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Abstract
This review describes emerging techniques within the last 5 years that employ ultrasound for detecting and staging malig-
nancy, tracking metastasis, and guiding treatment. Ultrasound elastography quantifies soft tissue elastic properties that change 
as a tumor grows and proliferates. Hybrid imaging modalities that combine ultrasound with light or microwave energy provide 
novel contrast for mapping blood oxygen saturation, transport of particles through lymphatic vessels and nodes, and real-
time feedback for guiding needle biopsies. Combining these methods with smart nanoparticles and contrast agents further 
promotes new paradigms for cancer imaging and therapy.
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This review describes emerging techniques within the last 
5 years that employ ultrasound for detecting and staging 
malignancy, tracking metastasis, and guiding treatment. 
Ultrasound elastography quantifies soft tissue elastic prop-
erties that change as a tumor grows and proliferates. Hybrid 
imaging modalities that combine ultrasound with light or 
microwave energy provide novel contrast for mapping blood 
oxygen saturation, transport of particles through lymphatic 
vessels and nodes, and real-time feedback for guiding needle 
biopsies. Combining these methods with smart nanoparti-
cles and contrast agents further promotes new paradigms for 
cancer imaging and therapy.

Ultrasound elasticity and shear wave 
imaging

Two elastographic techniques have emerged over the past 
several years for detecting cancer, classifying suspicious 
lesions, reducing false positives, and guiding biopsies. 
Quasi-static transient elastography quantifies displacement 
and strain as tissue deforms to identify relative regions 
of soft and hard tissue. Traditional elastography for diag-
nostic breast imaging revealed strain patterns remarkably 
different for benign and malignant masses during a mul-
ticenter clinical trial [1]. Unlike benign fibroadenomas, 
malignant tumors like ductal carcinomas typically inte-
grate with surrounding tissue such that the resulting strain 
map reveals stiff boundaries in a predictable pattern that 
extend beyond the margins of the lesion defined by B mode 
ultrasound. A more recent study indicated that nonlinear 
elastic properties can further improve classification of sus-
picious lesions [2]. 3D ultrasound was integrated into a 
conventional mammography system to track deformation 
over the full range of compression. By rotating a linear 
US array near the region of interest, 3D B mode and strain 
maps were acquired, facilitating volumetric segmentation 
of the lesions and quantifying a nonlinear elastic param-
eter. Not only were malignant tumors stiffer than benign 
lesions (p < 0.05), they also exhibited load-dependent elas-
tic properties with a stiffness directly proportional to the 
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applied compressive force (p < 0.001). It may be possible, 
therefore, to integrate 3D US into mammography to track 
nonlinear elastic properties for better classification of sus-
picious lesions and reduce false positive biopsies.

Ultrasound shear wave imaging (USWI) is another 
method growing in popularity that quantifies the elastic 
shear modulus near a region of interest. In USWI, a radia-
tion force “push” pulse generates shear waves that propa-
gate perpendicular to the US beam away from the focus. 
A fast sequence of plane waves is then used to track tis-
sue displacement and determine the shear wave velocity 
ν such that the shear modulus is directly proportional to 
ν2. Most modern clinical US systems now feature USWI, 
including the Aixplorer by SuperSonic Imagine, Acuson 
S3000 by Siemens Medical Solutions, and most recently 
the T-SWE by Toshiba Medical System. A recent study 
tested the T-SWE system for detecting breast lesions and 
evaluated its diagnostic performance in 218 patients [3]. 
Receiver operating characteristic (ROC) analysis identified 
both quantitative and qualitative factors that substantially 
improved diagnostic performance for differentiating breast 
lesions. A cut-off value of 36.1 KPa for the elastic modu-
lus yielded sensitive (85.1%), specific (96.6%) and accu-
rate (94.2%) results with an area under the curve (AUC) 
of 0.943. Qualitative color patterns further revealed much 
greater heterogeneity for malignant tissue with a positive 
predictive value (PPV) of 87.0%, and negative predictive 
value (NPV) of 96.1%. While these results need to be con-
firmed at other sites in a larger patient population, this 
study illustrates the potential of USWI as a non-invasive 
method for classifying breast lesions.

Identification of malignant cervical lymph nodes (LN) 
is critical due to a nearly 50% risk of distant mestastases in 
individuals who have more than three histologically positive 
LNs versus individuals without nodal metastasis [4]. Addi-
tionally, individuals who are diagnosed with nasopharyn-
geal carcinoma (NPC) have about 85% chance of developing 
cervical LN metastasis [5]. Due to the small size of lymph 
nodes, USWI has an advantage over conventional MRI with 
regards to non-invasive characterization and determination 
of malignancy. In a 2016 study, researchers studied cervical 
LNs on the ACUSON S3000 and determined from ROC 
analysis that there were 2 critical cutoff values [6]. First, a 
shear wave velocity of 2.93 m/s produced a sensitivity of 
92.59%, specificity of 75.46%, PPV of 48.54%, and NPV 
of 97.6%; a second, cutoff at 3.2 m/s offered a sensitivity of 
79.63%, specificity of 81.94%, PPV of 52.44%, and NPV 
of 94.15%. A more recent study further assessed cervical 
LN malignancy using USWI on the Aixplorer and reported 
sensitivity (84.6%), specificity (83.1%), accuracy (83.3%), 
PPV (59.5%), and NPV (94.8%) for detected cancer [7]. Cur-
rently, USWI is quite effective as a negative predictor for the 
presence of a tumor, but there is room for improvement as a 

positive predictor of cervical LNs as standardized methods 
are being developed across platforms and industry [8].

USWI is also being used to evaluate thyroid nodules, 
which are very common and rising in incidence with 
increasing age, those with iodine deficiency, after exposure 
to radiation, and in the female population. Prevalence of 
thyroid nodules is reported as 2–6% with palpation on phys-
ical examination, 19–35% with ultrasound, and 8–65% in 
autopsy data. Following clinical examination, thyroid ultra-
sound is used as a first-line test to differentiate benign and 
malignant nodules. While high-resolution US is excellent for 
detecting thyroid lesions, it has suboptimal accuracy for pre-
dicting malignancy based on grayscale and Doppler sono-
graphic criteria, which typically includes hypoechogenicity, 
microcalcifications, irregular margins, lobulated margins, 
perinodular thyroid parenchyma invasion, taller-than-wide 
shape and presence of vascularity. USWI, on the other hand, 
has merged as a promising tool for thyroid cancer detec-
tion because malignancies are usually stiffer than benign 
lesions. USWI can be helpful particularly in stratifying sus-
picious nodules in patients with multiple thyroid nodules. 
These nodules are either followed up on imaging or undergo 
fine needle aspiration for definitive tissue characterization. 
Azizi et al. identified a single cut-off of 3.54 m/s for the 
maximum shear wave velocity for predicting thyroid cancer 
and reported sensitivity, specificity , PPV and NPV values 
of 79.3, 71.5, 26.8 and 96.3%, respectively. In Fig. 1, two 
examples are presented captured on the ACUSON S3000 
at Banner University Medical Center in Tucson, Arizona.

A new technique is also being developed on the Acuson 
S3000 that enables fusion of MRI with USWI and B mode 
ultrasound for feedback during prostate needle biopsies. 
Co-registration of these different modalities provide criti-
cal information for tracking the position and triggering the 
needle to biopsy the core as described in Fig. 2.

Photoacoustic imaging

Photoacoustic imaging (PAI) implements a short laser pulse 
to induce transient heating in tissue, thermoelastic expan-
sion, and generation of ultrasonic waves. These waves are 
then detected by an array of ultrasound receivers to produce 
high contrast images two or more centimeters deep based on 
the absorption of the laser pulse. In recent years, commercial 
platforms with wavelength-tunable lasers have emerged to 
study the tumor microenvironment, improve the decision to 
biopsy, guide resection of the sentinel lymph node (SLN), 
and track transport through lymphatic vessels and nodes.

In 2015, Seno Medical Instruments completed Phase II 
clinical trials of its photoacoustic breast imaging system 
called the Imagio™. Sixteen centers participated in the 
prospective multicenter study, assessing 1808 breast masses 
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in 1739 subjects. The scoring system focused on vascular-
ity and blood oxygen saturation in and around suspicious 
lesions (Fig. 3). Combined with B mode ultrasound, the PAI 
system was able to downgrade 40.8% of benign mass reads 
with 43.0% specificity compared to 28.1% specificity for 
ultrasound alone. The results suggest that with continued 
improvement in the scoring system, the hybrid imaging plat-
form may help downgrade benign masses classified as Breast 
Imaging Reporting and Data System (BI-RADS) 4a and 4b 
to BI-RADS 3 or 2 [9].

In 2018, noting limitations in previous PA breast imag-
ing systems, a research team at Caltech and Washington 

University developed and tested a cutting-edge—and poten-
tially revolutionary—PA computed tomography (PACT) 
platform capable of 3D imaging of the human breast within 
a single-breath hold (SBH) [10]. The fully-tomographic 
PACT system achieved 3D isotropic spatial resolution of 
0.25 mm (four times better than MRI) and deep penetration 
of 40 mm to map angiogenesis and blood oxygen saturation 
without contrast agents. Blood vessel density was used as the 
primary biomarker to identify eight of nine biopsied tumors 
in a pilot study of eight subjects (sensitivity/true positive 
of 88%, specificity/true negative of 80%, seven breast can-
cer patients, and one volunteer). Figure 4 presents sample 

Fig. 1  (left) B mode (gray, a) and shear wave (color, b) images of a 
benign thyroid nodule in female of 31 years. Blue regions near nodule 
indicate slow shear wave velocities (~ 1 m/s) and softer tissue. (right) 
Heterogeneously hypoechoic solid left thyroid nodule without signifi-
cant internal vascularity reveals non-specific features on B mode in 

female of 23 years (c). Red regions near center of lesions on USWI 
(d) denote fast shear velocities (> 6.5 m/s) and stiffer tissue, suggest-
ing malignancy. Targeted biopsy of this nodule revealed papillary 
thyroid cancer. All images acquired on the Acuson S3000 [unpub-
lished data]. (Color figure online)

Fig. 2  72-year-old male with rising PSA levels. USWI through the 
anterior part of the gland indicates stiff region (red) suggestive of 
cancer (a). Multiparametric MR imaging confirmed presence of pros-
tate adenocarcinoma (PIRADS-4). MR directed US guided fusion 
biopsy registration workflow is depicted with side-to-side MR and 
US images at corresponding axial level (b). Note the biopsy track on 
US has a corresponding identical track on apparent diffusion coeffi-

cient (ADC) image. Lesion is targeted on ultrasound with 18-gauge 
core biopsy needle within the dotted track on the shown-on sonogram 
using MR image as guide (c). Blue marker on MR image represents 
the acquired core in the PIRADS-4 Lesion. Green-bow at the proxi-
mal end on the needle track denotes the start point of the core, cor-
responding to the site of fire for the biopsy. Pathology revealed pros-
tatic adenocarcinoma [unpublished data]. (Color figure online)
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images from a patient with invasive lobular carcinoma. As 
a safe, noninvasive, and high resolution imaging system, the 
PACT may emerge as a breakthrough technology for real-
time volumetric diagnostic imaging of the breast with strong 
contrast for detecting and classifying tumors. Moreover, with 
endogenous contrast based on hemoglobin and blood oxy-
gen saturation, clinical platforms for PA imaging may also 
help monitor response to neoadjuvant chemotherapy in real-
time and with superior resolution than dynamic contrast-
enhanced MRI.

Other PAI systems have been evaluated for noninvasive 
detection of the SLN. Standard methods require radio-
labeled sulfur colloid and/or methylene blue dye to help 
identify the SLN and guide surgical resection. However, 
conventional methods are invasive leading to increased 
morbidity. Philips modified their iU22 clinical ultrasound 
scanner to produce a combined PAI and ultrasound platform 
for 3D noninvasive mapping of the SLN using Methylene 
Blue (MB), an FDA-approved dye that strongly absorbs light 

at long wavelengths (~ 670 nm) [11]. The dual-wavelength 
system was able to distinguish lymphatic vessels (LVs) and 
nodes, as well as blood vessels. Initial results suggest that 
integrating PAI and ultrasound during fine needle aspiration 
biopsies could eliminate the need for invasive axillary stag-
ing procedures. The approach can also be highly quantita-
tive. One group recently described lymphatic pumping in 
mice using a state-of-the-art high resolution (< 0.1 mm) PAI 
and ultrasound imaging system by Visualsonics (LAZR-X). 
Pumping of afferent LVs and filling of the perilymph and 
popliteal nodes were quantified in real-time using a 40 MHz 
ultrasound array following a subcutaneous injection of indo-
cyanine green (ICG), a strong near-infrared absorber and PA 
contrast agent (Fig. 5) [12].

A recent clinical study of 506 SLNs in 214 melanoma 
patients on iThera’s Multispectral Optoacoustic Tomog-
raphy (MSOT) system further revealed that PAI is able to 
detect regional lymph node metastasis based on the intrinsic 
absorption of melanin [13]. While sensitivity for detecting 

Fig. 3  Grade II invasive ductal carcinoma depicted on conventional 
mammography (a), ultrasound (b), and Imagio™ PAI platform (c, 
d). In c, deoxygenated vessels (red) appear inside lesion enclosed by 
white line. In d, total hemoglobin (yellow) was concentrated inside 

lesion. This mass was upgraded from BI-RADS 4a (at B mode US 
and Doppler) to BI-RADS 4c (Imagio™). Credit: Menezes et  al., 
Radiological Society of North America [9]. (Color figure online)

Fig. 4  (left) X-ray mammogram of a 48 year-old female with an inva-
sive lobular carcinoma (grade 1/3) denoted by dashed ellipses. LCC 
left cranial caudal, LLM left lateral-medio; (middle) depth-encoded 
angiograms mapped by PACT system with single breath hold. (right) 

Automatic tumor detection was based on high blood vessel density 
maps (hot colors) superimposed on grayscale PACT image. Credit: 
Modified from Lin et  al., Nature Publishing [10]. http://creat iveco 
mmons .org/licen ses/by/4.0/. (Color figure online)



Clinical & Experimental Metastasis 

1 3

metastasis was high, specificity (48.6%) was low. A study by 
Luke et al. demonstrated in mice that molecularly activated 
nanosensors as smart PA contrast agents might be a better 
option to improve specificity for detecting distant microme-
tastases [14]. Alternatively, phase-transition nanodroplets 
might be an ideal contrast agent for PA imaging and therapy. 
Yang et al., for example, incorporated strongly-absorbing 
carbon nanotubes (CNTs) into phase-transition nanodroplets 
to not only detect LNs with PAI, but, with increased incident 
laser energy, the nanoparticles were able to destroy breast 
cancer cells in vitro and in vivo due to a photothermal effect 
[15].

Thermoacoustic imaging

Microwave-induced thermoacoustic imaging (TAI) 
exploits the same physical principal as PAI, except that 
short electromagnetic pulses between 0.3 and 3 GHz are 
used as the source for excitation and images are propor-
tional to the absorbed microwave energy. Because tumors 
with higher water content differentially absorb microwaves 
compared to surrounding tissue (e.g., adipose), TAI has 
been proposed as a novel approach for diagnostic breast 
imaging, and a pilot study at 434 MHz revealed 3D in vivo 
images of the human breast with excellent sensitivity for 
detecting tumors [16]. However, limitations in microwave 
and ultrasound hardware in these early studies prevented 
high resolution characterization and accurate classification 
of suspicious lesions. Because resolution in TAI depends 
on the duration of the excitation pulse, the long micro-
wave pulse of 1 μs contributed to poor spatial resolution 
(> 1 mm). To overcome this drawback, two research teams 
recently tested a novel broadband transmitter for TAI with 

ultrashort impulse excitation [17, 18]. Instead of a tradi-
tional tube-based amplifier, the low-cost excitation source 
exploited a high-voltage triggered spark gap for generat-
ing short electromagnetic impulses (10 ns duration) with 
high peak power (up to 40 MW). One study evaluated the 
new transmitter and curved 7.5 MHz ultrasound array for 
imaging a tumor in an excised breast of a ewe and reported 
a resolution of less than 0.2 mm and a mean contrast-to-
noise ratio of 2.8 compared to 1.7 with standard X-ray 
(Fig. 6) [19]. Moreover, the energy density for detection 
(21.8 µJ/cm2) was much less than the safety threshold for 
microwave exposure.

Another recent study extended applications of TA tech-
nology from cancer imaging to therapy. Ultrashort micro-
wave pulses were combined with superparamagnetic iron 
oxide nanoparticles (SPIO) functionalized with Human 
Serum Albumin (HSA-SPIO) as contrast agents for both 
imaging and targeted therapy in a rat xenograft tumor 
model [20]. HSA-SPIO provided better contrast compared 
to a control with the TA signal doubling 4 h post injection. 
The HSA-SPIO was also enwrapped in cell-like alginate-
polylysine-alginate microcapsules sensitive to microwaves. 
Whereas unencapsulated HSA-SPIO were stable for TAI, the 
encapsulated microcapsules when exposed to short micro-
wave pulses would “pop” and produce a shockwave that 
destroyed tumor cells. Survival studies guided by TA imag-
ing demonstrated higher survival post treatment with HSA-
SPIO compared to control rats by slowing tumor growth in 
both subcutaneous and deep seated rat tumors [20].

This review described recent progress in ultrasound elas-
tography and hybrid modalities that integrate ultrasound, 
light and microwaves for early detection and staging of 
tumors, guiding needle biopsies, and tracking tumor metas-
tasis to the LNs. Each method is safe, noninvasive, and offers 
unique contrast for characterizing suspicious lesions and the 
tumor microenvironment in real-time. By combining these 
techniques with smart contrast agents, new paradigms for 

Fig. 5  Change in PA signal after subcutaneous injection of methyl-
ene blue. The popliteal node (PLN) is filling continuously during the 
120 s, while the afferent lymph node (LN) exhibits pumping activity 
every 40  s. The Peri-LNs also fill periodically with the pumping of 
the afferent LN. Credit: Forbrich et al., SPIE Publication [12]

Fig. 6  (left) TA image of a human breast tumor embedded in an 
excised ewe breast using ultrashort microwave pulses and a 10 MHz 
full ring ultrasound array. (right) Corresponding X-ray image of the 
same sample. Dotted outline indicates the boundary of the tumor. 
Credit: Ye et al., IEEE Publishing [19]
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cancer imaging and therapy may emerge in the near future 
that challenge conventional methods for diagnosing, staging 
and treating cancer and metastatic disease.
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