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Abstract

Cancerous tumor growth is associated with the development of tortuous, chaotic microvasculature, 

and this aberrant microvascular morphology can act as a biomarker of malignant disease. Acoustic 

angiography is a contrast-enhanced ultrasound technique that relies on superharmonic imaging to 

form high-resolution, three-dimensional maps of the microvasculature. To date, acoustic 

angiography has been performed with dual-element transducers that can achieve high contrast-to-

tissue ratio and resolution in preclinical small animal models. In this review, we first describe the 

development of acoustic angiography, including the principle, transducer design, and optimization 

of superharmonic imaging techniques. We then detail several preclinical applications of this 

microvascular imaging method, as well as the current and future development of acoustic 

angiography as a preclinical and clinical diagnostic tool.
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Introduction

Microvasculature in Cancer

Many diseases, such as cancer, are affected by aberrant microvasculature. To fuel their rapid 

growth, tumors induce angiogenesis, the formation of new blood vessels from pre-existing 

vasculature, by overexpressing pro-angiogenic factors (Folkman 1971; Jain 2001). This 

tumor-associated neovascularization is considered one of the “hallmarks of cancer” 

(Hanahan and Weinberg 2011) and results in vascular structures that differ greatly from 

those seen in healthy tissue – vessels are highly tortuous, leaky, disorganized, and densely 

packed, rather than linear and well organized (Jain 2001). The structural and functional 

abnormality observed in this microvasculature leads to increased interstitial pressure, 

acidosis, and hypoxia, which contribute in part to the difficulty of effectively treating cancer 

(Jain 2005). It is this observation that has motivated the development of anti-angiogenic 
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therapies in an attempt to “normalize” the vasculature and hence improve treatment efficacy 

(Jain 2005).

Angiogenesis may serve as a biomarker of malignant disease as well as a therapeutic target. 

The increased microvascular density and tortuosity observed in and surrounding cancerous 

tumors might be used as both qualitative and quantitative metrics in the detection and 

diagnosis of these lesions. In order for this to be achieved, a diagnostic method must be able 

to image these vascular features with high resolution in three dimensions (3D).

Biomedical Imaging of Vasculature

In the clinic, angiography, or blood vessel imaging, is traditionally performed as computed 

tomography (CT) angiography or magnetic resonance (MR) angiography (Wu et al. 2016). 

Though these modalities allow vascular imaging in three dimensions, they both present 

limitations when considered as tools for screening and monitoring disease progression or 

response to therapy. CT requires the use of ionizing radiation, while MR is costly and time-

intensive, and both modalities have limited resolution (~700 μm with the best currently 

approved clinical systems) (Pinker et al. 2014; Reiner et al. 2013). Neither imaging modality 

is highly portable nor low cost, especially in relation to the next generation of handheld 

ultrasound systems. As such, there is a clinical need for high-resolution, safe, accessible 

vascular imaging. Ultrasound is arguably the safest, cheapest, and most available form of 

biomedical imaging beyond planar x-ray, and with Doppler processing techniques or the 

addition of microbubble contrast agents (MCAs), ultrasound can be used to image blood 

flow (Bercoff et al. 2011; Klibanov and Hossack 2015). However, these vascular imaging 

techniques suffer from poor sensitivity due to the presence of tissue background, limited 

resolution, and inability to image slow-flowing vessels. To address these limitations, 

superharmonic imaging can be utilized to produce high-resolution, high-contrast 

microvascular images. In this review, we introduce the ultrasound principles behind this 

technique and discuss optimization, applications, and future directions of a superharmonic 

technique, known as acoustic angiography.

Development of Acoustic Angiography

Superharmonic Ultrasound Imaging

Superharmonic imaging is a variant of traditional ultrasound imaging that employs a strategy 

for separating signals from tissue and contrast agents based on the superharmonic content of 

microbubble echoes. In conventional “B-mode” ultrasound, an acoustic wave with a specific 

frequency (typically 1 – 10 MHz for clinical use) is transmitted into tissue from the 

transducer (Noce 1990; Rizzatto 1998). As the wave propagates into tissue, portions are 

reflected back to the transducer, and these received echoes are processed to form an 

ultrasound image. At low acoustic pressures, the energy contained in these tissue echoes is 

concentrated at the fundamental frequency (same as the transmit frequency), whereas only a 

small portion of energy is contained within the harmonic frequencies (higher multiples of 

the transmit frequency). Although nonlinear propagation of the acoustic wave causes more 

energy to shift to the harmonics as the transmitted acoustic pressure is increased, this effect 
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is small at typical parameters used for contrast imaging (Rizzatto 1998; Tranquart et al. 

1999).

In contrast, MCAs behave quite differently than tissue under acoustic stimulation. Typical 

microbubbles are composed of a high molecular weight gas core encapsulated by a lipid, 

protein, or polymer shell (Ferrara et al. 2007). Due to their highly compressible core, MCAs 

oscillate when exposed to ultrasound waves, producing broadband echoes which span 

multiples of the fundamental frequency (De Jong et al. 2002; Ferrara et al. 2007). The 

echoes generated at the third harmonic and above (i.e. ≥ 3x the fundamental frequency) are 

known as the “superharmonic” microbubble response (Bouakaz et al. 2002). By selectively 

receiving these higher frequency signals, superharmonic imaging can achieve better 

resolution and contrast-to-tissue ratio (CTR) than conventional B-mode or other contrast-

enhanced ultrasound imaging techniques, which largely rely on detecting bubbles by second 

harmonic signal (Bouakaz et al. 2002; Kruse and Ferrara 2005). Increased resolution is 

provided by the higher frequencies detected, and improved CTR is due to the fact that tissue 

produces minimal superharmonic content.

However, implementing superharmonic imaging effectively requires non-traditional 

transducer technology, as conventional ultrasound transducers have limited bandwidth, 

meaning they cannot effectively transmit and receive signals at both the fundamental and 

higher order harmonic frequencies. To achieve the necessary bandwidth for this technique, 

transducers with completely independent elements for excitation and reception are typically 

used. Figure 1a provides an idealistic illustration of this dual-frequency approach to 

superharmonic imaging in the frequency domain. In some previous studies, phased arrays 

have been designed with interleaved transmit and receive elements (Bouakaz et al. 2002; van 

Neer et al. 2010). Using one such transducer with 0.8 MHz transmit and 2.9 MHz receive, 

Bouakaz et al. (2003) demonstrated high CTR with superharmonic imaging compared to 

second harmonic imaging in human contrast-enhanced echocardiography. Others have 

implemented confocal dual-element transducers in vitro (Guiroy et al. 2013; Kruse and 

Ferrara 2005). Kruse and Ferrara (2005) performed superharmonic M-mode imaging with 

confocal pistons at 2.25 and 15 MHz for transmit and receive, respectively, while Guiroy et 
al. (2013) designed a confocal device with 4 MHz transmit and 14 MHz receive and imaged 

in 2D by raster-scanning the transducer over the imaging target.

Implementation and Optimization of Acoustic Angiography

Acoustic angiography is a technique that applies superharmonic imaging in three dimensions 

to form volumetric maps of microvascular structures. Similar to the works mentioned above, 

acoustic angiography to date has employed confocal dual-element transducers, comprised of 

a high-frequency central element surrounded by a low-frequency annular element, as shown 

in Fig. 1b (Gessner et al. 2010), allowing complete isolation of the excitation and reception 

bandwidths. These transducers are used to perform superharmonic imaging with 2 – 4 MHz 

transmit on one transducer element and 25 – 30 MHz receive on the second element 

(Gessner et al. 2010; Gessner et al. 2013). The transducer elements are mechanically 

scanned on a motor-controlled arm, or “wobbler,” to form a two-dimensional image (Foster 

et al. 2000). Acoustic angiography was initially performed with these custom transducers 
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(modified RMV scanheads, FUJIFILM VisualSonics, Inc., Toronto, ON, Canada) and a 

preclinical high-frequency ultrasound system (Vevo 770, FUJIFILM VisualSonics, Inc., 

Toronto, ON, Canada). High-frequency B-mode and reception during dual-frequency 

imaging is controlled by this scanner, while low-frequency transmit is controlled by an 

arbitrary waveform generator (AWG2021, Tektronix, Inc., Beaverton, OR, USA) and power 

amplifier (model 240L, Electronics & Innovation, Ltd., Rochester, NY, USA). The dual-

frequency wobbler probes used for acoustic angiography have a fixed focal depth of 13 – 16 

mm and depth of field of approximately 8 – 12 mm. To acquire three-dimensional images, 

the transducer is translated on a linear motion stage. A schematic of the acoustic 

angiography imaging setup is shown in Fig. 1c.

With this system, acoustic angiography can resolve vessels on the order of 150 – 200 μm and 

CTR on the order of 20 dB in vivo (Gessner et al. 2013; Lindsey et al. 2014; Lindsey et al. 

2015b). Figure 2 provides example images of a subcutaneous fibrosarcoma tumor in a rat 

flank, including a high frequency B-mode image (a), the corresponding 2D acoustic 

angiography slice (b), and three representations of the volumetric acoustic angiography 

dataset, including the dual-frequency image stack (c), a 3D rendering of the volume (d), and 

a maximum intensity projection (MIP) through depth (e).

The amount of superharmonic signal generated by MCAs depends on both acoustic 

parameters of the excitation and characteristics of the microbubbles themselves (De Jong et 

al. 2002), while the receive frequency bandwidth determines imaging depth, resolution, and 

sensitivity. Lindsey et al. (2014) have studied the superharmonic response, examining CTR 

and resolution for various combinations of excitation frequency, pressure, and receive 

frequency. Their results indicated that CTR is maximized for excitation frequencies between 

1.5 – 3.5 MHz and reception frequencies between 10 – 15 MHz and confirmed that receive 

frequency is primarily responsible for determining resolution (Lindsey et al. 2014).

In a following study, Lindsey and colleagues (2015a) went on to explore the mechanism 

behind broadband superharmonic generation at various excitation frequencies and pressures. 

The authors found that the strongest signals were produced at high pressures that also 

resulted in microbubble fragmentation, although weaker superharmonic signals could be 

produced at pressures that were not immediately destructive to bubbles and usually 

correlated with slow bubble deflation or destruction over multiple pulses (Lindsey et al. 

2015a). This study demonstrated the importance of balancing excitation pressure and frame 

rate in order to maintain contrast signal throughout imaging. This effect is illustrated in Fig. 

3, which shows acoustic angiography MIPs of a subcutaneous fibrosarcoma tumor in a rat 

flank collected with two different pressures. At 1200 kPa, microbubble destruction is 

dominant, resulting in an image of larger, fast flowing microvessels (Fig. 3a). At 560 kPa, 

microbubbles persist through many pulses, emphasizing slow flowing microvasculature (Fig. 

3b). It should be noted that the larger vessels are captured in both cases. Because the images 

are displayed as MIPs through depth and there is relatively less signal at 560 kPa, the signal 

from the larger vessels is buried beneath the capillaries closer to the transducer in Fig. 3b. 

Lindsey et al. (2015b) also showed that the shape of the low-frequency transmit pulse can be 

optimized for improved CTR in acoustic angiography.
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The studies described in the previous paragraphs all focused on optimizing the acoustic 

parameters used for acoustic angiography, but our group has also begun examining how 

microbubble parameters may affect this imaging technique. Newsome et al. (2019b) 

performed a comprehensive evaluation of superharmonic signal generation by 14 different 

MCAs when excited with pressures between 400 – 2400 kPa at 4 MHz. The authors 

illustrated that microbubble characteristics, such as shell composition and bubble diameter, 

have an effect on superharmonic production (Newsome et al. 2019b). Future works will 

continue to study the interplay of acoustic and microbubble parameters in acoustic 

angiography imaging.

Applications of Acoustic Angiography

To date, acoustic angiography has been used to image microvasculature in a variety of 

preclinical studies. In order for acoustic angiography to be an appropriate tool, the anatomy 

of interest should be within several centimeters from the skin surface, the target must be 

perfused with MCAs, and effective acoustic coupling must be applied. The sections below 

discuss several notable applications of acoustic angiography.

Evaluating Microvascular Morphology

As mentioned previously, vascular morphology is altered in the presence of malignant 

tumors, resulting in highly tortuous vessels. Tortuosity metrics, such as the sum-of-angles 

metric and the distance metric (Bullitt et al. 2003), can be used to quantify the morphology 

of the microvasculature. Before this quantitative analysis, vessels must first be segmented 

from the image volume (Aylward and Bullitt 2002).

Morphological analysis has been performed in various small animal cancer models with 

acoustic angiography. Gessner et al. (2012) collected acoustic angiography images from 

healthy and tumor-bearing tissue in a subcutaneous rat fibrosarcoma model and found 

significantly higher tortuosity in tumor-bearing compared to healthy tissue, suggesting that 

this form of quantitative analysis may be able to differentiate tumors from normal tissue 

(Fig. 4). Shelton et al. (2015) went on to use acoustic angiography to monitor angiogenesis 

throughout tumor development in a spontaneous murine model of breast cancer. In this 

work, the authors showed that tumor microvasculature is significantly more tortuous than 

that of healthy tissue, even early in development when tumors are as small as 2 mm (Shelton 

et al. 2015). In a following study, through analysis of B-mode images, which reflect tissue 

anatomy, as well as microvascular acoustic angiography images, Rao et al. (2016) examined 

the location of tortuous vessels feeding solid tumors and observed that cancer-associated 

angiogenesis extended beyond what is typically considered the boundaries of solid tumors. 

Shelton et al. (Shelton et al. 2020) then showed that tumors on the order of 5 mm in diameter 

could be detected with high specificity and sensitivity through both qualitative and 

quantitative analysis of acoustic angiography images in a murine model of breast cancer. 

These studies demonstrated that acoustic angiography, followed by visual assessment, 

microvascular segmentation, and morphological analysis, can provide insight into vascular 

biomarkers of tumor growth and progression and has the potential to improve diagnostic 

accuracy in clinical cancer care.
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Imaging Molecular Markers of Angiogenesis

Ultrasound molecular imaging is a functional contrast-enhanced ultrasound technique that 

employs MCAs that are targeted to biological markers, resulting in images depicting the 

distribution of a specific molecular target (Abou-Elkacem et al. 2015; Bachawal et al. 2013; 

Streeter et al. 2010; Tsuruta et al. 2017). This imaging technique typically employs multi-

pulse, second harmonic contrast-enhanced ultrasound. Previous work from our group has 

implemented molecular imaging in combination with acoustic angiography, providing high 

resolution vascular information to better understand biomarker distribution evaluated with 

ultrasound molecular imaging (Lindsey et al. 2017b; Shelton et al. 2016).

Shelton et al. (2016) first demonstrated the feasibility of superharmonic molecular imaging, 

showing that the dual-frequency strategy used for acoustic angiography can detect 

microbubbles bound to αvβ3 integrin, a factor involved in tumor-associated angiogenesis, in 
vivo in a subcutaneous rat fibrosarcoma model. Lindsey et al. (2017b) went on to compare 

superharmonic molecular imaging to traditional ultrasound molecular imaging in the same 

tumor model. The authors showed that superharmonic molecular imaging, in combination 

with microvascular imaging, provided greater CTR than conventional molecular imaging 

(Lindsey et al. 2017b). Acoustic angiography was combined with superharmonic molecular 

imaging of angiogenic (VEGFR2) and inflammatory (P- and E-selectins) targeted bubbles to 

illustrate both biomarker distribution and tumor microvasculature, as shown in Fig. 5. These 

studies demonstrated that the spatial information provided by microvascular acoustic 

angiography data, such as distance from targeted signal to the nearest vessel and nearby 

vessel tortuosity, could potentially be used for quantitative analysis of molecular imaging 

(Lindsey et al. 2017b; Shelton et al. 2016).

Monitoring Response to Therapy

As previously mentioned, anti-angiogenic therapy can be used to negatively affect or even 

halt the development of angiogenesis as a treatment for some cancers. The effects of such 

therapy on the microvasculature can be evaluated with acoustic angiography. With a 

SonoVol Vega™ system, described previously by Czernuszewicz and colleagues (2018), 

Rojas et al. (2018) used acoustic angiography to monitor tumor response to anti-angiogenic 

treatment in a murine model of renal cell carcinoma. Specifically, the authors quantified 

response to therapy by measuring vascular density from acoustic angiography images, and 

the vascular density metric showed significance one week earlier than tumor volume in this 

rodent model (Rojas et al. 2018). This work illustrated the potential of acoustic angiography 

as a tool for monitoring response to therapy more effectively than current standards, such as 

tumor volume, and future studies will continue to assess this technique with other cancer and 

treatment models.

Validating Preclinical Research Models

The high-resolution 3D microvascular information provided by acoustic angiography makes 

this imaging technique an exceptional tool for non-invasive validation of experimental 

models. Some previous studies have used acoustic angiography as a comparison to other 

novel imaging techniques (Mohanty et al. 2019; Panfilova et al. 2019). Mohanty et al. (2019) 

used acoustic angiography to confirm that measurement of multiple scattering from 

Newsome and Dayton Page 6

Ultrasound Med Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intravascular microbubbles is related to vessel density and that this metric can be used to 

differentiate tumors from healthy tissue. Panfilova et al. (2019) explored the role of 

microvascular architecture on the results of dynamic contrast-enhanced ultrasound by 

comparing metrics derived from acoustic angiography, such as vascular density and 

tortuosity, to metrics derived from dynamic contrast-enhanced ultrasound, such as perfusion 

and dispersion. Other work has employed acoustic angiography as a means of validating the 

presence of functional vasculature (Dunleavey et al. 2014; Wahl et al. 2019). Dunleavey et 
al. (2014) used acoustic angiography to assess in vivo formation and function of vascular 

structures in melanoma tumors dependent on adhesion molecule expression, while Wahl et 
al. (2019) employed acoustic angiography to verify vascular integration of human lung 

implants in a humanized mouse model (Fig. 6). Overall, these studies demonstrate the 

versatility of acoustic angiography as a non-invasive microvascular imaging tool in 

preclinical research.

Future Directions of Acoustic Angiography

Imaging Breast Cancer with Acoustic Angiography

The preclinical studies described in the previous sections demonstrate the potential of 

acoustic angiography as a diagnostic imaging tool for cancer. Because the high receive 

frequency limits the penetration depth of acoustic angiography, human cancers that develop 

shallow tumors are ideal targets for this technique. One such target is breast cancer. Breast 

cancer is the most prevalent cancer in women, with an incidence rate of 12.5% in the United 

States (Noone et al. 2018), and current diagnostic imaging for breast cancer suffers from 

poor specificity. Standard of care breast screening relies on mammography for the 

identification of suspicious lesions, but approximately 20% of women who have an 

abnormal screening result undergo biopsy, and more than 65% of these biopsies are benign 

(Seely and Alhassan 2018; Weaver et al. 2006). These unnecessary biopsies are estimated to 

cost upward of $2 billion annually in the United States alone (Vlahiotis et al. 2018), in 

addition to the physical and psychological stress experienced by these patients. These 

statistics serve to emphasize a current dearth of high specificity diagnostic breast imaging 

modalities. By combining microvascular information with standard ultrasound data, acoustic 

angiography may be able to help fill this void and improve the standard of care for women 

with suspicious breast lesions.

Recently, the first human acoustic angiography data was published by Shelton et al. (2017). 

The authors showed that acoustic angiography with dual-frequency wobbler transducers was 

able to resolve vessels as small as 200 μm in human breast (Shelton et al. 2017). However, 

this pilot study also elucidated several limitations of the current acoustic angiography 

technology. Imaging depth was significantly limited by the fixed focus, shallow field of 

view, and high receive frequency of the prototype dual-frequency wobbler used in the study, 

such that only lesions within 1.5 cm of the skin surface could be imaged (Shelton et al. 

2017). Severe artifacts were introduced by respiration motion due to the relatively slow data 

acquisition required for the mechanical steering of the transducer elements (Shelton et al. 

2017). In addition, clinical images exhibited reduced sensitivity (i.e. CTR) compared to 

preclinical acoustic angiography images due to restrictions in MCA dose allowed in clinical 
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patients (Shelton et al. 2017). Overall, these challenges indicated that dual-frequency 

transducer technology for acoustic angiography must be improved for effective clinical 

microvascular ultrasound imaging with this technique.

Typically, clinical ultrasound imaging is performed with array transducers, which offer many 

benefits over single-element transducers, including faster data acquisition, deeper and more 

flexible imaging through electronic focusing, and improved image quality with advanced 

imaging schemes and post-processing techniques. It follows that the next generation of dual-

frequency transducers for improved clinical acoustic angiography will be array transducers. 

However, designing dual-frequency array transducers is technically challenging. A recent 

study by Cherin et al. (2019) utilized a hybrid dual-frequency device, which consisted of a 

commercial high-frequency array with a prototype two-element transducer for 

superharmonic imaging, in a similar configuration to previous colinear transducers designed 

by others (Stephens et al. 2006; Stephens et al. 2008; Zheng et al. 2008). The authors 

demonstrated high CTR in a phantom with 1.7 MHz transmit and 20 MHz receive on this 

hybrid probe (Cherin et al. 2019). Kierski et al. (Kierski et al. 2020) have since employed 

this hybrid design for fast-frame-rate plane-wave acoustic angiography, followed by 

ultrasound localization microscopy processing, producing super-resolved images of in vivo 
rodent microvasculature. It is worth noting that the array configuration enabled sufficient 

sensitivity that superharmonic imaging could be performed at very low mechanical indices, 

less than 0.3. The advantage of combining acoustic angiography with super-resolution 

processing is that it eliminates the need for spatiotemporal filtering and can be sensitive to 

slow contrast flow which can confound filters, such as singular value decomposition 

(Kierski et al. 2020). Furthermore, this combination approach may enable performing high 

resolution microvascular imaging at much lower frequencies than previously used in 

acoustic angiography, enabling penetration to deep tissues, but recovering the high 

resolution through super-resolution processing, and retaining robustness to slow flow in the 

presence of tissue motion.

With devices such as this hybrid format bridging the gap between single-element and array 

transducers, our group will continue to develop the acoustic angiography technique for 

clinical translation, including optimization of transmit and receive frequencies, transducer 

configurations, and MCA parameters. Future work will focus on the development of 

integrated coaxial dual-frequency arrays for clinical microvascular imaging at depth. One 

such array has been developed using a novel stacked design, consisting of a 2 MHz linear 

array coaxially stacked behind a 20 MHz linear array (Newsome et al. 2019a). Preliminary 

work with this dual-frequency array has shown an improvement in sensitivity over dual-

frequency wobbler transducers and resolution on the order of 200 μm in vivo (Newsome et 

al. 2019a).

Other Transducer Technologies for Acoustic Angiography

The works described in the previous sections have all utilized dual-frequency transducers 

placed externally on the body. However, intracavity and intravascular applications of 

acoustic angiography have also been explored by our group and collaborators. To facilitate 

microvascular assessment of deep, difficult to image prostate tumors with acoustic 
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angiography, Li et al. (2018) described a colinear dual-frequency array which was tested up 

to 4 cm in depth in vitro and successfully detected microvasculature in vivo in a rodent 

model. Similarly, Lindsey et al. (2017a) demonstrated the feasibility of acoustic angiography 

imaging with a dual-frequency endoscopic transducer for pancreatic cancer evaluation with 

high CTR up to 3 cm depth in vitro.

Aside from cancer, acoustic angiography may be useful in other diseases with unique 

microvascular features, such as atherosclerosis and cardiovascular disease. In 

atherosclerosis, vulnerable plaques are characterized by pathological infiltration of the vasa 

vasorum (microvasculature that feeds the adventitia in large arteries) through the vessel wall 

and into the plaque itself (Martin et al. 2016). While assessment of the vasa vasorum may 

improve diagnosis of cardiovascular disease (Mantella et al. 2019), these microvessels are 

difficult to image due to their small size and anatomical position. Consequently, Martin et al. 
(2016) and Wang et al. (2018) developed dual-frequency catheter-based ultrasound probes 

designed for intravascular imaging of the vasa vasorum, showing high sensitivity and 

resolution in both ex vivo and in vitro vascular models.

Finally, while the current bandwidth limitations of piezoelectric devices have required the 

use of multi-frequency transducers for superharmonic imaging, an alternative technology 

that may lend itself to this application is the capacitive micromachined ultrasonic transducer 

(CMUT). CMUTs are microfabricated devices that can be produced with a greater 

bandwidth than piezoelectric transducers and may provide an alternative solution to achieve 

the ultra-wide bandwidth needed for acoustic angiography. CMUTs have been previously 

utilized for ultra-wideband imaging of other multi-frequency events, such as acoustic droplet 

vaporization (Novell et al. 2016), although they have inherent nonlinear behavior that 

requires extra processing to separate transmitted content from that scattered by microbubbles 

(Novell et al. 2015).

Alternative Angiographic Ultrasound Methods

While we have focused on acoustic angiography in this review, there are many other 

ultrasound methods that can be used to image microvasculature. The following paragraphs 

briefly summarize a few such techniques, but it should be noted that more comprehensive 

reviews have been published elsewhere (Christensen-Jeffries et al. 2020; Demené et al. 

2019; Hu and Wang 2010; Jiang et al. 2019).

Doppler-based ultrasound techniques are commonly used in clinical patient care. While 

these methods do not require contrast injection, they can suffer from poor spatial or temporal 

resolution (Bercoff et al. 2011). Recent advances in acquisition and processing have led to 

the development of new Doppler-based modalities, such as superb microvascular imaging 

(Jiang et al. 2019) and ultrafast Doppler imaging (Bercoff et al. 2011). These techniques can 

image and provide functional information for vessels greater than 100 μm in diameter 

without the administration of contrast (Demené et al. 2019). However, Doppler methods 

require repeated acoustic interrogation of the same imaging plane, which significantly 

increases acquisition time.

Newsome and Dayton Page 9

Ultrasound Med Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Inspired by advances in optical imaging, ultrasound localization microscopy (ULM) forms 

images by localizing individual microbubbles over thousands of consecutive frames to 

populate the vascular tree (Christensen-Jeffries et al. 2020). Since the introduction of ULM, 

countless groups have adapted this novel technique, highlighting the extraordinary ability of 

ULM to image vessels with resolution as fine as 10 μm(Christensen-Jeffries et al. 2020). 

However, ULM acquisition requires considerable time to populate the smallest vessels in a 

region of interest, and image processing requires significant computational power and time. 

Furthermore, ULM is highly sensitive to tissue motion due to the long acquisition times.

Photoacoustic imaging methods rely on the photoacoustic effect, a physical phenomenon in 

which an object produces acoustic waves when irradiated with optical energy (Hu and Wang 

2010). This effect is exhibited by hemoglobin in the bloodstream, allowing angiographic 

imaging without exogenous contrast (Hu and Wang 2010). Photoacoustic techniques can 

range from photoacoustic microscopy with 5 μm resolution and up to 1 mm penetration 

depth to photoacoustic computed tomography with 500 μm resolution and up to 50 mm 

penetration depth (Hu and Wang 2010; Yao and Wang 2013). Acoustic angiography has 

previously been compared to photoacoustic imaging by Gessner and colleagues (Gessner et 

al. 2013).

To summarize, there are many approaches to vascular imaging with ultrasound, including 

the techniques described in this section and the myriad others that have been described 

elsewhere. Some methods are excellent tools for deep imaging but can suffer from poor 

resolution, such as Doppler-based approaches (Demené et al. 2019) and clinical contrast-

enhanced ultrasound (Wilson et al. 2020). Other techniques, such as acoustic angiography 

and photoacoustic tomography (Hu and Wang 2010), can provide high resolution in shallow 

applications, while ultrasound localization microscopy offers the potential for high 

resolution imaging of microvasculature at depth (Christensen-Jeffries et al. 2020).

Conclusion

Acoustic angiography is a non-invasive, three-dimensional, contrast-enhanced ultrasound 

technique that enables high-resolution imaging of microvasculature. Microvascular imaging 

may provide preclinical and clinical utility for a multitude of applications, from assessing 

microvascular disease biomarkers, to monitoring therapy, to validating research models. 

Although this imaging technology is largely limited by challenges in designing optimized 

hardware, continued development of dual-frequency transducer technology will facilitate the 

translation of this technique into the clinic.
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Figure 1: 
a) Description of the acoustic angiography technique in the frequency domain, b) example of 

a dual-frequency wobbler transducer, and c) schematic diagram of the acoustic angiography 

imaging setup.
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Figure 2: 
Example images of a subcutaneous rat fibrosarcoma tumor: a) high-frequency B-mode, b) 

2D acoustic angiography slice, c) 3D acoustic angiography image stack, d) volumetric 

rendering of (c), and e) maximum intensity projection (MIP) of (c). Scale bar = 3 mm.
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Figure 3: 
Acoustic angiography maximum intensity projections of a rat fibrosarcoma tumor at a) 1200 

kPa and b) 560 kPa. Scale bar = 4 mm.
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Figure 4: 
Acoustic angiography maximum intensity projections showing microvasculature in healthy 

(a – c) or tumor-bearing (d – f) tissue in a subcutaneous rat fibrosarcoma model. Scale bar = 

5 mm. Reprinted by permission from: Gessner RC, Aylward SR, and Dayton PA, Radiology, 

2012;264:733–740, Radiological Society of North America.
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Figure 5: 
Combined acoustic angiography and molecular imaging scans showing microvasculature 

and distribution of a) VEGFR2 (green), b) P- and E-selectins (red), and c) both VEGFR2 

and P- and E-selectins in a subcutaneous rat fibrosarcoma tumor. Scale bar = 2 mm. 

Reprinted by permission from: World Molecular Imaging Society, Molecular Imaging and 

Biology, Lindsey BD, Shelton SE, Foster FS, and Dayton PA, 2016.
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Figure 6: 
Acoustic angiography maximum intensity projection of microvasculature surrounding a 

human lung tissue implant in a mouse flank. Scale bar = 3 mm.
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