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Ultrasound (US) imaging is developing rapidly as it enhances 
the specificity and sensitivity of medical imaging. The 
 disadvantages pertaining to US imaging include dependence 
on the operator’s skill and equipment, the limited acoustic 
window in certain patients [chronic obstructive pulmonary 
disease (COPD), obesity], limitations when used for exami-
nations of gas-containing body regions (such as the lungs 
and the digestive system), and the relative inability of US to 
penetrate bone. Many of these problems can only be solved 
through multidisciplinary integration and technical coopera-
tion [1]. Herein, we examine the present status and provide 
an outlook on the progress of US imaging and therapeutic 
applications in the near future.

US has been extensively applied in the diagnostic pro-
cess of clinical diseases because of its advantages of non- 
invasiveness, non-radiation, convenience, and low cost. As 
opposed to a mechanical wave, US can enter the human 
body non-invasively. The acoustic impedances of various 
tissues and organs of the human body are different, which in 
turn causes ultrasonic waves to generate echoes during their 
propagation through human tissue. The echo carries infor-
mation regarding the disparities in the acoustic impedance 
attributed to the tissues. Obtaining this echo information 
can produce structural images of tissues and organs, thereby 
helping clinicians to diagnose diseases.

Current clinical US imaging

B-mode imaging

The primary functions of US scanners are to render  real-time 
images of underlying tissue [2]. Specifically, B-mode 
 imaging is utilized for imaging the majority of organs in 
the human body including, through the development of new 
techniques, the detection of lung and bone lesions.

US Doppler imaging

The movement of red blood cells (RBCs), which represents 
the flow of blood, can dissipate weak echoes of US and is 
detectable via US Doppler imaging [3]. US Doppler imaging 
generates vascular images demonstrating either the energy 
or the velocity of RBC echoes.

Three-dimensional US imaging

The modality of three-dimensional (3D) US imaging 
includes static 3D imaging and dynamic 3D imaging. The 
latter is a global imaging method, which is used to recon-
struct a 3D image of the real-time activity of the region 
of interest. One of the representations is four-dimensional 
echocardiography.

Contrast-enhanced US imaging

Contrast-enhanced US imaging is dependent on the admin-
istration of US contrast agents (UCAs) for the enhance-
ment of the ultrasonic signals in the detection and improve-
ment in the quality of US images. Contrast-enhanced US 
imaging has been commonly utilized in clinical practices 
for the delineation of suspicious lesions in multiple organs 
(such as the liver) as well as identification of abnormal-
ities in the cardiovascular system [4]. Gas-filled micro-
bubbles provide enhancement to contrast-enhanced US 
imaging. The flow of blood distributes these microbubbles 
throughout the body, which generates non-linear signals 
with harmonic frequencies and linear backscatter under 
varying acoustic pressures [5]. Contrast-enhanced images 
are conducive to the dynamic surveillance of organs and 
blood vessels.

Emerging US imaging

Elastography imaging

Elastography imaging has made great progress in the past 
decade for imaging of the mechanical characteristics of 
tissue. Elastography imaging mainly includes: quasi-static 
elastography (QE) [6], transient elastography (TE) [7], 
acoustic radiation force imaging (ARFI) [8], as well as 
shear wave imaging (SWI) [9], etc. SWI enables the clinical 
imaging of the shear modulus of tissues or the shear-wave 
speed [10]. These techniques demonstrate its main clinical 
application in the diagnosis of liver fibrosis [11] and assess-
ment of tumors in the breast [12], or thyroid gland [13]. And 
now, its application has been extended to the diagnosis of 
prostatic lesions, kidney diseases, etc. Additionally, within 
heterogeneous media, the observed wave speed can be cal-
culated not only from the properties of the tissue but also 
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by its boundaries, which can steer the waves and alter the 
observed speed.

US molecular imaging

The field of US molecular imaging is an amalgamation 
of molecular imaging, US medicine, nanomedicine, and 
material science with the exclusive benefits of precision, 
 non-invasiveness, and repeatability, which enhances the 
specificity and sensitivity of US diagnosis [14, 15]. Active 
targeting modification allows UCAs to aggregate at a spe-
cific site by the binding of peptides or ligands onto the sur-
face, which is a common approach within the research of 
US molecular imaging [16]. Apart from the ligand altera-
tion of the contrast agent to accomplish active targeting, 
a broad range of targeted UCAs have been developed by 
researchers for various applications to accommodate to the 
intricate internal environment of the human body, which 
subsequently enhances the applicational and functional 
value of the contrast agent. Therefore, nanoscale UCAs can 
be accumulated outside blood vessels due to the enhanced 
permeability and retention (EPR) effect to accomplish 
tumor tissue imaging (Figure 1). Targeting UCAs have 
been employed in the diagnosis and management of numer-
ous diseases, such as angiogenesis [17, 18], inflammation 
[19, 20], and  thrombosis [21].

Ultrafast imaging

Ultrafast US imaging technology is based on the plane wave 
US imaging method for tissue imaging. In one imaging pro-
cedure, all transducer array elements are excited for pulse 

transmission, and the echo data of all array elements are 
received and processed at the same time. The transducer only 
needs one transmission and reception to obtain US images in 
the sound field, so it can achieve US data acquisition and 
imaging at a frame rate much higher than traditional focused 
US imaging [22]. At the same time, the new US imaging 
algorithm is able to substantially enhance the sensitivity of 
imaging of blood flow, provide technical support for micro 
blood flow imaging, and also expand the application of brain 
US imaging technology [23].

Super-resolution US imaging

High-resolution imaging has consistently been an important 
research direction in biomedical imaging. However, due to 
the problem of the imaging diffraction limit, the resolution of 
traditional US imaging will not exceed the half-wavelength 
of the US used. In recent years, it has been found that US can 
also achieve super-resolution US imaging by using special 
media to break the limitation of the diffraction limit. In 2015, 
Tanter’s team made an important breakthrough in obtaining 
super-resolution brain blood flow imaging by using ultra-
fast US imaging and super-resolution US imaging of micro-
bubble tracing (Figure 2) [24]. The achieved resolution was 
more than 10 µm [25], which breaks through the diffraction 
limit of traditional US imaging, and improves the resolution 
of blood flow ultrasonographic imaging by orders of magni-
tudes, which greatly expands the applicational space of US 
imaging [26]. It is worth noting that high-resolution acoustic 
imaging technology is inseparable from the development of 
high-quality new piezoelectric materials or acoustic materi-
als, reinforcing that the fusion of different technologies is the 
cornerstone of development.

Figure 1 Ligand-coupled Microbubbles (MBs) actively binds to the intravascular receptors of the endothelium of tumors in addition to the 
penetration of nanoparticles into tumor issue through the enhanced permeation and retention (EPR) effect.
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Photoacoustic imaging

Photoacoustic (PA) imaging is an emerging imaging techno-
logy utilizing a non-invasive, non-ionizing, real-time imag-
ing method which is able to visualize the optical absorption 
properties of tissue with great special resolution and at a rea-
sonable depth. With the swiftly developing targeted nano/
microbubble agents, in vivo molecular imaging is  achievable 
via PA, which facilitates further cellular and molecular 
assessment of tissue, which has been employed in wound 
healing, cancer imaging, gene expression, disorders of the 
brain as well as the acquisition of functional information 
about the tissue.

Opportunities and challenges

In recent years, the bottleneck on clinical US imaging, for 
example, the lack of experience and skill of the examining 
physician exerted great influence on the outcome of the 
reliability of their diagnosis. However, some of these bot-
tlenecks can be solved by integrating other interdisciplinary 
such as artificial intelligence technology. Implementation 
of true 3D imaging, automated image analysis, and image 
post-processing tools, and further development of stand-
ardization of scanning protocols and data files can address 
these limitations. Solving these problems may also stimulate 
emerging multidisciplinary intersections and set the stage for 
improved clinical diagnosis and therapeutic applications.

On the other hand, functional US contrast agents have not 
achieved realization from bench to bedside. BR55, taken as 
an example here, is a particular clinical-grade UCA which 
demonstrates targeted binding to vascular endothelial growth 
factor receptor 2 (VEGFR2), and exhibits encouraging 

prospects for the imaging of tumors in a multitude of preclin-
ical models. Animal experiments conducted by Hackl et al. 
[27] established that the implementation of  high-resolution 
BR55 technology was able to achieve sensitive and non- 
invasive discovery of early micrometastases of tumors, 
exhibiting the prospect for early diagnosis of tumors. Since 
then, additional in vivo and in vitro BR55 has begun to be 
implemented in clinical trials. For example, Smeenge et al. 
[28] studied the safety and possibility of utilizing contrast 
agents for the identification of prostate cancer in humans. 
Twenty-four patients who were diagnosed with prostate 
 cancer by biopsy were selected, and BR55 contrast-mediated 
imaging was conducted with clinical low-acoustic intensive 
US. As this is the first in-human pioneer clinical trial, the 
imaging procedures and the dose of contrast agent were 
thoroughly considered. Results demonstrated that contrast 
agent at doses of 0.03 ml/kg and 0.05 ml/kg were adequate 
to acquire an enhanced contrast image for 30 min. No signif-
icant side effects were observed, indicating after the safety 
of this procedure. 

One of the essential regulators of neo-angiogenesis in 
cancer is kinase-insert domain receptor (KDR). Utilizing 
a  clinical-grade KDR-targeted contrast microbubble 
(MBKDR), the first in-human clinical trial on US molecu-
lar imaging in patients with ovarian and breast lesions was 
conducted by Willmann et al. [29]. Twenty-one women 
with focal breast lesions and 24 women with focal ovarian 
lesions received intravenous injection of MBKDR. Results 
indicated that KDR-targeted USMI signal demonstrated 
good matching with KDR expression using immunohis-
tochemistry (IHC), with the advantage of immediate trac-
ing following intravenous injection. No patients reported 
adverse events, and there were no aberrations or substantial 
changes of trends in electrocardiograms (ECGs), vital signs, 
or measured laboratory tests. These results indicated that US 

Figure 2 Mouse brain  super-resolution  imaging depicting minute  vascular  structures  in addition  to  corresponding blood  flow velocities.  
(A) Micro US localization microscopy (µULM) conducted through a thinned skull in the coronal section, bregma –1.5 mm, which delivers a 
resolution of 10 µm × 8 µm in depth and lateral direction, respectively; (B). In-plane velocity maps from parts of the vessels in (A) [25].
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molecular imaging is feasible, safe, and allows non-invasive 
clinical assessment of the expression of KDR in patients.

Future outlook

US imaging is an important method for clinical disease 
screening, early diagnosis, and non-invasive guidance. The 
development and research pertaining to UCAs for US mole-
cular imaging portrays the essence of the advancement of US 
targeted technologies and the driving force for the progres-
sion of US molecular imaging. The principal path of existing 
US molecular imaging would be pre-clinical experimental 
research evolving to clinical application. Additionally, the 
clinical implementation of new methods and knowledge in 
the field of US molecular imaging to assist patients is an 
obstacle for future research of US molecular imaging.

Inherent advantages pertaining US is that it applies basic 
physical stimulation to living tissue. The fields of molecular 
US and US genetics seek to link these physical forces with 
the functions of biomolecules and cells to achieve precise 

control of cells. In addition, genetic engineering allows 
biomolecules to interact with US waves. For example, the 
thermal effect or mechanical effect of US can be used to 
control temperature-sensitive and mechanically- sensitive 
bacteria. Although this field is still in its infancy, it has 
opened the door to precise US control. Concurrently, the 
utilization of US-mediated microbubble cavitation to aug-
ment the movement of genes, drugs, and antibodies across 
the vascular endothelial barrier and realize intracellular 
delivery has created new opportunities for applications in 
biology and clinical transformation. Furthermore, sonody-
namic therapy (SDT) has surfaced as a favorable option for 
the  minimally-invasive treatment of solid cancers. The com-
pounded utilization of US and a sonosensitizer drug to pro-
duce cytotoxic reactive oxygen species (ROS) in and around 
neoplastic cells forms the basis of SDT.

In the near future, it will be possible that the rise in 
cross-disciplinary and interdisciplinary cooperation will 
continue to promote the advancement of US theranostic 
techniques with additional accomplishments in clinical trials 
and basic research which could have extensive benefits to 
human health.
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