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ABSTRACT
Background: Prostate cancer is a significant health issue worldwide, but methods to screen for and diagnose this disease have

significant inherent limitations. Some efforts to address these limitations have involved the use of ultrasound‐based imaging

methods.

Methods: This narrative review paper focuses on recent developments in the use of medical imaging, with a focus on

ultrasound and related methods, to improve the diagnosis of prostate cancer. These methods include: elastography, contrast‐
enhanced ultrasound, targeted contrast agents, quantitative ultrasound, multiparametric ultrasound, micro‐ultrasound, and
photoacoustic imaging.

Results: This paper provides an update on clinically relevant imaging technologies which are in the technical and preclinical

literature.

Conclusion: Novel methods and their performance are highlighted, including how they address limitations in current clini-

cal care.

1 | Introduction

A diagnosis of prostate cancer (PCa) is made following a core
needle biopsy performed under transrectal ultrasound (TRUS)
guidance [1]. Unfortunately, TRUS reveals suspicious prostate
lesions in less than half of cases because PCa often appears iso-
echoic on standard B‐mode ultrasound images [2, 3]. Traditional
biopsy methods have therefore required regularly spaced sam-
pling from specific zones throughout the prostate [4]. Due to this
blind sampling technique, a negative result is not necessarily
indicative of a lack of PCa because a cancerous lesion could be
present but was not sampled by the biopsy. In fact, the false
negative rate of a systematic 12‐core prostate systematic template
biopsy is over 30% [5], and PCa goes undetected at initial biopsy

in 18%–41% of cases [6–8]. This major gap in PCa diagnosis has
led to considerable interest in new biomarkers and accessible
imaging methods to better identify regions suspicious for har-
boring PCa that can be biopsied in a targeted fashion.

PCa is frequently visible on multiparametric magnetic reso-
nance imaging (mpMRI), which has evolved as the current gold
standard for PCa imaging [9] and has been incorporated into
current biopsy regimens. In a multi‐center trial patients were
randomized to proceed to a standard systematic biopsy or to
undergo magnetic resonance imaging (MRI) followed by tar-
geted biopsy if a suspicious lesion was seen on MRI [10]. This
study found that mpMRI‐guided biopsy was superior to stan-
dard TRUS‐guided biopsy. These findings have been validated
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in other trials [11, 12], and prebiopsy MRI has become a global
standard of care where accessible.

However, there are still some limitations with using mpMRI for
PCa detection. One of these is the difficult learning curve in the
interpretation of mpMRI [13, 14], meaning that there is a
high degree of interobserver variability in the interpretation of
mpMRI and the urologists performing the biopsy procedure are
often not experts at reading the MRI images [15]. Interobserver
variability impacts clinical care by influencing who is referred
for prostate biopsy [16]. Other limitations include the consid-
erable cost and lack of universal access to mpMRI imaging, and
inaccuracies that arise in image fusion, known as registration
error. Additionally, clinically significant PCa is invisible on
mpMRI in an estimated 6‐15% of cases [12, 17, 18]

These remaining gaps in the standard‐of‐care have led re-
searchers to look for better ways to perform targeted prostate
biopsies, particularly by leveraging the lower cost and increased
accessibility of ultrasound (US).

US‐based modalities under investigation include elastography,
contrast‐enhanced ultrasound (CEUS), targeted contrast agents,
quantitative ultrasound (QUS) the combination of these into
multiparametric ultrasound (mpUS), micro‐ultrasound
(microUS) and photoacoustic imaging (PAI). Together, these
advances have led to a variety of potential solutions which will
be discussed in this review. Although there have been relatively
recent papers reviewing US‐based methods for PCa detection
[19, 20], their scope has been limited to modalities which have
undergone clinical assessment. This review will include emer-
ging methods which are currently in the technical and pre-
clinical literature but show promise for clinical impact in the
near future.

2 | Addressing Unmet Needs

Although lesions suspicious for PCa are not reliably visible on
B‐mode TRUS, variable sources of contrast can be exploited
through US, including: stiffness, increased blood flow, cell
surface protein overexpression, sub‐wavelength structural
characteristics, and a combination thereof. These are imaged
using elastography, CEUS, targeted contrast agents, QUS, and
mpUS, respectively, and an overview of these methods are
provided below. We also include microUS and PAI as two
additional US‐based methods.

2.1 | Elastography

Tumors are often stiffer than their surrounding healthy tissue,
primarily due to an increased deposition of collagen in the ex-
tracellular matrix as a stromal response to the invading cancer
[21]. This increased stiffness is the guiding principle behind
manual palpation as a clinical examination technique and
elastography as an imaging method for PCa detection.

Elastography is a medical imaging modality which maps the
elastic properties of soft tissue from tissue deformation in

response to a mechanical excitation. Although elastography can
also be performed using MRI [22–24], the use of ultrasound will
be described here. The field of elastography began with strain
elastography, which determined the relative strain or elasticity
of tissue [25]. However, this method is only able to display
relative strain and has a low sensitivity for PCa [26]. Shear wave
elastography (SWE) was an improvement over this method
because SWE allowed for quantitative results, and thus more
sensitivity in PCa detection [27], and will be the focus here [28].

In SWE, tissue motion is introduced via a shear wave which
comes from either external mechanical excitation [29], or an
acoustic radiation force impulse (ARFI) generated by the
imaging transducer itself [30]. Although typically performed on
two‐dimensional (2D) images, natively 3D methods have been
developed [31], with results comparable to MRI elasto-
graphy [32–34].

Meta‐analyses of SWE for PCa detection have concluded a
sensitivity of 83%–84%, a specificity of 85%–86%, a positive
likelihood ratio of 6.02, and a negative likelihood ratio of 0.182
[19, 35]. When the SWE results are normalized with respect to
the average stiffness of the prostate (to account for patient
variability and differences in tissue compression), specificity
was improved to 90%, with a positive predictive value of 79%
and a negative predictive value of 88% [36]. However, stiffness
values measured through SWE have been found to have a weak
correlation with Prostate Imaging Reporting and Data System
(PI‐RADS) scores, which is the standard method for radiolo-
gists' interpretation of prostate mpMRI imaging [37].

2.2 | Bloodflow‐Based Imaging

PCa is associated with an increase in microvessel density due to
angiogenesis [38], and this density further increases as the
cancer progresses [39–41]. There are two main ways to collect
information on bloodflow using ultrasound imaging: Power
Doppler US and CEUS.

Power Doppler imaging has shown an improved performance
over B‐mode imaging alone for PCa detection. One study found
a sensitivity and specificity of 92% and 72%, respectively for
Power Doppler imaging (compared to 88% and 58% for B‐mode)
[42]. A more recent paper used volumetric Power Doppler with
a computer‐aided analysis technique (VOCAL, GE Healthcare,
Chicago, USA), and considered three metrics: vascularization
index (VI), flow index (FI), and vascularization/flow index
(VFI). At their chosen thresholds, all metrics showed promise,
as VI had a sensitivity of 69% and a specificity of 90%, FI had a
sensitivity of 75% and a specificity of 79%, and VFI had a sen-
sitivity of 78% and a specificity of 83% [43].

CEUS is more often utilized in mpUS systems for PCa detection
because it can better visualize the increased microvessels
present in cancerous tissue [38]. In general, the second‐
generation contrast agents currently used in CEUS are micro-
bubbles of heavy gas which are stabilized using a shell made of
a lipid, protein, or a lipoprotein. These bubbles are small en-
ough to enter the microvasculature, but large enough to prevent
them from leaving the vasculature into the interstitium, so they
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remain a purely intravascular contrast agent. The contrast
agents used for ultrasound do not cause any hepatic or renal
toxicity, as they are effectively eliminated via the lungs within
20 min of administration [44, 45].

Traditionally in CEUS, the flow of a contrast bolus into and out
of the vasculature of interest is recorded one plane at a time,
and the examiner then looks for signs of increased focal en-
hancement [46]. However, some information‐containing chan-
ges in the images may be too subtle to be picked up by the
unaided eye [47] so computer‐aided quantification techniques
have arisen to improve the interpretation of CEUS images [48,
49]. In PCa specifically, contrast ultrasound dispersion imaging
(CUDI) is used because vessels resulting from cancer‐induced
angiogenesis tend to be small in diameter, compressible, highly
tortuous, and lack a normal endothelium. These combine to
cause a less efficient dispersion of blood, and therefore contrast
[50]. CUDI imaging has also recently been extended to cover
three dimensions [51], although it was not shown to improve
diagnostic performance over standard CEUS imaging [47].
Specifically, they found a sensitivity and specificity of 81% and
64%, respectively, for CEUS, 83% and 56% for CUDI, and 83%
and 55% for their combination [47].

2.3 | Targeted Contrast Agents

The micrometer‐scale size of microbubbles keeps them con-
fined to the blood vessel lumen, which is a desired trait for their
use as a contrast agent highlighting blood flow. However,
smaller structures which can escape the vasculature are being
investigated to target proteins which are overexpressed on the
surface of cancerous cells, such as prostate specific membrane
antigen (PSMA), a common target in positron emission
tomography (PET) imaging of PCa [52, 53]. This study includes
promising preclinical results of PSMA‐targeted nanobubbles
(PSMA‐NB) [54, 55], where approximately 280 nm diameter
gas‐filled lipid bubbles were targeted to PSMA using a small
molecule ligand. They showed an increase in contrast in PSMA‐
expressing xenografts compared to non‐PSMA expressing

tumors, while also comparing targeted and nontargeted
nanobubbles.

2.4 | Quantitative Ultrasound

When displaying a conventional B‐mode ultrasound image,
only the envelope‐detected signals are utilized, and only struc-
tures which are close in size to the ultrasound wavelength are
displayed. However, there is much more information present in
the original received echo signal, which is commonly termed
the radiofrequency (RF) signal [56, 57]. This includes infor-
mation regarding the structure of the tissue being imaged,
which can be elucidated using QUS. Although SWE also pro-
vides quantitative information, this section refers to these
images based on RF signal analysis. QUS also has the benefit of
making ultrasound less user‐ and system‐dependent [57–59] by
calculating parameters which measure the attenuation and
scattering of the tissue under investigation in an objective
manner. Many parameters have been developed for this pur-
pose, although not all of them have yet been applied to PCa
detection. A description of the parameters which have been
applied to PCa detection can be seen in Table 1, and some
example images are shown in Figure 1.

There have been limited studies investigating the changes in
QUS parameters caused by PCa, but Tanoue et al. found that
formalin‐fixed PCa specimens had lower attenuation and speed
of sound than their healthy counterparts [67], while benign
prostatic hyperplasia had a higher speed of sound [68]. It
remains to be seen how well these findings will translate to the
in vivo clinical setting. Later mpUS studies found that midband
fit (a common QUS parameter whereby a line is fit to the
normalized backscattered spectra [56, 69]) contributed signifi-
cant information to determine areas which are suspicious for
PCa [66, 70, 71].

The above‐mentioned QUS examples all relied upon signal
obtained in a single frame, but temporal enhanced ultrasound
(TeUS) uses RF data obtained over several seconds to assess

TABLE 1 | QUS parameters used in PCa detection.

Parameter Description

Backscatter coefficient (BSC) Defined as the differential scattering cross section per unit solid angle at
180 degrees per unit volume, it forms the basis of other, more specific,
parameters [60]. It is also sometimes referred to as the normalized

backscatter power spectrum [61].

Nakagami envelope statistics The Nakagami model is one of several which have been proposed for
statistics regarding backscattered waves (others include the Rayleigh,

Rician, K, and homodyned‐K distributions). One parameter in this model,
called the m value, defines the shape of the distribution. As m increases,
the signal moves from a pre‐Rayleigh to post‐Rayleigh distribution [56].
This is useful for creating maps of the Nakagami parameter [62–65].

Effective acoustic concentration (EAC) and
effective scatterer diameter (ESD)

Essentially an estimation of the quantity of scattering bodies in the sample
and their apparent size, obtained by fitting the BSC in the frequency

domain with a scattering model [61].

Intercept, midband fit, and spectral slope Termed Lizzi‐Feleppa parameters, these come from the linear fit of the
backscatter coefficient (BSC) [61].
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tissue characteristics using an underlying machine learning
(ML) framework [72]. The TeUS signature of a tissue is
dependent on its scattering function and the inverse of its shear
modulus elasticity [73, 74]. Previous studies have shown that
TeUS and single‐frame RF analysis are complementary [72, 75],
although TeUS showed better performance [73]. The best
results in PCa detection using TeUS so far were published in
2018 using a recurrent neural network (RNN) to explicitly
analyze TeUS data in the temporal domain, resulting in a sen-
sitivity of 76%, specificity of 98%, and accuracy of 93% on 255
prostate biopsy cores from 157 patients [73].

2.5 | Multiparametric Ultrasound

As the field of mpUS imaging of PCa is still very much in
development, there has been no consensus regarding which
parameters should be included. This makes it difficult to com-
pare results between papers, as each will include different types
of information in their imaging, which can be seen in Table 2.
Also, the metrics used to present the results tend to differ
between the clinical and engineering literature. Nonetheless,
there are a few key trends that can be noted.

First, it is commonly found that the combination of various
types of information in mpUS outperforms any single parameter
on its own [71, 77, 82, 85], which bodes well for mpUS devel-
opment. However, it has not yet been shown to be equivalent to
mpMRI [86, 87], as demonstrated by the most recent random-
ized controlled trial (RCT) that reported the detection of 4.3%
fewer cases of csPCa with mpUS than mpMRI [88].

Second, there appear to be two main ways that the various types
of information are presented to the viewer. One way is similar
to other types of multiparametric imaging currently in clinical
practice such as mpMRI, where they are analyzed as separate
images and the clinician combines their findings from each of
the parameters, either mentally or using a formal scoring sys-
tem [76, 77, 79, 81, 83, 86, 88]. This was utilized in two of the
seminal RCTs on this subject, the Imperial Prostate 1 Prostate
Cancer Screening Trial Using Imaging (IP1‐PROSTAGRAM)
and Cancer Diagnosis by Multiparametric Ultrasound of the
prostate (CADMUS) [86, 88].

The other way is to combine the information gleaned from each
parameter into one image to display to the clinician [70, 71, 78,
82, 84], or use these combined features in a ML classification
algorithm [80]. Studies by Chan et al. and Morris et al. used a
linear combination of parameters to create a unified image,
with the weighting for this combination found using ML [70] or
an unconstrained minimization routine on a training subset
[71]. This then progressed to using a deep neural network to
directly combine the various parameters into a single
image [82].

These methods for combining parameters into a single image
still reside in the technical literature and have not yet made
their way into the clinical literature. However, an image which
combines information sources into one image (indirectly)
depicting how suspicious each pixel is of PCa would be very
useful for applications such as real‐time targeted biopsy guid-
ance. This concept is not completely novel to PCa imaging ei-
ther, as it is very similar to the cancer probability map based on
mpMRI findings which was introduced by Moradi et al. [89].

2.6 | Micro‐Ultrasound

MicroUS uses a 29MHz side‐fire probe to image the prostate, as
opposed to the usual 9–12MHz frequency used in urologic
ultrasound [90]. This increased frequency allows for imaging of
the peripheral zone of the prostate at a resolution of 70 µm,

FIGURE 1 | Various B‐mode and QUS images of a prostate from the same location. (A) B‐mode US image of a prostate; (B) Midband fit image of

a prostate; (C) 0MHz intercept image of the prostate. Image adapted with permission from [66]. [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 | Parameters used in recent mpUS studies.

Study Parameters used

Fulgham [76] B‐mode, Color Doppler

Mannaerts et al. [77] B‐mode, CEUS, Elastography

Morris et al. [78] B‐mode, Elastography

Pepe et al. [79] B‐mode, CEUS, Elastography

Morris et al. [70] B‐mode, Midband Fit,
Elastography

Chan et al. [71] B‐mode, Midband Fit,
Elastography

Wildeboer et al. [80] B‐mode, CEUS, Elastography

Liang et al. [81] B‐mode, Elastography

Chan et al. [82] B‐mode, Midband Fit,
Elastography

Jung et al. [83] B‐mode, Color Doppler, Power
Doppler

Chen et al. [84] CEUS, Elastography

Chan et al. [85] B‐mode, Midband Fit,
Elastography
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which is approximately the size of the ducts in the prostate [19].
This means that microUS can identify subtle variations in the
ductal structure caused by cancer which are not visible on
traditional ultrasound systems. An example of a microUS image
can be seen in Figure 2. A grading system for prostate lesions on
microUS, called Prostate Risk Identification using Micro‐
ultrasound (PRI‐MUS) has been developed, and it is analogous
to the PI‐RADS score used to interpret mpMRI [91]. A con-
siderable number of non‐randomized studies have been per-
formed comparing microUS to mpMRI for targeted prostate
biopsy, including a multicenter prospective analysis of 1040
patients [91] and two meta‐analyses [92, 93]. These all con-
cluded that microUS demonstrated equivalent performance to
mpMRI for prostate biopsy targeting. Another recent study
compared microUS to retrospectively and prospectively read
mpMRI, using whole mount histopathology as the ground
truth. They found that microUS outperformed both mpMRI
reading methods for index lesion identification [94]. An
ongoing RCT called Optimization of prostate biopsy ‐ Micro‐
Ultrasound versus MRI (OPTIMUM) [95] is the first prospective
and randomized trial in this domain. This study will compare
microUS‐guided biopsy with MRI/US fusion biopsy and MRI/
microUS “contour‐less” fusion biopsy, which is an image fusion
biopsy method where the prostate does not need to be seg-
mented in the MRI image before the procedure. Since several
high quality RCTs have demonstrated the clinical utility of
mpMRI in the diagnostic pathway of PCa, it will be critical to
have high quality RCT results to justify using microUS in the
place of mpMRI.

Rohrbach et al. implemented many of the QUS parameters
listed in Table 1 on a microUS scanner and found that the most
useful parameters of the ones they assessed were envelope
statistics using a Nakagami distribution, effective scatterer
diameter (ESD), and effective acoustic concentration (EAC)
[96]. However, we cannot reliably differentiate whether the
diagnostic performance primarily came from QUS or the
superior spatial resolution of microUS. There have also been
proof‐of‐concept efforts to implement elastography using

microUS, but these do not yet have data regarding their clinical
effectiveness [97, 98].

One trade‐off that is inherent to ultrasound imaging is that of
depth versus resolution. Imaging with a higher frequency (such
as in microUS) provides better resolution but cannot penetrate
as far into tissue which limits the usable depth of the image to
6 cm. The opposite is true for imaging at lower frequencies
(better penetration depth but worse image resolution). This has
led to microUS initially only being indicated to image the
peripheral zone of the prostate. However, a PRI‐MUS scoring
system for the anterior prostate has since been introduced and
undergone initial validation [99], adding to the previous anec-
dotal evidence suggesting the anterior and transition zones are
adequately visible with microUS [100].

2.7 | Photoacoustic Imaging

Another acoustic imaging modality closely related to conven-
tional ultrasound is PAI, where a repeating near‐infrared (NIR)
pulse is directed at the imaging target, which causes it to un-
dergo elastic expansion from local heating. This sends pressure
waves through the medium which can be detected with ultra-
sonic transducers and then reconstructed into images. The
optical irradiation of this system allows for better contrast
among different types of biological tissue than typical ultra-
sound imaging, while receiving ultrasonic signals overcomes
the short penetration depth and large degree of scattering which
are the typical shortfalls of purely optical‐based imaging [101].

Based on the optical scattering properties of the prostate, the
accepted penetration depth of prostate PAI is 3–5 cm [102], and
since the prostate sits deeper to the surface of the skin than this
[103] an internal illumination strategy is required. Although a
transrectal light delivery and ultrasound detection strategy is the
most convenient and least invasive, transurethral illumination with
transrectal ultrasound detection leads to better results because it
reduces the total distance that the energy must travel [101].

FIGURE 2 | An example microUS image, with red arrows indicating the primary lesion. [Color figure can be viewed at wileyonlinelibrary.com]
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PCa can be imaged using either endogenous or exogenous
contrast. Due to its good optical absorption, hemoglobin in red
blood cells is often used to identify cancer using PAI [104],
because of the angiogenesis present in cancerous tissue that has
been discussed previously. Dogra et al. imaged ex‐vivo prostate
specimens using multi‐spectral PAI (the wavelengths used were
760 nm, 850 nm, 930 nm and 970 nm), and differentiated
malignant and nonmalignant tissue with a sensitivity of 81.3%
and specificity of 96.2% [105]. Exogenous contrast agents such
as NIR dyes or gold nanoparticles, however, can enhance the
PAI signal and increase its utility in PCa [106–109].

Some PAI contrast agents specifically target receptors which are
commonly overexpressed in human PCa cells. Specifically,
these are gastrin‐releasing peptide receptor (GRPR) [110], and
PSMA [111]. GRPR is targeted using AA3G‐740, which was
developed by Levi et al., and is based on a fluorescent dye
(ATTO‐740) linked to the gastrin‐releasing peptide (GRP) [101].
The use of AA3G‐740 caused a nearly twofold increase in PAI
signals in mice in vivo [106]. PSMA, meanwhile, can be lever-
aged by attaching the IRDye800CW to agents which specifically
target PSMA [101].

Hardware developments in PAI include the development of a
transrectal probe which can be used for both transrectally‐
illuminated PAI and ultrasound imaging [112], images from
which can be seen in Figure 3. The probe was used in a study
that also employed indocyanine green (ICG) as a PAI contrast
agent, which is commonly used for fluorescence imaging in
applications such as neurovascular surgery [113] and ophthal-
mology [114].

3 | Conclusions

The global burden of PCa is significant, but considerable deficits
remain in our ability to screen for and diagnose this disease.
Imaging has shown a great deal of promise in addressing the
shortcomings of earlier screening and diagnosis methods by
visualizing the prostate and allowing for more effective target-
ing of suspicious lesions. Although good results are shown by
mpMRI, this modality is associated with a difficult learning
curve, high interobserver variability, reliance on potentially
inaccurate fusion technologies, high cost and poor access in

many communities, leading to many efforts to develop en-
hanced ultrasound techniques to detect PCa. The development
of novel ultrasound‐based imaging modalities such as elasto-
graphy, CEUS, PSMA‐NB, and QUS have added information
which increase the clinician's ability to identify cancerous
regions, and their combination in mpUS outperforms any single
modality alone. MicroUS has shown performance equivalent to
mpMRI for prostate biopsy targeting, which makes it a very
promising technology which should be further explored. Newer
developments in PAI are also very compelling and it remains an
active area of research. Overall, these ultrasound‐based meth-
ods show favorable results to detect PCa with performance
approaching that of mpMRI but in a more accessible manner.
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