering drug release from carrier micro- and 

nanoparticles. The use of microbubble contrast agents brings the ability to monitor and quantify 

tissue perfusion, and microbubble targeting with ligand-decorated microbubbles brings the ability 

to obtain molecular biomarker information, i.e., ultrasound molecular imaging. Overall, ultrasound 

has become the most widely used imaging modality in modern medicine; it will continue to grow 

and expand.

Introduction

Over the decade 2000–2011, the annual global per-procedure usage of X-Ray Computed 

Tomography (CT) and Magnetic Resonance Imaging (MRI) doubled [1]. Meanwhile, the 

number of ultrasound imaging procedures increased more than tenfold [1]. It is clear to 

practicing radiologists that this increase in ultrasound imaging usage has not occurred in the 

traditional medical imaging settings - radiology and cardiology departments in hospitals. In 

this review, we will examine recent developments and potential future directions in 

ultrasound imaging instrumentation that will explain the rapid changes in the practice of 

medical ultrasound imaging.
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Similar to the other imaging modalities, ultrasound is approaching limits imposed by the 

underlying physics (e.g. wavelength) and regulatory tolerance for patient exposure to any 

form of energy transmitted into the body. Therefore, it becomes interesting to speculate how 

the different modalities may evolve in the coming years in the face of fundamental physics-

origin limitations. As in other imaging modalities, application of contrast agents may assist 

in overcoming some of the limitations, and brings ultrasound imaging to the areas where its 

application was not feasible earlier, such as molecular imaging, therapy and drug delivery. 

In a short manuscript format it is not possible to provide an exhaustive review of literature; 

we provide examples of the specific trends of highest interest.

Fragmentation of the Practice of Ultrasound Imaging

Until the early 2000s, ultrasound imaging was dominated by cart-based systems priced in 

the ∼$100–200K range. Physicians, or specialized imaging technicians, in hospital 

radiology and cardiology departments operated these instruments. More recently, ultrasound 

imaging has proliferated in the form of hand-held and laptop-size instruments that are 

finding use in a range of settings beyond conventional large hospital imaging-focused 

departments. By extension, the reduced size, reduced cost and perceived reduced training 

requirement of these smaller devices make them feasible options for overseas and 

underserved communities, as well as ambulance and house call scenarios. This change has 

been enabled by the Moore’s Law [2] related improvement in the performance of 

electronics. Specialized, single purpose, signal processing hardware has been replaced by 

systems in which software controls a range of functions implemented on powerful, versatile, 

digital processors with very high data bandwidths [3, 4]. Today’s hand carried instruments 

can essentially achieve functionality and imaging performance similar to the earlier cart-

based instruments [5]. Small-scale instruments are finding uses that include guiding vascular 

access [6], emergency room assessment for conditions such as chest pain [7], detecting 

blood pooling or foreign object identification / removal [8]. Significantly, these instruments 

are primarily operated by healthcare workers for whom imaging is not their primary clinical 

specialty. Medical ultrasound has been taken to the International Space Station [9] and to the 

battlefield [10]. Remote real-time image viewing (i.e. “telemedicine”) has been 

demonstrated in both scenarios [9, 10].

Figure 1 illustrates two recently commercialized handheld ultrasound scanners. It is clear 

that we are approaching a scenario in which size of the device is not limited by electronics 

but by the need for a transducer of a specific aperture according to the clinical necessity and 

the requirement for a usefully dimensioned image display. Currently, battery dimension and 

charge duration are also significant considerations but progress in battery technology and 

processor efficiency provide optimism for continued improvement towards a widespread use 

of handheld and laptop-based ultrasound.

In essence, the Moore’s Law contribution to the field is greatest in areas where massive 

computational processing requirements are most relevant. Until recently, many of signal / 

image processing algorithms that existed only in research laboratories could not be 

translated to widespread clinical usage. Now, however, progressively more complex signal 

and image processing tasks come within the realm of practicality and viable cost.
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Each imaging modality is capable of anatomic, functional and molecular imaging – with 

varying degrees of performance and limitation. Anatomic imaging remains the dominant 

application even as the increasing values of functional and molecular imaging become more 

evident. Unfortunately, ultrasound imaging does not reliably perform well at anatomic 

imaging. Ultrasound relies on weak reflections and low rates of beam refraction. Generally, 

in soft tissue, the weak reflection requirement is met. The weak reflection requirement is not 

met when there is an interface involving materials possessing significantly different acoustic 

impedances. In ultrasound, bones and air volumes (in lungs, esophagus, and the 

gastrointestinal tract) present challenges and give rise to limited “acoustic windows” in 

some applications. For example, cardiac imaging relies on a relatively small number of 

acoustic windows between or below the ribs. The weak reflection requirement is not met in 

some other scenarios giving rise to either, or both, acoustic shadowing and acoustic 

reverberation. In the former, ultrasound does not reach underlying tissue regions and no 

echo signal is received resulting in a black region. A typical example involves the inability 

to “see” below an overlying rib. Reverberation typically occurs between overlying layers of 

muscle and fat and causes multi-path reflection [11]. This is projected as a phantom, static, 

echo haze-like image appearing at a greater depth than the actual source of the initial 

reflection. In radiology applications, the “haze” obscures the tissue of interest to varying 

degrees contributing to reduced image contrast and less reliable diagnosis.

This phenomenon occurs in cardiac imaging and may cause a static haze over the superficial 

moving cardiac muscle or appears, for example, as a static object within a heart chamber. 

Another important class of ultrasound artifact frequently encountered relates to “phase 

aberration”. Ultrasound beam formation relies on assumed tissue velocity. Since fat 

possesses a significantly lower sound speed (1478m/s) than muscle tissue (1547 m/s) [12], a 

layer of non-uniformly thick superficial fat, or distributed fat, can give rise to refractive 

errors in the beam focusing process. This results in a degraded beam resolution that has 

impact on both image spatial (“detail”) resolution and image contrast quality. These artifact 

mechanisms give rise to a variety of opportunities in research and point towards areas of 

probable progress in the coming decade.

Phase aberration correction

Phase aberration has been extensively studied since the late 1980s [13]. Flax and 

O’Donnell’s work represented a major early contribution towards a practical solution in that 

it was the first to not require a “beacon” or ideal point source. During the 1990s, efforts were 

made to implement phase aberration correction on clinical scanners but cost and technical 

complexity impeded progress. Additionally, it was realized that ideal phase aberration 

correction requires aberration delay correction in both elevational and azimuthal dimensions 

on an array surface [14, 15]. Building from the concept of receive direction phase distortion, 

Liu and Waag proposed a “back propagation” approach in which compensatory delay 

corrections are made on the transmit direction [16]. A closely related technique involves the 

use of “time reversal” which also uses received phase errors to guide subsequent transmitted 

waves [17]. This technique works optimally with a well defined point source or point 

scatterer. More recently, Pernot [18] proposed the generation of cavitation bubbles to 

provide a nearly ideal source for the time reversal approach. Considerable work over many 
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years has resulted in progressively more sophisticated algorithms with improved 

performance versus the earlier element signal cross correlation approaches. These include 

development of a new generalized coherence factor (GCF) [19] in which the lower 

frequencies correspond to the phase aligned components of received echo data, and the 

higher frequencies correspond to the poorly phase aligned echo signals. Additionally, new 

applications are being proposed that include, for example, phase aberration correction to 

improve the performance of therapeutic transcranial focused ultrasound [20–23].

“Tissue Harmonic Imaging” (THI)

Nonlinear ultrasonic propagation effects have been studied for several decades. During 

propagation at high pressure levels, local sound speed changes between compressional and 

rarefactional phases giving rise to distortion of the wavefront. This progressive increase in 

signal distortion gives rise to the presence of harmonics of the transmitted signal and these 

harmonics can be isolated for imaging purposes. Christopher, in 1997 [24], focused attention 

on the potential impact of imaging using the tissue harmonic signal and, in particular, it was 

noted that the nonlinear tissue signal would have reduced sidelobes and improved 

performance when propagating through typical abdominal wall sections. Within a few 

months following this paper, all major ultrasound imaging equipment vendors offered some 

variant on tissue harmonic imaging. In current imaging usage, THI, rather than conventional 

fundamental mode imaging, is frequently the default operating mode [25]. Initially, it had 

been assumed that the low signal level of the nonlinear signal would be objectionable but 

practical experience indicates that the level of performance achieved in practical settings 

vastly outweighs a relatively modest impact on maximum imaging depth. One minor 

drawback of tissue harmonic imaging is that it has motivated widespread use of higher peak 

power intensity in order to generate the greatest nonlinear signal and to minimize the impact 

of reduced SNR. Tissue harmonic imaging has proven to be one of the major contributions 

towards improved clinical B-Mode ultrasound quality [26, 27]. Significantly, tissue 

harmonic imaging made the greatest clinical impact in imaging through the abdominal wall 

of patients with thicker abdominal walls – i.e. it has made the most impact in the population 

most likely to benefit from diagnostic ultrasound. It is only in recent years that 

comprehensive simulations, enabled by high power computation, have elucidated the 

underlying roles of phase aberration and nonlinear signal generation in the remarkable 

improvements in image quality observed in clinical THI imaging [28].

Model-based segmentation and imaging

Frequently, in radiology it is desirable to assess the shape or volume of a particular tissue 

region. In the case of objects with well-constrained shapes it becomes feasible to eliminate 

imaging deficiencies (overlying noise, speckle effects, etc.) by fitting a model to the 

acquired data and presenting to the user a model closely fitted to the acquired image data. 

For example, a tumor mass or the left ventricle of the heart is known to possess a convex 

shape that can be fitted and presented to the user as a perfectly “clean” representation of the 

ventricle – with a seemingly realistic smooth surface and no overlying clutter. Once the 

model is determined, clinically important linear, area and volume dimensions may be 

reliably generated. The primary limitation of any model-based fitting approach is that if the 
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model is poorly selected then the method will fail to obtain an accurate fit to the actual 

available image data. In cancer radiology, there is interest in following the serial evolution 

of a tumor to assess growth or regression. The most reliable measure of tumor size is a 

determination of volume (3D) rather than a linear dimension (1D) or maximal cross-

sectional area (2D). These two latter measurements are susceptible to error, due to incorrect 

slice plane selection and both implicitly rely on simplistic geometric assumptions relating 

linear dimension, or area, to volume. Unfortunately, tumors and other masses can take a 

number of shapes making model fitting challenging. One of the most versatile fitting models 

in image processing involves “snakes” or “active contours” [29]. Although originally 

developed as a 2D model, the snake is readily extensible to 3D [30]. The snake formulation 

involves the use of “internal energy” and “external energy” [29]. “Internal energy”, which 

can be user refined, forces the fitted closed line (or volume) shape to adopt a controlled 

degree of smoothness. (Technically, this involves a constraint on the second derivative along 

the resulting snakes contour.) In the case of a noisy ultrasound image, this parameter is 

particularly important. “External energy” is the parameter that forces the fitted line to best 

conform to the underlying image data. This is most frequently derived from the image 

gradient (i.e. image feature edges). Since the purpose is to find the underlying feature 

gradient, uncontaminated by ultrasound image speckle, snake processing on ultrasound data 

frequency involves a speckle reducing pre-processing step [31, 32]. There are a number of 

frequently encountered speckle reducing algorithms [33–38]. Among these algorithms, Yu’s 

Speckle Reducing Anisotropic Diffusion (SRAD) is the most commonly encountered and 

has been extended to 3D [39]. Several examples of the use of snakes in ultrasound feature 

segmentation exist for both 2D [40] and 3D [41, 42].

Artifact reduction

One of ultrasound’s primary weaknesses as an anatomic imaging modality, in comparison 

with MRI and CT, is its susceptibility to artifacts. This motivates a range of efforts to solve 

ultrasound’s artifact problems. Fortunately, evolving processing speed enables the clinical 

realization of progressively more complex algorithms. Except in the case of tissue harmonic 

imaging, in which the nonlinear second harmonic of the transmitted fundamental is isolated 

(i.e. filtered) for image formation, the challenge in ultrasound image data processing is that 

desired signals and artifacts (e.g. reverberations) cannot be isolated by simple frequency 

domain filtering.

Frequently, the contrast qualities of an image can be improved by spatial compounding in 

which a common tissue region is viewed from independently oriented transmit beam angles 

[43]. Spatial compounding has been shown to reduce speckle, clutter and improve image 

qualities and the ability to differentiate tissues [43]. In particular, it has proven successful in 

breast ultrasound: increased conspicuity of lesions, improved margin delineation and clearer 

cystic imaging have been reported [44]. A limitation, however, of transmit beam spatial 

compounding is that the aperture must be divided to yield independent apertures and this 

results in reduced resolution on a per aperture basis.

In the case of moving tissue one can, in principle, differentiate the desired moving signal 

from an overlying static haze artifact [45–47]. While most of these algorithms are 

Klibanov and Hossack Page 5

Invest Radiol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



computationally intensive, they have the potential for widespread incorporation into the 

future generation of clinical scanners. This class of artifact reduction has more utility in 

cardiology than in radiology.

Quantification – tissue tracking

Within the past decade regional tissue tracking (“speckle tracking”) has rapidly evolved 

from a research topic to a commonly implemented clinical ultrasound feature. Although 

most applications of speckle tracking are in cardiology [48–50], there are a number of 

radiology applications. Golemati et al [51] discussed the utility of speckle tracking for 

assessing elastic properties of the arterial wall and plaque in carotid arteries.

Advances in Doppler

Traditional Color Doppler processing is limited to detecting the 1D component of motion 

aligned with the ultrasound beam axis. Kasai’s [52] 1D autocorrelation-based method 

formed the basis of the vast majority of early clinical scanner implementations for Color 

Doppler. Kasai’s approach is computationally very efficient but involves a narrow signal 

bandwidth assumption. Kasai’s approach was largely supplanted by Loupas’ [53] 2D 

method which estimates the Doppler value using explicit estimates of both mean Doppler 

frequency and mean RF frequency at each range segment. It is also possible to estimate 

velocities using time domain cross-correlation [54] but this method is less frequently 

encountered in clinical implementations. However, all these early methods extract only the 

Doppler component aligned with the ultrasound beam axis. Given that vessels are frequently 

parallel to the skin surface (e.g. carotid artery), this represents a major limitation. In 

principle, this problem can be addressed using speckle tracking [55] but this typically 

requires high signal to noise ratio and, thus, is limited to shallow vessels like the carotid 

artery. Speckle tracking is also a relatively computationally intensive process. Another 

solution for enabling Doppler detection of transverse motion is to introduce oscillation into 

the transverse direction [56–58]. Using this approach, true “vector Doppler” (i.e. 2D 

Doppler) is achievable. Synthetic aperture-based approaches have also been proposed that 

transmit across all directions simultaneously and consequently can form images across the 

entire field of view at once [59]. By stepping the aperture source element across the array 

aperture, and combining the results from multiple transmit events, a high resolution wide-

field Doppler image is acquired. More recently, there has been growth in the area of plane 

wave Doppler processing [60, 61]. Multiple acquisitions are obtained from multiple angles 

and these are combined. This approach provides for very high frame rates (>1000 fps vs. 

10’s fps in conventional Color Doppler) across wide fields of view (see Figure 2). 

Significantly, Bercoff notes that real-time implementation of this Doppler processing places 

very high demands on processor speed and data bandwidth [61]. Bercoff’s work was 

implemented on the Aixplorer ultrasound system (SuperSonic Imagine, France). This is the 

first clinical system with the required processing capability for this new Doppler method and 

suggests where the “high end” of clinical ultrasound is evolving. Since kHz Color Doppler 

has only recently become available, we are only now learning about its value in diagnoses. It 

is also noteworthy that these frame rates place them well beyond the foreseeable capabilities 
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of competing imaging modalities even as frame improvements in competing modalities are 

enabled by significant technical advances.

Catheter-based ultrasound

Intravascular Ultrasound (IVUS) has been available clinically for more than two decades. 

Although the majority of IVUS applications are in cardiology, there are a number of uses 

within interventional radiology. IVUS technology generally divides into those based on 

mechanically scanned single transducer element and those comprising a solid-state 

circumferential array [62]. IVUS provides cross-sectional vessel anatomic structural 

information that is not obtained using only X-Ray angiography – which gathers information 

from a projection across the vessel lumen. IVUS also provides greater imaging depth than 

Optical Coherence Tomography (OCT); the latter is limited to ∼1 mm [63, 64]. IVUS can 

provide a range of functional information about the vessel wall health and function [63], yet 

OCT is frequently presented as a technology that may potentially supplant IVUS based on 

its superior spatial resolution. Recently, there has been significant progress in the area of 

pairing IVUS and photoacoustic imaging [65–68]. IVUS can provide excellent anatomic 

information and some functional information. Photoacoustic imaging provides superior 

information on vessel wall composition [66, 67] and can perform molecular imaging using 

appropriately targeted light absorbing nanoparticles [69] (see below).

Elastography

Early versions of elastography primarily relied upon an external application of force during 

which tissue motion was tracked in using phase sensitive approaches applied to the 

beamformed radio frequency (RF) line data [70, 71]. Over the years, many improvements 

have been proposed to the underlying algorithms to improve precision and accuracy [72–74]

[75–77]. The method has found application in a range of settings that include: breast [78, 

79], prostate [80] and thyroid [81]. The approach has been scaled down and performed using 

IVUS to assess vessel wall elasticity [82–84]. A major contribution in the field of elasticity 

involved the realization that acoustic radiation force could be used to project the force from 

within the body at a precise location instead of relying on an external force that rapidly 

decays with depth and is susceptible to artifacts due to intervening inhomogeneities [85–87]. 

This version of elasticity imaging is now in clinical usage [88]. More recently, considerable 

interest has arisen in shear wave elasticity imaging. Since a shear wave propagates slowly in 

tissue, the wavelength is low, which improves spatial resolution. Among the various 

implementations, supersonic shear imaging [89] appears to be the most promising and has 

yielded very encouraging early results. In this approach, a supersonic wavefront is created 

by rapid sequencing of pulses through depth, taking advantage of the fact that the shear 

wave velocity is just a few m/s. The method also relies on an ultrasfast scanner capable of 

full field imaging in response to a single transmit burst – i.e. similar to the Aixplorer 

ultrasound system previously mentioned. Promising results involving characterizing breast 

lesions have been reported using this approach [90]. It would appear that full frame, very 

high frame rate, systems like the Aixplorer most closely suggest the direction in which the 

“high end” ultrasound imaging field is going. It is also probable that a number of signal 
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processing techniques, yet to be invented, will be enabled by this versatile high performance 

architecture.

Photoacoustic imaging

Photoacoustic (or optoacoustic) imaging involves the use of short duration laser pulses to 

induce transient thermal expansions giving rise to emitted ultrasound pulses emanating from 

the point of light absorption. The received ultrasound pulses are processed in a manner 

analogous to conventional ultrasound receive signal processing. The receive path may 

involve either a mechanically scanned single element ultrasound transducer or a phased 

ultrasound array. Photoacoustic imaging has experienced an extraordinarily rapid rate of 

technical development in the past decade. Consequently, it should be viewed as a completely 

new imaging modality as opposed to a subset of ultrasound imaging. Photoacoustic imaging 

is discussed only briefly in this review. The reader is referred to the review article by Xu and 

Wang [91] for a more extensive discussion.

Anatomic ultrasound image contrast is a function of tissue mechanical properties, tissue 

interfaces and backscatter density. Image contrast in photoacoustic imaging is determined by 

local light absorption conditions and this will typically also vary with optical wavelength. 

Thus, it is feasible to image and differentiate between oxygenated and deoxygenated blood 

[91], differentiate lipid-dominant versus water-dominant tissue signals and detect other 

light-absorbing chomophores (endogenous and exogenous). Traditional optical imaging is 

sensitive to these parameters but possesses extremely limited penetration due to light 

scattering at any significant depth. Photoacoustic imaging is projected to contribute across a 

wide range of clinical areas that include: endoscopic imaging, mapping of metabolic rate of 

oxygen, melanoma, breast cancer, brain pathologies, and mapping of sentinel lymph nodes 

[92]. Photoacoustic tomography, using reconstruction principles similar to those used in 

Computed Tomography, has extended the technical frontier in terms of very high resolution 

photoacoustic imaging [93–95]. Using these approaches, small animal whole body 

photoacoustic imaging systems have become developed [96] and are available commercially 

[97].

Photoacoustic imaging divides broadly into two modes of operation. In acoustic resolution 

photoacoustics, it is not necessary for the input light to be focused to a single point. Because 

of rapid light scattering in tissue, in any event the light signal becomes defocused beyond 

approximately 1 mm of depth. In this scenario, photoacoustic imaging resolution is 

determined by the focusing performance of the receive ultrasound beamformation process. It 

is a common misperception to believe that light cannot penetrate deep into tissue. By 

choosing the correct light wavelength (i.e. using Near Infra-Red (NIR: ∼700 to ∼900 nm) 

[91], several cm of imaging depth is achievable. Additionally, photoacoustics has extensive 

applications in catheter-based applications where it can be paired with conventional IVUS 

[65, 66, 98]. Photoacoustics can also be paired with

Optical Coherence Tomography (OCT) [99].

Figure 3, from Hu et al, [100] illustrates a range of resolutions and sources of contrast that 

include optical resolution photoacoustic microscopy of sO2 in a mouse ear, acoustic 
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resolution photoacoustic microscopy of hemoglobin concentration in a human palm, 

photoacoustic CT of Methylene Blue concentration in a rat sentinel lymph node, 

photoacoustic CT of cerebral hemodynamic changes in response to whisker stimulation in a 

rat and Photoacoustic endoscopy of a rabbit esophagus and adjacent tissue.

Contrast agents in ultrasound imaging

Contrast materials are applied in all imaging modalities, and ultrasound is not an exception. 

Early ideas of blood pool contrast ultrasound imaging (first discovered by serendipity) [101] 

come from the use of air bubbles generated in saline, serum albumin solutions or viscous X-

ray contrast media. Unlike water (or most of biological tissues), gas bubbles are very 

compressible; thus, in response to the passage of the ultrasound wave as the cycles of 

positive and negative pressure, microbubbles rapidly compress and expand about their 

equilibrium (ambient) pressure setting, with the particle diameter variation reaching several 

fold [102]; movement of gas-liquid interface creates secondary pressure waves, i.e., 

ultrasound scattering. Luckily for this field, relatively small bubbles, with the diameter 

somewhat less than of a red blood cell, can scatter MHz ultrasound very efficiently, and can 

be detected by ultrasound imaging, with excellent sensitivity. A single microbubble, with a 

sub-picogram mass, can be observed at multi-cm depth, with abundant clinical imaging 

systems, in real time (at 20–30 frames/s or faster) [103]. Thus, the dose of the administered 

ultrasound contrast material can be in the single milligram or sub-milligram range, of which 

most material is either fully natural (e.g., human serum albumin in Optison microbubbles 

[104], or synthetic fully biocompatible, such as phospholipids, e.g., in Definity [105] and 

Sonovue microbubbles [106]). Non-microbubble ultrasound contrast agents were tested 

widely at the preclinical stage, but have not yet made it to the clinical application level, 

perhaps due to the larger required dose and lower acoustic backscatter.

Ultrasound contrast is used as a general radiology intravascular agent worldwide (so far the 

USA is an exception, where only cardiac ultrasound contrast imaging is approved in the 

clinic). Worldwide, several million ultrasound contrast exams take place every year; due to 

the low dose of the contrast material, serious side effects are infrequent; for the patients with 

kidney impairment, where X-ray contrast or Gd-based MRI contrast agents are undesirable, 

microbubble contrast exam may become the preferred option [107].

In order to observe microbubble particles in the bloodstream, contrast-specific detection 

schemes and pulse sequences have been implemented, with multi-pulse detection schemes 

being the most efficient. A combination of phase inversion (i.e., compression-first and 

rarefaction-first pulses) and power modulation (i.e., pulses with varying ultrasound transmit 

amplitude) provides the best sensitivity to contrast along with an excellent suppression of 

the background tissue signal [108]; see accompanying video of microbubbles influx into the 

tumor vasculature in a murine model. Contrast mode is often used in combination with 

regular grayscale B-mode imaging for anatomy positioning (see Figure 4). It is important 

that microbubble detection in the tissues can be achieved at low acoustic power levels, i.e., 

without destroying the microbubbles.
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Real-time ultrasound contrast imaging capability is often used for characterization of 

cancerous nodules: after an intravenous bolus injection, tissue arrival time for normal 

tissues, benign and malignant tumors may differ significantly [109]. Modern imaging 

equipment has a color-coded arrival time routine, which allows a distinct presentation of the 

contrast arrival time differential between the tumor and surrounding tissues.

Destruction-replenishment as a tool for perfusion contrast imaging

In the 1990s, at the time when microbubble detection was not as sensitive, the most efficient 

way to monitor microbubble contrast in the bloodstream was to destroy them by higher 

acoustic pressure of ultrasound. Typically, with mechanical index (MI) in excess of 0.3, and 

up to 1.9 (as allowed for the diagnostic imaging scanners) destruction is achieved within just 

one imaging frame. Therefore, taking advantage of this targeted microbubble destruction in 

the interrogated volume with intermittent timed frame collection, Kaul et al [110] devised a 

tool to monitor myocardial perfusion, with the aim to observe perfusion defects in heart 

muscle following myocardial infarction. Intermittent imaging was performed in synchrony 

with heart pulses, triggered by EKG, typically at end-systole. Following microbubble 

infusion, when microbubbles concentration in the vasculature reached a constant level, 

ultrasound imaging was initiated and performed at every heart beat, then at every other 

heartbeat, then every third, fourth and fifth heartbeat. Microbubbles from outside of the 

insonated field (typically, a thin slice, 1–5 mm thick and up to 5 −15 cm long and wide) start 

to refill the vasculature, larger arteries first, followed by arterioles, capillaries, postcapillary 

venules and veins. It has been suggested that by timing the interval of ultrasound pulses, the 

fraction of the blood in the particular portion of the vasculature (e.g., capillaries) can be 

estimated [111].

Lately, with the advent of high-sensitivity multipulse detection schemes, ultrasound contrast 

imaging does not require microbubble destruction anymore. Therefore, after a single 

destructive pulse, replenishment of microbubbles into the interrogated volume can be 

monitored in real time, with the traditional clinical imaging equipment at 20–50 frames per 

second [112], (see Figure 5 and accompanying video) and with the most modern equipment 

at 103 Hz or even faster [113, 114].

Overall, perfusion studies with microbubble contrast are now routinely used in the clinical 

setting worldwide (except USA as of now); they can provide blood flux information in the 

settings where Doppler imaging is not useful due to smallest size of the vessels in the tissue 

(e.g., in a transplanted skin flap [115]). An unfortunate limitation of this technique is in the 

inability of ultrasound at imaging frequencies to transit through the human skull without 

attenuation; thus, brain perfusion studies that are routinely performed with functional MRI 

cannot be performed with contrast ultrasound unless there is a burr hole present [116].

Molecular (Targeted) Contrast Ultrasound Imaging

Expanding the ability of ultrasound imaging to collect information on the biological 

processes at the molecular and cellular level requires the use of a specialized contrast agents, 

targeted microbubbles [117]. The general idea is traditional for targeted contrast imaging: a 

contrast particle is conjugated with the targeting ligand that possesses affinity towards the 

Klibanov and Hossack Page 10

Invest Radiol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disease marker. The particles are administered in vivo (e.g., intravenously), circulate in the 

body, and accumulate in the area of disease.

As the typical mean size of microbubble contrast agents is several micrometers, these agents 

are unable to probe the receptors located outside of the vascular bed. Although nanobubble 

studies have been repeatedly reported in the literature over the past decade [118, 119]), the 

acoustic backscatter and particle lifetime are both rather low and these agents have not 

approached practical application; therefore, ultrasound contrast imaging of leaky 

neovasculature (e.g., as in enhanced permeability and retention effect, EPR, [120]) is most 

likely going to be limited to the phase-shift liquid fluorocarbon nanodroplet formulations 

[121].

Current progress of molecular imaging with micrometer-sized targeted bubbles has been 

significant. It started with a model ultrasound imaging study in vitro, in petri dishes, avidin-

biotin targeting [117], and progressed rapidly towards the use of cell cultures and antibody-

mediated targeting [122], followed by in vivo studies. Several targets were investigated with 

significant detail: thrombi, markers of inflammation, and markers of angiogenesis.

The simplest targeted contrast agent is already in clinical use: Sonazoid (perflubutane) 

formulation is approved for liver imaging in Japan and South Korea [123]. Targeting 

specificity of this agent is based on its lipid shell composition, phosphatidylserine. This 

phospholipid is a natural marker of apoptosis and a powerful driver for the phagocytic 

uptake of apoptotic cells [124, 125], cell fragments and other particles [126] by the cells of 

reticuloendothelial system (RES) and any other phagocytic cells, e.g., leukocytes, 

specifically, neutrophils. The latter cell is the first to adhere to vascular endothelium in the 

acute inflammatory response to ischemia-reperfusion injury, e.g., in an experimental 

myocardial infarction [127], or in the acute kidney injury scenario [128], which allows 

targeted microbubble ultrasound imaging.

More specific endothelial markers of interest to microbubble targeting include selectins (P- 

and E-) and integrins, such as VCAM-1 and ICAM-1, which are expressed on the surface of 

vascular endothelium in response to inflammatory stimuli. Microbubble targeting of these 

molecules is achieved either via antibody placement on the bubble shell [129] or the use of 

smaller molecules, such as peptides [130], nanobodies [131] or carbohydrates [132]. The 

latter molecule, sialyl Lewis X (or A), is present on the business end of a natural leukocyte 

membrane protein P-selectin glycoprotein ligand −1 (PSGL-1), a ligand for P- and E-

selectin, so it is suitable for microbubble targeting to the sites of inflammation [133, 134] 

and to activated platelets [135].

Another significant application area for microbubble targeting is tumor vasculature: specific 

markers of vascular endothelium in the areas of malignant tumors can be successfully 

imaged by ligand-carrying microbubbles. Initially an antibody against the tumor vasculature 

biomarker αvβ3 was applied [136], later followed by targeting with other ligand molecules, 

such as modified RGD peptides [137]. VEGF Receptor 2 is another important biomarker of 

the malignant tumor vasculature; this molecule is already a popular target for tumor 

detection with other imaging modalities [138] as well as with ultrasound molecular imaging, 
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via microbubbles decorated with anti-VEGFR2 antibodies, [139], or single-chain VEGF 

[140], which has been shown to achieve selective accumulation of microbubbles in the 

tumor neovasculature in a murine model (see Figure 6). A synthetic heterodimeric peptide 

combination was discovered as a smaller molecule combination tool for VEGFR2 targeting 

[141]. The latter microbubble formulation, BR55, is in the ongoing Phase 1/2clinical trial, 

(see NCT02142608). Prior to this, an early-phase BR55 clinical trial for prostate cancer 

patients with scheduled radical prostatectomy compared VEGFR2 histology with targeted 

ultrasound imaging. This early study suggested co-location of the tumor nodules by both 

methods [142]. Molecular ultrasound imaging may be used to assist with image-guided 

biopsy (e.g., in the breast and prostate cancer setting) and targeted therapeutic interventions.

Overall, a combination of targeted contrast ultrasound agents with the wide availability of 

contrast imaging modalities on the ultrasound imaging equipment may result in the use of 

ultrasound molecular imaging for targeted diagnostics, image-guided biopsy and therapy.

Ultrasound in therapy: thermal and mechanical

Focused ultrasound has been suggested as a therapeutic modality decades ago [143], 

although wider clinical use of this approach started much later [144]. Induction of local 

hyperthermia by focused ultrasound is based on localized energy deposition. MRI can serve 

as a tool for precise temperature monitoring in the target tissue, although ultrasound imaging 

is used for ultrasound therapy guidance in the clinic widely outside of US. Maintaining 

tissue temperature of ∼45°C for 30–60 minutes (or much higher temperatures, for just a few 

seconds) is sufficient to kill the cells in the focal zone. Ultrasound of 0.6–1 MHz frequency 

is often used; from many cm away, a focal zone with the size and shape of a grain of rice 

can be formed using a focused transducer [145]. KW power of the therapeutic apparatus can 

achieve the desired temperature in the focal zone within seconds. Multi-element arrays 

(optimally, with thousands of elements) allow rapid electronic steering of the focal spot to 

accelerate the procedure and completely cover the desired treatment zone [146]. Approved 

indications include uterine fibroid therapy [147] and palliative treatment of bone metastases 

[148]. Lower frequency ultrasound (220 KHz, necessary for penetrating human skull 

without heating it significantly) is now being investigated as a tool for ultrasound therapy in 

the brain [149]. Focused ultrasound heating is now being tested as a non-invasive 

replacement of neurosurgical/electrode placement approach for treatment of essential tremor 

[150]. We can hope that tumor therapy will be successful in clinical trials in the bone 

metastasis setting (beyond palliation), as well as for treatment of brain tumors (e.g., 

NCT01698437) or prostate cancer (e.g., NCT02265159). Success of this non-invasive 

therapeutic modality is supported by the ability to focus ultrasound tightly and rapidly deep 

within the body (even through the skull). Limitations are also based on physical constraints: 

ultrasound energy is attenuated and absorbed by the bones (thus, brain treatment requires an 

additional CT or MRI study to adjust the ultrasound pulse sequences to compensate for the 

shape and thickness of the skull). Ultrasound cannot efficiently travel through the gas phase, 

so lung treatment can only be performed for liquid-filled lungs [151]. In some instances, 

ribcage obscures access to the target (e.g., certain areas of the liver). There have been reports 

that ribs in the way of ultrasound beam had been resected prior to the treatment with a large 

aperture single element transducer [152]. However, more appropriate would be to use multi-
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element array and adjust the transmit power for the elements which are obscured by the ribs 

[153].

Histotripsy implies high-power pulverization of the tissues: a water fountain generated on 

the air-water interface in the focal zone of an ultrasound transducer is recreated by cavitation 

in vivo within the therapeutic target tissues, if peak negative acoustic pressure reaches 10 

MPa [154]. Following this treatment, a void in the biological tissue is created: target tissue 

(e.g., tumor nodule) is destroyed to subcellular level and liquefied [155].

Thrombolysis with ultrasound

Enhancing the rate of thrombolysis with ultrasound has been suggested more than a decade 

ago [156, 157]. The idea is quite similar to tissue ablation, as described in the previous 

section; the acoustic energy applied for thrombolysis may be significantly lower, often 

within the limits of diagnostic ultrasound imaging. Ultrasound pressure wave provides 

mechanical action on the biological tissues (including the clot and surrounding blood). 

Liquid media streaming improves convection of the participants of the thrombolytic cascade 

in proximity and within the clot structure, resulting in thrombolysis acceleration. Presence of 

even small doses of thrombolytic agents and/or microbubbles (micro-foci of energy 

deposition and microstreaming) further accelerates thrombolysis. We can hope that 

ultrasound-assisted thrombolysis, if applied quickly (e.g., in an ambulance setting) will aid 

in reduction of the clot size, which in turn may help save brain tissue following stroke or 

myocardium following myocardial infarction [158]. Ultrasound can be applied non-

invasively [159], or via a catheter [160].

Ultrasound-microbubble combination as a tool for targeted drug and gene 

delivery

Ultrasound has been investigated as a tool for microbubble-assisted drug delivery for almost 

two decades. Initially [161] model drugs were incorporated into the bubble shell. Later, 

tumor therapy in response to insonation was achieved in animal models [162, 163] - but that 

was feasible mostly for rather hydrophobic drugs, e.g., paclitaxel. Plasmid DNA could be 

attached onto the bubble shell electrostatically, and ultrasound-assisted transfection 

enhancement was observed with such constructs [164]. Attachment of drug-loaded 

liposomes onto the surface of microbubbles allows ultrasound-triggered drug delivery 

capability: in response to microbubble insonation the drug is released from the liposome 

core [165]. This has been shown to work with widely used anticancer drugs, e.g., 

doxorubicin [166] and paclitaxel [167].

A combination approach, where existing drug is simply co-administered along with clinical 

grade approved microbubbles and focused ultrasound, will obviously get to clinical trials 

faster. In this approach, stable cavitation of microbubbles within the vasculature is used to 

transiently alter permeability of blood-brain barrier [168]. The disruption of the barrier is 

mild and transient (permeability enhancement ceases within hours). However, large items, 

such as liposomes [169] and other nanoparticles [170] can be delivered into the brain tissue 

as efficiently as smaller items, such as antibodies [171], other drugs [172], or even Gd-based 
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MRI contrast agents [173] (See Figure 7 as an example of penetration enhancement of Gd-

DTPA across blood-brain barrier in a rat model). This approach has already led to an 

exciting demonstration of glioma treatment in a rodent model (curative in a significant 

fraction of animals) with a simple combination of long-circulating doxorubicin liposomes 

(doxil) and clinical perflutren microbubbles [174]. Success of therapy can be explained by 

the ability of PEG-coated liposomes to stay in the bloodstream for many hours, recirculate 

through the insonated area vasculature and extravasate for many hours, as long as the drug 

remains in the bloodstream and the barrier remains open. Expansion of this technique 

towards clinical applications could be predicted, ranging from tumor therapy [174] to 

Alzheimer treatment [175, 176].

Similar therapeutic approach can be applied in the situations other than the blood-brain 

barrier, to any endothelial lining in the vasculature that precludes entry of the drug into the 

diseased tissue. This approach has been applied to deliver particles of adeno-associated virus 

to the insonated myocardium [177], as well as for the treatment of pancreatic cancer in an 

orthotopic xenograft mouse model, by a combination of anticancer drug gemcitabine and 

Sonovue microbubbles [178]. The latter combination has demonstrated interesting data in a 

clinical trial setting, initially showing the suppression of tumor growth in response to 

intravenous administration of gemcitabine, immediately followed by injections of Sonovue 

microbubbles every 3.5 min and continuous insonation of the primary tumor with an 

ultrasound imaging system during the next half hour [179], with repeated ultrasound/

microbubble treatment cycles administered with every scheduled administration of 

gemcitabine, up to 32 weeks. Expansion of this trial to a larger group of patients now points 

towards the beneficial extension of life for the patients undergoing this treatment, with 60% 

surviving 12 months [180].

Bioeffects of ultrasound in therapeutic applications

Therapeutic applications of ultrasound may span beyond thermal or mechanical disruption 

of the tissues or drug delivery. Action of ultrasound on the tissues, possibly in combination 

with microbubbles, may lead to manifestation of a variety of therapeutic bioeffects, 

spanning from therapeutic angiogenesis [181] to inhibiting blood flow in the tumors [182–

184], to targeting therapeutic stem cells following intravenous administration [185], bone 

fracture healing [186], and, surprisingly, ultrasound action on splenic nerve to mitigate acute 

kidney injury [187, 188]. Non-invasive brain stimulation by ultrasound is also quite 

intriguing [189].

All these techniques are based on the ability of ultrasound (as a pressure wave) to provide 

guided energy deposition in the treatment area; in some instances the ultrasound action is 

further enhanced by the presence of vibrating microbubbles. Physiological effects 

demonstrated by ultrasound application are quite diverse and will definitely lead to the 

development of new therapeutic approaches and modalities.
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Conclusion

Ultrasound has become an indispensable tool of modern medicine that helps expand the 

borders of radiology. Hardware improvements, based on continuous acceleration of data 

processing rate, lower cost and smaller size of the electronic devices, are combined with 

smart transducer design, pulse sequences and novel data processing and analysis schemes. 

Hand-held and laptop ultrasound is already in wide use, soon to replace cart-based systems. 

Ultrasound contrast agents bring the ability to monitor tissue perfusion, and targeted agents 

enable molecular ultrasound imaging of the vascular biomarkers of angiogenesis or 

inflammation. The ability to direct ultrasound to the desired areas of the body opens up 

direct therapeutic applications of this modality, including targeted drug and gene delivery, 

and thrombolytic therapy enhancement. Overall, ultrasound is rapidly developing both as an 

imaging and a therapeutic modality.
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Figure 1. 
Portable ultrasound equipment. (Left) “SonicWindow” Handheld C-scan device (Reprinted 

with permission, image courtesy of Analogic, Copyright, 2014) (Right) “V-Scan” Handheld 

B-scan device (Reprinted with permission, image courtesy of GE Healthcare, Copyright 

2013)
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Figure 2. 
Selected frames from a cardiac cycle obtained with using ultrafast compound Doppler. (a) 

Average flow in the artery indicating the selected frames. (b) Before the opening of the 

aortic valve, there is a minimal laminar flow. (c) and (d) Acceleration of the flow. (e) 

Inversion of the parabolic profile in the deceleration. (f) Local turbulence is present and 

propagates in the artery. (g) and (h) Laminar flows in diastole. Reprinted with permission 

from [61], Copyright, 2011, IEEE.

Klibanov and Hossack Page 26

Invest Radiol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Components of Photoacoustic Tomography, with representative in vivo images across 

multiple resolution scales (A) Optical Resolution Photoacoustic Microscopy of sO2 in a 

mouse ear. (B) Acoustic Resolution Photoacoustic Microscopy of normalized total 

hemoglobin concentration, [hemoglobin], in a human palm. (C) Linear-array Photoacoustic 

Computed Tomography of normalized Methylene Blue concentration, [dye], in a rat sentinel 

lymph node (SLN). (D) Circular-array Photoacoustic Computed Tomography of cerebral 

hemodynamic changes, Δ [hemoglobin], in response to one-sided whisker stimulation in a 
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rat. (E) Photoacoustic endoscopy of a rabbit esophagus and adjacent internal organs, 

including the trachea and lung. UST, ultrasonic transducer. Reprinted with permission from 

[100]; Copyright, 1012, American Association for the Advancement of Science.
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Figure 4. 
Ultrasound imaging of subcutaneneous tumor in a murine model. Top Left: B-mode 

grayscale imaging (anatomy). Top Right: contrast mode (Cadence CPS), prior to 

microbubble administration. Bottom Left: contrast mode (Cadence CPS), following 

microbubble administration (at peak, ∼5 sec following iv bolus). Bottom Right: contrast 

mode (Cadence CPS), following microbubble administration (at peak, ∼30 sec following iv 

bolus). Imaging performed with Sequoia 512 scanner equipped with 15L8 probe.
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Figure 5. 
Contrast ultrasound imaging of tumor vasculature perfusion in destruction-replenishment 

mode in a subcutaneous murine tumor model. Top Left: microbubbles within the tumor 

vasculature after intravenous administration, prior to the destructive pulse. Top Center: 

immediately after 2 s destructive pulse. Top Right: 2 s after cessation of the destructive 

pulse. Bottom Right: 6 s after destructive pulse. Bottom Center: 10 s after destructive pulse. 

Bottom Right: 20 s after destructive pulse. Imaging performed with Sequoia 512 scanner 

equipped with 15L8 probe (7 MHz, MI 0.2 for imaging, MI 1.9 for destruction).
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Figure 6. 
Ultrasound Molecular Imaging of VEGFR2 with scVEGF-decorated microbubbles. 

Ultrasound imaging of subcutaneous colon adenocarcinoma. A, B-mode US image of tumor 

tissue marked by dotted line. B, Contrast US image of nontargeted MB after 6-minute dwell 

time. C, Contrast US image illustrates higher pixel intensity because of adherent scVEGF-

MB. Copyright, 2010, Lippincott, Williams and Wilkins, reprinted with permission from 

reference [140].
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Figure 7. 
Ultrasound-induced opening of blood brain barrier in a rat model. Decafluorobutane 

microbubbles (stabilized with DSPC and PEG Stearate) were injected intravenously, 

immediately followed by focused ultrasound treatment (IGT, 1 Hz, 20ms pulses, 1–2 min 

treatment duration) and intravenous administration of Gd-DTPA. MRI contrast 

extravasation and accumulation (white focal spots in the center of the image) observed 

minutes after ultrasound treatment and Gd-DTPA administration. Imaging performed at 
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UVA Molecular Imaging Center (7T MRI Clinscan, Bruker/Siemens). Copyright, Max 

Wintermark, 2014, reprinted with permission.
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