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Purpose of review

Multiparametric magnetic resonance imaging (mpMRI) has fundamentally changed how intraprostatic
lesions are visualized, serving as a highly sensitive means for detecting clinically significant prostate cancer
(csPCa) via image-targeted biopsy. However, limitations associated with mpMRI have led to the
development of new imaging technologies with the goal of better characterizing intraprostatic disease
burden to more accurately guide treatment planning and surveillance for prostate cancer focal therapy.
Herein, we review several novel imaging modalities with an emphasis on clinical data reported within the

past two years.

Recent findings

7T MRI, artificial intelligence applied to mpMRI, positron emission tomography combined with either
computerized tomography or MRI, contrastenhanced ultrasound, and micro-ultrasound are novel imaging
modalities with the potential to further improve intraprostatic lesion localization for applications in focal
therapy for prostate cancer. Many of these technologies have demonstrated equivalent or favorable
diagnostic accuracy compared to contemporary mpMRI for identifying csPCa and some have even shown
improved capabilities to define lesion borders, to provide volumetric estimates of lesions, and to assess the
adequacy of focal ablation of planned treatment zones.

Summary

Novel imaging modalities with capabilities to better characterize intraprostatic lesions have the potential to
improve accuracy in treatment planning, realtime assessment of the ablation zone, and posttreatment
surveillance; however, many of these technologies require further validation to determine their clinical

utility.
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The diagnosis of prostate cancer has historically
relied on systematic transrectal ultrasound
(TRUS)-guided biopsy. However, without intra-pros-
tatic tumor imaging and targeted biopsies, the sub-
optimal sensitivity and specificity of TRUS-guided
prostate biopsy for cancer detection (typically
reported between 40 and 50%) created a paradigm
whereby clinically significant prostate cancer
(csPCa) was commonly underdiagnosed and insig-
nificant cancers were overdiagnosed and subse-
quently overtreated [1]. The recent widespread
adaption of multiparametric magnetic resonance
imaging (mpMRI) into the diagnostic pathway for
clinically localized prostate cancer has overcome the
limitations of conventional TRUS imaging. Indeed,
MRI-targeted biopsy has been shown to be superior
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to systematic TRUS-guided biopsy for the identifica-
tion of prostate cancer [2-6] and the addition of
mpMRI/US fusion-guided biopsy has further opti-
mized the detection of csPCa [7,8]. Further, using 3D
printed patient-specific molds of the prostate based
on preoperative mpMRI to facilitate one-to-one geo-
metric alignment on wholemount histopathology
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KEY POINTS

e Limitations associated with mpMRI have led to the
development of new imaging technologies with the
goal of better characterizing intraprostatic disease
burden to more accurately guide treatment planning
and surveillance for prostate cancer focal therapy.

e Compared to mpMRI, PSMA-targeted radiotracers
combined with computerized tomography or MR
imaging may improve index lesion detection, more
accurately estimate intraprostatic gross tumor volume,
and better predict the presence of adverse pathology.

e Using CEUS for realtime evaluation of tissue
microvasculature, focal therapists may be able to
infraoperatively determine the adequacy of ablation in
planned treatment zones and perform an immediate re-
treatment, as needed.

e Compared to mpMRI, microUS has demonstrated
similar diagnostic accuracy for detecting csPCa and
combining microUS-argeted biopsy to mpMRI-targeted
biopsy may add further diagnostic benefit.

following radical prostatectomy, prior work at our
institution has shown excellent (>98% positive pre-
dictive value) correlation for detection of prostate
cancer on mpMRI [9].

Despite significant improvements in intrapro-
static lesion visualization and a high sensitivity for
identifying csPCa, mpMRI is associated with several
limitations. Among these are variable performance
reports of the negative predictive value (NPV) of a
negative mpMRI for csPCa, which range between 84
and 98% [10,11,12%,13], and the realization that
csPCa may not be properly visualized or character-
ized on mpMRI. These so-called MRI ‘invisible’
lesions preclude their targeting at the time of biopsy
[10]. Additionally, some reports have suggested
mpMRI may underestimate tumor volume [14]. To
overcome these challenges, some urologists may
perform a saturation biopsy where > 20 cores are
obtained to ensure adequate gland sampling and
cancer detection; however, such techniques may be
associated with prolonged procedure times,
increased pain, and increased workflow for inter-
preting pathologists [15]. Despite its various
strengths and weaknesses, mpMRI remains the cur-
rently accepted gold standard imaging modality to
accurately characterize disease burden and deter-
mine whether a patient is a suitable candidate for
focal therapy. Recent reports have described several
novels and exciting imaging modalities with the
potential to further improve intraprostatic lesion
localization and optimize the delivery of focal ther-
apy for prostate cancer. A summary of the reported
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diagnostic accuracies for mpMRI and these novel
imaging modalities for the detection of csPCa is
provided in Table 1.

MAGNETIC RESONANCE IMAGING

Given the limitations associated with 1.5T and 3T
mpMRI for the prostate cancer detection, including
limited spatial resolution and image quality, 7T MRIis
currently being investigated as a means to improve
prostate cancer diagnosis. With more than twice the
magnetic field strength of 3T MRI, images generated
from 7T scanners demonstrate increased signal to
noise ratio compared to 3T MRI [16], resulting in
higher spatial resolution and improved anatomic
detail for prostate imaging [17]. 7T scanners may also
reduce imaging time, with reports of high quality T2W
images of the prostate at 3 mm slices obtained with an
average acquisition time of approximately one and a
half minutes [18]. Several recent studies have com-
pared ex vivo 7T MRI of fresh radical prostatectomy
specimens to the corresponding histopathology.
Durand et al. [19] imaged 15 fresh specimens and
reported the high-resolution images produced by 7T
scanners allowed for visualization of both histologi-
cally normal structures in the prostate, such as ducts,
blood vessels, and stroma, as well as malignant glands
and nests of tumor cells; moreover, postprocessing
ductograms further distinguished benign from malig-
nant glands. Likewise, Heidkamp et al. [20] performed
ex vivo 7T MRI on 12 radical prostatectomy specimens
and reported accurate localization of index lesions and
csPCa (Gleason score > 6) (Fig. 1). Although these early
reports show promise, 7T MRI has not yet been tested
in human subjects for prostate applications and its
utility in the setting of focal therapy for prostate cancer
is still to be determined.

Recent enthusiasm has been generated for the
application of artificial intelligence (Al), and more
specifically deep learning (DL), as a potential means
to improve the diagnostic performance of mpMRI
for the detection of prostate cancer. DL models rely
on algorithms that undergo training via the input of
‘ground truth’ data to develop multilayered, con-
nected networks that mimic human neuron archi-
tecture. Following training, these networks can
receive input "test’ data to generate predicted results
[21]. DL algorithms have the potential to enhance
scan quality, automate lesion or gland segmenta-
tion, and decrease inter-reader variability by radiol-
ogists [22,23].

DL has been applied to several aspects of pros-
tate MRI [24"]. In addition to the benefits mentioned
above, such algorithms have the potential to detect
lesions within the prostate and categorize them
according to prostate imaging reporting and data
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Table 1. Comparison of imaging modalities for identification of clinically significant prostate cancer

Modality Study csPCa Cutoff Sensitivity Specificity PPV NPV
mpMRI Ahmed et al. [2] >G 3+4 88 (84-91) 45 (39-51) 65 (60-69) 76 (69-82)
Drost ef al. [3] > G344 91 (83-95) 37 (29-46) 37 (35-39) 91 (86-94)
Sathianathen et al. [12%] > G 3+4 NR NR NR 91 (88-93)
mpMRI with DL Schelb et al. [27] > G 3+4, PIRADS 3 96 (80-100) 22 (10-39) NR NR
> G 3+4, PIRADS 4 88 (70-98) 50 (33-67) NR NR
Zhong et al. [30] >G3+4 63.6° 80.0° NR NR
68-Ga-PSMA PET/CT Donato et al. [37] > G 3+4, vs RP 90.1¢ Q7.4° NR NR
> G 3-+4, vs biopsy 94.9° 92.8° NR NR
Kuten et al. [42] >G3+4 85.7¢ 98.2¢ 96.8° 91.5¢
18-F-DCFPyL PET/CT Gaur et al. [41%] All cancer 90.9¢ NR NR NR
>G3+4 100° NR NR NR
Kuten et al. [42] >G3+4 100° 90.9° 87.5¢° 100¢
68-Ga-PSMA PET/MRI Eiber ef o, [44] Al cancer 76 (68-92) 97 (90-99) NR NR
Ferraro et al. [45] > G 4+3 or cancer 96° 81¢ 89¢ 93¢
core length > 6 mm
CEUS Jung et al. [50] Residual cancer 76° 81¢ 73¢ 83¢
following IRE®
Bacchetta et al. [51%] Residual > G 3+4 40 (12-74) 65 (43-84) 33 (16-5¢) 71 (59-82)
following HIFU
MicroUS Klotz et al. [54] >G3+4 94° 22¢ 44° 85¢

CEUS, contrastenhanced US; DL, deep learning; mpMRI, multiparametric magnetic resonance imaging; PET, positron emission tomography; PSMA, prostate-
specific membrane antigen.

Studies reporting sensitivity, specificity, PPV and NPV of different modalities for detecting csPCa with ground truth of histopathology unless otherwise specified.
Results are reported as percentage (95% Cl). NR: Not reported. RP: Radical prostatectomy.

“No 95% Cl reported.

bCompared to MRI as reference standard.

system (PI-RADS) classification [24"]. Several
recently developed DL algorithms have proven to

therapy [25-29]. Schelb et al. [27] developed a DL-
based Al algorithm with T2W and diffusion-

be capable of highly accurate index lesion detection
and tumor volume segmentation and could poten-
tially further optimize treatment planning for focal

weighted imaging sequences from 250 patients
who underwent 3T prostate MRI, with the histo-
pathologic results

of combined targeted and

(b)

FIGURE 1. (a) Ex vivo 7T MRI of a radical prostatectomy specimen demonstrating a lesion in the left transition zone of the
prostate (T) with low signal intensity on T2W sequence concerning for prostate cancer, as well as a BPH nodule (B) and the
urethra (U); (b) corresponding H&E stained histopathology slide at 100x magnification with pathologist’s annotation of a
prostate cancer lesion (T). Previously published in: Heidkamp et al. [20]. MRI, magnetic resonance imaging; BPH, benign
prostatic hyperplasia.
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systematic prostate biopsy serving as the ground
truth. In the test cohort, they report sensitivities
of 96% and 88%, as well as specificities of 22% and
50%, for PI-RADS > 3 and > 4, respectively, in
detecting csPCa (ISUP grade group (GG) > 2). Yoo
et al. [29] defined a training set of 271 patients who
underwent 3T prostate MRI with PI-RADS > 3
lesions with subsequent prostate biopsy for their
DL-based Al model. In the test set, the algorithm
demonstrated an AUC of 0.87 (95% CI 0.84 - 0.90)
at the slice level and 0.84 (95% CI 0.76-0.91) at the
patient level. Additionally, Zhong et al. [30] devel-
oped a DL-based Al model to both identify and
classify intraprostatic lesions as either insignificant
or clinically significant (PI-RADS > 4) based on 110
patients who underwent 3T mpMRI with corre-
sponding whole-mount histopathology available.
In the test set, the algorithm demonstrated an
AUC of 0.73 (95% CI 0.58 - 0.88) for classifying
PI-RADS > 4 lesions. Although Al algorithms show
great promise to detect suspicious lesions and char-
acterize the presence of csPCa, further refinement of
these models with larger and more diverse data sets
is required prior to clinical adaption.

POSITRON EMISSION TOMOGRAPHY

To overcome the shortcomings of mpMRI, there has
been growing interest in the use of positron emission
tomography (PET) imaging to better characterize
prostate cancer biology and the extent of intrapro-
static lesions for potential applications in focal ther-
apy treatment and postablation surveillance.
Previous investigations have reported the utility of
PET imaging for staging in the setting of localized,
high-risk disease, biochemical recurrence, or meta-
static prostate cancer; however, the clinical utility of
individual PET tracers varies widely. Although tracers
such as '®F-FDG (*®F-fluorodeoxyglucose), '®F-NaF,
"C-choline, and '®F-fluciclovine may be able to
identity locoregional or metastatic disease, they are
generally limited by either poor sensitivities or spe-
cificities for the initial detection of prostate cancer, as
well as an inability to accurately define the bound-
aries and volumes of intraprostatic lesions [31]. More
recent investigations have evaluated PET tracers tar-
geting prostate-specific membrane antigen (PSMA), a
transmembrane protein upregulated in most csPCa
[32], in the setting of localized, high-risk disease and
biochemical recurrence [33-36].

Several PSMA-targeting radiotracers, notably
®8Ga-PSMA-11, '8F-DCFPyL  ((25)-2-[[(15)-1-car-
boxy-5-[(6-(**F)fluoranylpyridine-3-carbonyl)ami-
no|pentyl]carbamoylamino]pentanedioic acid),
and '®F-PSMA-1007, are currently being evaluated
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for their ability to characterize intraprostatic
tumors. Donato et al. [37] recently compared
®8Ga-PSMA-11 PET/CT and mpMRI to histopathol-
ogy in 144 patients (prostate biopsy in all patients,
radical prostatectomy specimen in a subset). Despite
similar sensitivities for index lesion detection
between ©®®Ga-PSMA-11 PET/CT and mpMRI
(90.1% and 83.1%, respectively) and high concor-
dance rates (80.1% for index lesions, 67% for all
lesions), °®Ga-PSMA-11 PET/CT detected more
lesions than mpMRI (13.5% versus 4.3% for index
lesions, 18.2% versus 5.4% for all lesions, respec-
tively) and lesions missed by mpMRI were signifi-
cantly larger compared to lesions missed by *®Ga-
PSMA-11 PET/CT (1.66 cm® versus 0.72 cm?®). These
findings led the authors to conclude that ®®Ga-
PSMA-11 PET/CT offers improved index lesion
and secondary cancer detection, as well as superior
tumor localization compared to mpMRI. In another
recent study, Spohn et al. [38] determined intrapro-
static gross tumor volume (GTV) in 101 patients
who underwent mpMRI and °®Ga-PSMA-11 PET/
CT prior to radical prostatectomy for biopsy-proven
prostate cancer and determined °®Ga-PSMA-11 PET/
CT detected a significantly larger median GTV
(4.9mL versus 2.8 mL, respectively) and identified
significantly more bilateral lesions (71 versus 57,
respectively) compared to mpMRI. Additionally,
Roberts et al. [39%] recently reported that increasing
intraprostatic PSMA intensity on preoperative *®Ga-
PSMA-11 PET/CT was significantly associated with
higher Gleason score, presence of positive surgical
margin, and upgrading from biopsy on final pathol-
ogy. Most notably, PSMA intensity was significantly
higher for patients with GG3 or higher disease com-
pared to those with GG2 or lower disease on final
pathology (SUV ,,x 10.37 versus 6.6). Moreovet, for
patients with GG2 prostate cancer on biopsy, PSMA
intensity was the most significant predictor of pro-
gression-free survival following radical prostatec-
tomy (HR 5.48 for SUV,x > 8 versus SUVax <
8). Although these findings have the potential to
substantially aid in prognostication for patients
with GG2 prostate cancer considering active surveil-
lance, focal therapy, or radical whole gland therapy
as treatment options, further investigations are
needed to validate these results.

Due to a longer half-life and lower positron
energy, '°F-labeled agents may produce PET/CT
images of higher quality compared to those acquired
using ®®Ga-labeled agents [40]. Gaur et al. [41%]
investigated both "®F-DCFPyL PET/CT and mpMRI
in 26 patients with high-risk, localized prostate
cancer prior to targeted prostate biopsy and report
similar sensitivities (**F-DCFPyL 90.9% versus
mpMRI 86.4%) and tumor detection rates ('°F-
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FIGURE 2. 73-year-old male with a serum PSA of 4.74ng/ml. Axial T2W MRI shows a heterogeneous hypointense lesion in
the left apical-mid peripheral zone (arrow) (a), which shows diffusion restriction on ADC map (arrow) (b) and early
enhancement on DCE MRI (arrow) (c). 18F-DCFPyL PET/CT demonstrates focal tracer uptake within the left apical-mid
peripheral zone lesion (arrow) (d). TRUS/MRI fusion guided biopsy revealed Gleason 4+4 prostate cancer within this lesion
(e). MRI, magnetic resonance imaging; TRUS, transrectal ultrasound.

DCFPyL 80% versus mpMRI 88.4%) for both imag-
ing modalities (Fig. 2). Importantly, additional
parameters obtained from '|F-DCFPyL PET/CT,
including total lesion PSMA and PSMA-derived
tumor volume, were associated with increasing
biopsy GG and PSMA intensity was significantly
higher in malignant versus benign prostate tissue.
In another recent study, Kuten et al. [42] compared
8F.PSMA-1007 with “®Ga-PSMA-11 PET/CT in 16
patients prior to radical prostatectomy. Interest-
ingly, the authors report excellent concordance
between '®F-PSMA-1007 and °®*Ga-PSMA-11 for
detecting intraprostatic lesions (k: 0.871-1.0); how-
ever, in four cases '®*F-PSMA-1007 PET/CT identified
unique secondary lesions that were histologically
confirmed to be GG1 prostate cancer.
PSMA-targeted PET/MRIis a novel imaging modal-
ity that combines the excellent sensitivities and spe-
cificities for prostate cancer detection reported for
PSMA-targeted radiotracers with the enhanced ana-
tomical detail, soft tissue characterization, and spatial
resolution afforded by MR imaging of the prostate [43].
Eiber et al. [44] analyzed mpMRI, PET, and *®Ga-PSMA
HBED-CC PET/MRI in 53 patients and compared the
diagnostic capabilities of each imaging modality. Can-
cer was detected in 66%, 92%, and 98% of patients via
mpMRI, PET, and PET/MR]I, respectively, with PET and
PET/MRI both significantly more sensitive in detecting
prostate cancer than mpMRI. On an individual lesion
level, mpMRI, PET, and PET/MRI demonstrated sensi-
tivities of 58%, 64%, and 76%, and specificities of 82%,
94%, and 97%, respectively. Moreover, PET/MRI dem-
onstrated a significantly higher AUC for localization of
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prostate cancer compared to mpMRI (0.88 versus 0.73)
and PET (0.88 versus 0.83). More recently, Ferraro et al.
[45] performed °®Ga-PSMA-11 PET/MRI-guided tar-
geted prostate biopsy on 42 patients and report a
sensitivity of 96%, specificity of 81%, NPV of 93%,
positive predictive value (PPV) of 89%, and accuracy of
90% for the detection of csPCa at the patient-level
(defined as ISUP GG3 and/or cancer core length >
6 mm). Overall, PSMA-targeted PET/MRI represents a
highly accurate imaging modality to localize csPCa
and may have the potential to further optimize image-
guided diagnostic and therapeutic procedures. Further
studies are needed to validate these findings and define
the clinical utility of PSMA-targeted PET/MRI in the
setting of focal therapy.

ULTRASOUND

Systematic TRUS-guided biopsy has historically served
as the primary means for the diagnosis of prostate
cancer. Despite its accessibility and cost-efficiency,
TRUS-guided biopsy is associated with poor sensitivity
and specificity for prostate cancer detection [1]. Sev-
eral novel US imaging modalities have recently been
reported with the objective of maintaining the bene-
fits of US-based imaging while optimizing the diagno-
sis of csPCa. Contrast-enhanced US (CEUS) involves
administration of an intravenous ultrasound-enhanc-
ing agent, such as microbubbles of air or lipid, prior to
performing high-resolution US to visualize the micro-
vascular architecture and evaluate tissue perfusion of a
region of interest in real-time [46]. de Castro Abreu
et al. [47] produced one of the first reports of CEUS to
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monitor patients at 6 and 12 months following HIFU
hemiablation for prostate cancer. More recently,
Apfelbeck et al. [48] performed CEUS of planned treat-
ment zones prior to, immediately after, and at 24h
after HIFU hemi- or whole-gland ablation and
reported a decrease in visualized microbubbles, indic-
ative of reduced microcirculation, in the ablated area.
The same group later reported their experience using
CEUS at 3, 6, 9, and 12months following HIFU hemi-
or whole-gland ablation and observed no evidence of
microvascularization or perfusion within the treated
area in any of the images obtained during follow-up
[49]. Of note, the authors utilized CEUS/MRI fusion
imaging to ensure consistent monitoring of treatment
zones. Perioperative use of CEUS has also been evalu-
ated in patients undergoing irreversible electropora-
tion with a similar documented reduction in tumor
microcirculation following treatment and favorable
diagnostic accuracy compared to MRI (sensitivity
76%, specificity 81%, PPV 73%, and NPV 83%) [50].
Additionally, Bacchetta et al. [51™] performed focal
HIFU ablation on 32 patients with MR-visible, biopsy-
confirmed prostate cancer with intraoperative CEUS
at the conclusion of the procedure; if the initial abla-
tion was deemed inadequate, a second focal HIFU
ablation followed by repeat CEUS was performed.
Using posttreatment in-field biopsies as the gold stan-
dard, CEUS demonstrated a sensitivity of 40%, speci-
ficity of 65%, PPV of 33%, and NPV of 71% for the
detection of residual csPCa (GG2 or higher and/or
maximum cancer core length > 4 mm). Intraoperative
CEUS images were then compared to mpMRI obtained
5 to 10 days after treatment with an agreement rate of
72.7% (k: 0.45). CEUS appears to be a promising
technology with capabilities to assess the adequacy
of ablation of planned treatment zones in real-time.
Further evaluation of CEUS in a larger, more diverse
patient population using a variety of focal therapy
modalities and treatment templates is necessary to
validate this technology.

The ExactVu 29 MHz Micro-Ultrasound (MUS)
System (Exact Imaging, Ontario, Canada) is a novel
imaging modality that generates high-resolution (70
microns) images displaying detailed views of prostate
anatomy for improved visualization of intraprostatic
lesions in real-time [52%]. To better characterize the
underlying risk of csPCa in lesions identified on
microUS, the Prostate Risk Identification using
MUS (PRI-MUS) grading system was described and
validated in 2016 [53]. Multiple studies have since
been performed comparing the diagnostic accuracy
of microUS to mpMRI. A recent multicenter, prospec-
tive study from Klotz et al. [54] enrolled 1040 patients
who underwent microUS-targeted biopsy (for PRI-
MUS > 3 lesions) and mpMRI-targeted biopsy (for
PI-RADS > 3 lesions) followed by systematic biopsy.
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Compared to mpMRI, microUS demonstrated higher
sensitivity (94% versus 90%) and NPV (85% versus
77%) with similar specificity (both 22%) and PPV
(44% versus 43%) for the detection of csPCa (GG >
2). Sountoulides et al. [557] performed a systematic
review and meta-analysis of studies comparing the
diagnostic accuracy of microUS-targeted biopsy to
mpMRI-targeted biopsy and report a similar prostate
cancer detection rate across all grades (overall detec-
tion rate, as well as rates for clinically significant and
insignificant disease) for both imaging modalities.
The detection ratio for GG1 disease was 0.94 (95% CI
0.73-1.22, P=0) compared to 1.05 (95% CI 0.93-
1.19, 2 =0) for GG > 2 disease, whereas the overall
detection ratio for prostate cancer was 0.99 (95% CI
0.89-1.11, ?=0). Of note, recent studies have
reported the benefit of adding microUS-targeted
lesions to mpMRI-targeted lesions and systematic
biopsy. Rodriguez Socarras et al. [56] report the addi-
tion of microUS-targeted biopsy uniquely identified
11% of all diagnosed prostate cancers and all but one
of these cases represented csPCa. In a similar fashion,
Lughezzani et al. [S7] demonstrate the addition of
microUS-targeted lesions uniquely diagnosed 2.6%
of csPCa in their cohort. Given the benefit demon-
strated by adding microUS-targeted biopsy, combin-
ing this novel imaging modality with mpMRI may
serve to further optimize the detection of csPCa.
Further studies are warranted to determine the role
of microUS, alone or in combination with mpMRI, to
characterize intraprostatic lesions for diagnostic and
therapeutic procedures.

CONCLUSION

Each of these novel imaging modalities has emerged
as promising tools to enhance the focal therapist’s
ability to not only better localize and define the
boundaries of intraprostatic lesions for treatment
planning, but to also more accurately determine
the adequacy of ablation intraoperatively and in
posttreatment follow-up. In overcoming many of
the limitations associated with contemporary
mpMR], the continued validation of these imaging
modalities in diverse patient populations using a
variety of focal therapy modalities and treatment
templates will be essential for prostate cancer focal
therapy to realize its potential.
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