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Ultrasound is among the most rapidly advancing imaging
techniques. Functional methods such as elastography have
been clinically introduced, and tissue characterization is im-
proved by contrast-enhanced scans. Here, novel superresolu-
tion techniques provide unique morphologic and functional
insights into tissue vascularization. Functional analyses are
complemented by molecular ultrasound imaging, to visualize
markers of inflammation and angiogenesis. The full potential of
diagnostic ultrasound may become apparent by integrating
these multiple imaging features in radiomics approaches.
Emerging interest in ultrasound also results from its therapeutic
potential. Various applications of tumor ablation with high-
intensity focused ultrasound are being clinically evaluated, and
its performance strongly benefits from the integration into MRI.
Additionally, oscillating microbubbles mediate sonoporation to
open biologic barriers, thus improving the delivery of drugs or
nucleic acids that are coadministered or coformulated with
microbubbles. This article provides an overview of recent
developments in diagnostic and therapeutic ultrasound, high-
lighting multiple innovation tracks and their translational poten-
tial.
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Ultrasound is among the most frequently used imaging
modalities in the clinic. However, in comparison to other
tomographic imaging modalities, it is less reproducible be-
cause identical image slices are difficult to regain at repet-
itive examinations. Furthermore, the skills and experience
of the examining physician have a strong impact on its
diagnostic reliability. These limitations may be overcome
by the implementation of truly 3-dimensional (3D) imag-
ing, automated image analysis, and postprocessing tools, as
well as by further standardization of scan protocols and
data documentation. Solving these issues may also stimu-

late the clinical implementation of emerging ultrasound
technologies and contrast agents for diagnosis and therapy,
which were discussed in our previous article in 2012 (1). At
that time, most examples were related to preclinical studies.
Since then, much clinical translation has occurred, such as
in contrast-enhanced functional and molecular ultrasound
imaging, focused ultrasound, and sonoporation. The present
article highlights recent technologic advancements in ultra-
sound diagnosis and therapy that are in the process of clin-
ical translation and are strongly expected to shape the
future clinical appearance of this modality.

NEW ULTRASOUND CONTRAST METHODS

The contrast in ultrasound grayscale imaging originates
mainly from variations in tissue compressibility and
density. However, imaging methods in current ultrasound
systems cannot reconstruct absolute material parameters
directly from the received echo signals. In principle, this
reconstruction is possible with full-wavefield inversion
techniques, even with conventional ultrasound array setups,
but the computational burden of these methods is still too
high for real-time imaging (2).

Elastography methods that can image the mechanical
properties of tissue have been developed in the last 2
decades, first as strain imaging techniques using external
sources of deformation, and then by line-based measure-
ments of shear-wave speed using no external compression
but acoustic radiation force imaging. Later, fully 2-
dimensional shear-wave imaging (Fig. 1A) based on ultrafast
plane-wave acquisitions with repetition rates in the kilo-
hertz range was added: by observing shear waves traveling
at low speeds (1–10 m/s) with high–frame-rate plane-wave
ultrasound acquisitions, the local shear-wave speed can be
measured. This modality allows clinical imaging of the
shear-wave speed or the shear modulus of tissues (3). Be-
cause the shear waves are excited by the acoustic radiation
force induced by a focused ultrasound pulse, a major
advantage of this technique is that it is less operator-
dependent than strain imaging techniques relying on man-
ual deformation. The main clinical applications of the
technique are diagnosis of liver fibrosis and characteriza-
tion of breast and thyroid tumors (Fig. 1B). However, the size
and location of the lesion, the composition of the surround-
ing tissue, and motion artifacts from breathing or pulsatile
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vessels limit the accuracy of shear-wave elastography. Fur-
thermore, the intense clinical use of elastography has also
identified a high need for standardization, because tissue
properties measured with different systems were observed
to differ (4). Additionally, in heterogeneous media, the ob-
served wave speed might be determined not only by the
average properties of the tissue but also by its boundaries,
which can guide the waves and change the observed speed.
Proper modeling, such as modeling of arteries as wave-
guides, allows these effects to be exploited and arterial
stiffness characterized on the basis of the observed wave
speed (5). In the future, full-wavefield inversion techniques
applied to the measured tissue motion might solve this prob-
lem, at the cost of increased computational complexity (2).
A clinically emerging method that offers additional tissue

contrast is photoacoustic or optoacoustic imaging (6): the ther-
mal expansion of tissue absorbing a short, typically near-
infrared light pulse generates ultrasound that can be detected
by the transducers of ultrasound scanners and reconstructed
into images showing the optical absorption of tissues. Sweep-
ing through different infrared wavelengths allows multispec-

tral imaging with the prospect of tissue
characterization and improved diagnosis.
Recently, the first clinical applications of
photoacoustics were demonstrated as func-
tional overlays on ultrasound images: a
dedicated breast scanner showed differ-
ences in optical absorption between benign
and malignant lesions in the breast (7), and
a handheld portable clinical ultrasound sys-
tem with integrated diode lasers was suc-
cessfully used for the early detection of
rheumatoid arthritis (8). Soon, clinical
translation of intravascular photoacous-
tics combined with intravascular ultra-
sound is also expected, bringing with it
the capability of imaging lipids in athero-
sclerotic plaques to assess their vulnera-
bility (9).

CONTRAST-ENHANCED
ULTRASOUND IMAGING (CEUS)

For many years, CEUS has been
established in clinical routine for char-
acterization of suspected lesions in many
organs, especially the liver, and for detect-
ing cardiovascular abnormalities (e.g.,
using echocardiography). In cardiovas-
cular imaging, microbubbles are used
predominantly to enhance the signal in
the vessel lumen and to visualize ste-
noses and aneurysms (10). Especially
for the detection of endoleaks after
endovascular aneurysm repair, CEUS
showed specificity and sensitivity sim-

ilar to contrast-enhanced CT (10).
The use of microbubbles to detect sentinel lymph nodes

is a relatively novel approach. The microbubbles are injected
periareolarly and then travel to regional lymphatic sites via
subcutaneous lymphatic drainage after tissue massage (Fig.
1C) (11). Shimazu et al. claimed that the rate for detecting
the primary draining lymph node is 98% and that the accu-
racy of CEUS may even be higher than that of standard
clinical methods (injection of blue dye or radiotracer) (11).

Besides using microbubbles to enhance tissue contrast,
functional information about tissue vascularization can be
obtained using parameters from time–intensity curves such
as area under the curve, peak enhancement, and time to
peak from bolus injection curves or blood velocity from
disruption–replenishment curves (Fig. 1D). Quaia et al.
(12) evaluated several parameters resulting from bolus in-
jection time–intensity curves for their capability to differ-
entiate a response to pharmacologic treatment by patients
with clinically active Crohn disease. Here, CEUS clearly
differentiated responders from nonresponders and was an
objective measure to assess therapy response (12). Thus,

FIGURE 1. (A) Principle of shear-wave elastography: push pulses with 4 different foci
generate shear waves that superimpose with shear-wave cone. Lesion (red) with different
shear-wave speed deforms wavefront, as observed with high–frame-rate plane-wave
imaging. (B) Shear-wave elastography and grayscale images of grade III invasive ductal
carcinoma with maximum elasticity of 153 kPa and fibroadenoma with homogeneously
low elasticities with maximum of 21.7 kPa (Reproduced with permission of (3).) (C)
Microbubble-enhanced sentinel lymph node imaging. Representative grayscale image
of axillary lymph node basin shows lymph node with fatty hilum. Corresponding CEUS
image indicates connection of enhanced lymph node to lymphatic vessel. (Reproduced
from (11); licensed by Creative Commons—Attribution 4.0 International.) (D) CEUS.
Graphs show several functional parameters that can be obtained from disruption–
replenishment and bolus time–intensity curves. AUC 5 area under the curve; PE 5 peak
enhancement; MTT 5 mean transit time; rBF 5 relative blood flow; rBV 5 relative blood
volume; TP5 time to peak. (Adapted from (13); licensed by Creative Commons—Attribution
4.0 International.)
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the authors suggested CEUS as a potential alternative to
MRI and CT for grading Crohn disease activity (12).
To assess the reproducibility and reliability of CEUS

biomarkers, Lassau et al. (13) performed a clinical study on
hepatic and extrahepatic tumors. Particularly, area under the
curve and area under the washout proved to be highly reliable
(13). It is expected that new imaging procedures, refined post-
processing techniques, and new 3D transducers will further
improve the acceptance of CEUS as an imaging technique
complementary to MRI and CT. In a recent first-in-humans
pilot study, El Kaffas et al. showed that 3D CEUS using a matrix
array transducer is superior to conventional 2-dimensional

scanning techniques and claimed a
higher repeatability of the measurements
and a reduced sampling error resulting
from tumor tissue heterogeneity (14).

SUPERRESOLUTION
ULTRASOUND IMAGING

Similar to the 2014 Nobel Prize in
chemistry, which was awarded for breaking
the diffraction barrier to generate super-
resolution microscopy images, ultrasound
imaging is striving for superresolution to
analyze the microvasculature of tissues.

Pioneering work on generating super-
resolution images by tracking the path of
microbubbles in vivo was published by
Siepmann et al. in 2011 (15). The concept
comprised the detection of individual
microbubbles to generate superresolution
images by plotting their centroid positions
and tracking their movement over time
(Fig. 2A). A while later, other studies
showed that this strategy is capable of
increasing the resolution of a clinical ul-
trasound system by a factor of 2.2–5.1
(16). In 2015, the group of Eckersley pub-
lished the first in vivo data on functional
superresolution ultrasound (17). Their im-
age postprocessing algorithm enabled the
extraction of flow direction and velocity
information from the microvasculature of
a mouse ear (Fig. 2B). They could visu-
alize vessels as small as 19 mm—a much
higher resolution than is achievable with
clinical Doppler imaging. Errico et al.
further advanced superresolution ultra-
sound by applying it on experimental de-
vices that record 500 frames/s. Such a
high frame rate, and scanning times of
up to 10 min, were necessary to track
individual microbubbles to obtain exqui-
site vascular images of the mouse brain
(Fig. 2C) (18). Using a different tracking
algorithm, the acquisition of superresolu-

tion ultrasound was also successfully shown at lower frame
rates. However, initial clinical data indicate that this translation
is challenging and requires a refined imaging protocol and in-
plane and out-of-plane motion correction (Fig. 2D) (19). The
latter may be addressed by postprocessing data from 3D matrix
transducers, which will also enable 3D assessment of vascular
architecture in healthy and pathologic tissues.

MOLECULAR ULTRASOUND IMAGING

Ultrasound imaging with targeted microbubbles has suc-
cessfully been applied preclinically to investigate molecular

FIGURE 2. Superresolution ultrasound imaging. (A) The concept of many superresolution
ultrasound imaging techniques is to identify individual microbubbles (which are presented by
system’s point-spread function) within imaging plane and determine their center of mass.
Center of mass, having approximate size of actual individual microbubble, is plotted onto
new image and tracked over time to generate functional superresolution images. (B) In
example for mouse ear, fine blood-vessel network can hardly be displayed in contrast
mode because of low resolution of ultrasound device. However, superresolution images,
calculated from same contrast-mode data, reveal structure of vascular network as well as
blood flow direction and velocity in individual vessels. (Reproduced with permission of (17).)
(C) In example for mouse brain, superresolution imaging proves its ability to depict minute
vascular structures and corresponding blood flow velocities in them. (Reproduced with
permission of (18).) (D) Besides promising preclinical data, initial clinical data from thyroid
nodule show clinical translatability of superresolution ultrasound. Interconnected microbubble
tracks can be localized in solid nodule (arrows).
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alterations of the endothelium that occur during patho-
physiologic processes in cancer, cardiovascular diseases,
and gastrointestinal diseases and in response to therapeu-
tic interventions. In oncology, especially, microbubbles
targeting the vascular endothelial growth factor receptor 2
(VEGFR2) have shown a high sensitivity for the in vivo
characterization of tumor angiogenesis and the assessment
of therapy response. Clinical translation has been achieved
with lipopeptide-based microbubbles functionalized with
a heterodimer peptide targeting VEGFR2 (BR55). These
microbubbles have been applied in patients with prostate
cancer, breast cancer, and ovarian tumors (20,21). The

ultrasound examinations were well
tolerated, and VEGFR2 expression in
the malignant breast and ovarian tu-
mors matched well with the molecular
ultrasound imaging data (Fig. 3A).

For characterization of inflammation
in cardiovascular and gastrointestinal
diseases, mainly microbubbles target-
ing P-selectin, E-selectin, intercellu-
lar adhesion molecule 1, and vascular
adhesion molecule 1 (VCAM-1) have
been used. Transient myocardial is-
chemia was reliably monitored in rats
using clinically translatable dual P-
and E-selectin–targeted microbubbles
(22). Furthermore, modulated acous-
tic radiation force-based imaging with
P-selectin and VCAM-1–targeted micro-
bubbles enabled rapid detection of in-
flammation in the abdominal aorta of
mice (23). In primates with diet-in-
duced obesity, early inflammation of
the carotid artery could be detected
by molecular ultrasound imaging tar-
geting VCAM-1 and P-selectin long
before any changes in carotid intima–
media thickness were detectable (Fig.
3B) (24). In addition, VCAM-1– and
avb3-integrin–targeted microbubbles
proved promising for monitoring en-
dothelial recovery after vessel injury
induced by surgical interventions in mice
and pigs, respectively (25,26). Besides
monitoring inflammation in cardiovascu-
lar disorders, molecular ultrasound imag-
ing, especially with clinically translatable
dual-selectin–targeted microbubbles,
showed promise in detecting acute co-
litis and acute phases of chronic in-
flammatory bowel disease (27).

RADIOMIC ULTRASOUND
ANALYSIS

High-throughput screening and ad-
vanced pattern-recognition algorithms aim to make unused
information contained in ultrasound images available and to
identify diagnostically relevant imaging biomarkers and
their ideal combinations (Fig. 3C).

Although radiomic studies are emerging for CT and MRI
data, hardly any papers describe its application in ultra-
sound data, most likely because of difficulties in standard-
izing data acquisition and quantitative data extraction.
However, recent studies provide concepts to evaluate and
improve the reliability of the parameter maps (28,29). There-
fore, it is highly likely that ultrasound data can also be used
for radiomic analysis in future. A first proof-of-concept study

FIGURE 3. (A) Molecular ultrasound imaging with BR55 for characterizing tumor
angiogenesis and vascular inflammation detects enhanced VEGFR2 levels in malignant
ovarian lesion. Transverse endovaginal (EV) grayscale ultrasound images of right ovaries
in 2 patients show both solid (yellow arrows) and cystic lesions. Contrast-enhanced
images after intravenous administration of BR55 show strong signal in solid portion of
endometrioid carcinoma, whereas only minimal microbubble binding is seen in
cystadenofibroma. Corresponding histologic analyses validate strong VEGFR2
expression (red arrows) on endothelium of endometrioid carcinoma and low VEGFR2
expression (green arrow) in cystadenofibroma. Scale bars5 1 cm for ultrasound images
and 100 μm for tissue sections. KDR 5 kinase insert domain receptor. (Reproduced
with permission of (21).) (B) Molecular ultrasound imaging with P-selectin and VCAM-1–
targeted microbubbles detects early inflammation of carotid artery in primates with
diet-induced obesity: color-coded molecular ultrasound image showing signals for
P-selectin at endothelial surface in primate after 1 y of high-fat diet (HFD) (top), and
mean ± SEM background-subtracted video intensity for P-selectin (MBP), VCAM-1
(MBV), and control (MBC) microbubbles in primates exposed to HFD for 24 mo (average
age, 12 y) compared with age-matched controls on normal diet (bottom). (Reproduced
with permission of (24).) (C) Ultrasound-based radiomics makes use of tomographic
medical images to extract quantifiable features from various imaging biomarker classes.
Data-mining strategies are used for combined analysis of radiomic features (derived from
various imaging biomarker classes) and clinical data to improve diagnosis or prognosis.
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could show that radiomic analysis of ultrasound data is
possible and can help in the differentiation of different
tumor models (30).

HIGH-INTENSITY FOCUSED ULTRASOUND (HIFU)

HIFU can lead to local tissue heating, cavitation, and
radiation forces, which can be used for a variety of therapies
such as tissue ablation, image-guided drug delivery, sensiti-
zation to radiation therapy, and immune stimulation. Such
therapies can be performed with high spatial precision using
transducers that are designed specifically for therapeutic
purposes and that allow focusing of ultrasound waves deep
inside the body into a region about 1 mm in diameter,
depending on the frequency and aperture of the transducer
and on the tissue characteristics (Fig. 4A) (31).
HIFU, whether guided by ultrasound or MRI, is a clinically

approved technology for treatment of essential tremor, uterine
fibroids, and prostate cancer and for palliation of pain in bone
metastases. Clinical research is ongoing in many other
applications, such as treatment of tumors of the breast, liver,
kidney, pancreas, and bone, as well as for obsessive compul-
sive disorders. Ultrasound and MRI can be used to guide the
procedure, with each technique providing its advantages.
Ultrasound imaging has a high temporal resolution and can
detect and quantify cavitation with high sensitivity. MRI,
although expensive and providing a lower temporal resolution,

allows accurate temperature mapping
and superior image quality.

Recent technologic advances in MR
HIFU have led to applications in the
human brain. Aberrations due to pas-
sage of ultrasound waves through the
human skull are corrected using phased-
array HIFU transducers based on high-
resolution CT scans. For example, for
the treatment of essential tremor, part of
the subthalamus is ablated with MR
HIFU. The patient is awake during the
procedure, and the therapeutic effect is
immediate (32).

HIFU has long been used for the
treatment of prostate cancer. Various
systems are in use or under develop-
ment. A HIFU transducer is inserted in
the rectum or urethra and the ablation is
guided by either ultrasound or MRI.
There is a recent trend toward partial
prostate gland ablation, and HIFU may
have an advantage over other ablation
approaches (33).

HIFU can efficiently induce hyperther-
mia, which is known to be an excellent
radiosensitizer (34). Thus, studies are on-
going to use HIFU in radiotherapy. Hy-
perthermia has many physiologic effects,

such as increased perfusion and oxygenation. The latter is im-
portant since oxygen radicals are involved in most chemical
reactions triggered by radiotherapy.

Furthermore, the mechanical effects of HIFU can induce the
release of antigens that activate dendritic cells. With many
drugs approved or under development for immune system
stimulation (or inhibition of tumor-associated immune sup-
pression), there is a bright future for HIFU-supported immu-
notherapy in oncology. Additionally, focused ultrasound was
shown to decrease Alzheimer-related plaque development in
the brains of animals—an effect that was also tentatively
attributed to immune system stimulation (35).

SONOPORATION

Microbubble-enhanced ultrasound is increasingly used to
improve drug delivery to pathologic sites. In this context,
multiple approaches can be envisaged, related either to direct
drug delivery (i.e., drug entrapment within the microbubble
core or shell) or to indirect drug delivery (i.e., coadminis-
tration of drugs and microbubbles, Figs. 4B–4D). Clinically,
the most progress has been made with the latter approach, in
which oscillating microbubbles induce stable or inertial cav-
itation to promote vascular perfusion, vascular permeability,
or tissue penetration.

This process is called sonoporation and was intro-
duced 2 decades ago to describe the ultrasound- and

FIGURE 4. (A) Principle of HIFU: sketch illustrates spherically shaped HIFU
transducer, with 256 circular transmission elements with converging ultrasound
beam path indicated in red, and layout of individual elements in transducer surface.
This layout minimizes unused surface between elements and maximizes asymmetry
along all directions to reduce unwanted side lobes when steering focal point
electronically by appropriate phase changes of electrical signal to transducer
elements. (Image courtesy of Charles Mougenot.) (B) Setup and outcome of clinical
trial in which pancreatic cancer patients were treated with combination of
gemcitabine plus sonoporation. Tumor responses were better than for historical
cohort treated with gemcitabine alone. CI 5 confidence interval; SonoVue 5 sulfur
hexafluoride (Bracco); US 5 ultrasound. (Reprinted with permission of (37).) (C)
Sonoporation application to brain: transducer array with 8,907 elements and
segmented skull, which allows application of focused ultrasound in brain (top;
reprinted with permission of (39)), and effect of sonoporation of healthy mouse
brain on extravasation and penetration of prototypic macromolecular drug carrier,
70-kDa fluorescein isothiocyanate (FITC)–dextran (bottom).
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microbubble-facilitated transfection of cells with plasmid
DNA. Although some people have argued that an alterna-
tive name should be given to the combination of ultra-
sound plus microbubbles to improve drug delivery in vivo
(e.g., sonopermeabilization), we propose use of the original
terminology with a somewhat extended initial interpretation
and application.
In preclinical studies, sonoporation has been shown to

improve the delivery of 100-nm liposomes to and into
pancreatic tumors (36). The total tumor accumulation of
liposomes was increased by up to 100%, and significantly
enhanced penetration into the tumor interstitium was ob-
served (Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org). A clinical proof
of concept for sonoporation-enhanced drug delivery was
recently provided by Dimcevski et al., who treated pancre-
atic cancer patients with a combination of gemcitabine,
ultrasound, and microbubbles and who achieved a promis-
ing median survival of 17.6 mo (vs. 8.9 mo for a historical
cohort treated with gemcitabine alone; Fig. 4B) (37).
Extending the applicability of focused ultrasound and

sonoporation, the group of Hynynen has developed helmet-
like ultrasound transducers (Fig. 4D) that can be used to
induce spatially and temporally controlled opening of the
blood–brain barrier within MRI scanners (38,39). In 2015,
they started the first clinical study, in which the blood–brain
barrier is opened in glioblastoma patients to improve doxo-
rubicin delivery. In this context, it seems crucial to involve
imaging to monitor the timing and the extent of blood–
brain barrier permeation. This monitoring can be done by
coadministering (MRI) contrast agents together with micro-
bubbles and drugs, as well as by administering hybrid micro-
bubbles containing contrast agents within their shell that are
released after their destruction to assess vascular permeation
(40). In such setups, imaging allows for the real-time assess-
ment of blood–brain barrier opening and helps to maximize
the efficacy of the intervention while minimizing toxicity.

CONCLUSION

For many years, ultrasound was strongly undervalued in
clinical practice. Recent achievements have started to
uncover its full diagnostic and therapeutic potential. New
ultrasound approaches, including refined image postpro-
cessing tools, will enable quantitative multiparametric image
analysis, and the increasing use of ultrasound contrast agents
provides access to profound vascular characteristics. Here,
the clinical introduction of matrix transducers paves the way
for true 3D imaging, and superresolution imaging methods
will contribute to significantly improved image quality and
enhance the number of accessible imaging features. These
advantages provide an entry to radiomics analysis, which so
far has been mainly the domain of CT and MRI. Together,
these innovations will render ultrasound imaging more
quantitative and less user-dependent. In addition, therapeutic
perspectives for ultrasound are emerging and being evaluated

for various tumors and for neurologic and cardiovascular
disorders. Among other reasons, this use was enabled by the
integration of focused ultrasound devices into MRI scanners,
with the latter providing accurate information about lesion
size, location, and composition and about temperature
control, thus enabling accurate planning and monitoring of
interventions. Furthermore, sonoporation-based drug deliv-
ery proved promising in preclinical and early clinical studies
and stimulated research on new theranostic microbubbles.

Thus, it can be envisaged that new techniques such as
elastography, multiparametric imaging, and superresolution
imaging will substantially improve the robustness and
diagnostic power of ultrasound. Furthermore, therapeutic
applications such as HIFU and sonoporation will increase
the therapeutic importance of this modality not only in
oncology but also in neurology and the cardiovascular field.
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