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Abstract
Rapid advances in diagnostic imaging have been developed in parallel with the
changes in the contemporary management of prostate cancer. Increasingly,
clinical management and decision making in prostate cancer are influenced by
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technologies such as magnetic resonance imaging-targeted prostate biopsies for
men with elevated PSA, imaging for active surveillance, and nuclear medicine
studies for men with advanced or recurrent prostate cancer. Furthermore, novel
imaging techniques have been developed such as hyperpolarized MRI, choline
and prostate-specific membrane antigen positron emission tomography that
exploit features like the unique metabolism in prostate cancer tissues, as well as
altered glycoprotein conformation. These technologies have allowed for the
identification of tiny foci of prostate cancer in men with early biochemical
recurrence, greatly surpassing the limitations of traditional morphological
imaging. With promising findings, studies are ongoing to uncover the clinical
application of these imaging modalities. Ultimately, several factors such as
cost-effectiveness and the overall reduction in disease mortality will dictate the
implementation of these imaging technologies in the future. This chapter
provides an overview on new and emerging prostate imaging techniques that can
be used in the diagnosis of primary cancer as well as the staging and detection of
metastatic disease.

Keywords
Prostate cancer � Imaging � Detection � Magnetic resonance imaging
Hyperpolarized MRI � PSMA � Choline-PET

1 Introduction

Prostate cancer is the most common malignancy in men in the USA, with an
estimated 161,000 new cases and 27,000 deaths expected in 2017 [1]. Recent
advances in translational research have allowed for the introduction of an array of
new imaging technologies aimed at improving the diagnostic accuracy of prostate
cancer detection. Several factors such as cost-effectiveness and the overall reduction
in disease mortality will ultimately dictate the implementation of these imaging
modalities in the future. This chapter provides a brief overview on new and
emerging prostate imaging techniques that can be used in the diagnosis of primary
cancer as well as the staging and detection of metastatic disease.

2 Multiparametric Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has become the cornerstone for imaging in
prostate cancer. Initially employed for disease staging, the use of MRI has
expanded to include primary tumor detection and treatment planning. Unlike tra-
ditional morphological imaging, multiparametric magnetic resonance imaging
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(mp-MRI) combines T2-weighted imaging with the functional sequences of
diffusion-weighted imaging (DWI) and dynamic contrast enhancement (DCE). The
incorporation of functional imaging has substantially improved the diagnostic
capabilities of MRI, not only in detecting prostate cancer but also in characterizing
disease aggressiveness. Currently, the most common form of evaluating mp-MRI is
through the Prostate Imaging Reporting and Data System (PIRADS) which was
updated with a second version in 2015 [2].

T2-Weighted Imaging

T2-weighted imaging (T2WI) is the staple of mp-MRI as it provides the best picture
of prostate gland anatomy. In mp-MRI protocols, T2 images are obtained in 3
planes, providing excellent zonal imaging that clearly illustrate the peripheral and
transition zones. In this phase, the peripheral zone demonstrates high signal
intensity (bright), opposite to the transition and central zones that demonstrate
lower signal intensity (dark). Prostate cancer is typically detected as an area of low
signal on T2WI, or dark areas, in contrast to the normal peripheral zone. The
high-quality resolution of T2WI makes it the most useful sequence in determining
aggressive features such as extra-capsular extension or seminal vesicle invasion.
However, the use of T2WI alone to diagnose prostate cancer is confounded by other
conditions, including prostatitis, post-biopsy changes, or radiation which can result
in anatomical changes that mimic cancer on T2WI.

Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) uses the differential movement of water in the
interstitial space as a method to reflect the architectural features of the prostate. The
apparent diffusion coefficient (ADC) is the quantitative measurement of the move-
ment of water in the interstitial space. Prostate cancer has high cell densities, therefore
restricting the diffusion of water compared to normal tissues and resulting in areas of
cancer demonstrating high signal (bright) with high b-value sequences, and low signal
(dark) on ADC map. DWI is an essential part of mp-MRI because it increases the
sensitivity of MRI and relates information about tumor aggressiveness [3]. Studies
have demonstrated that ADC values can be used to differentiate aggressive cancers
versus lower-grade cancer due to the highly restricted diffusion illustrated with higher
Gleason grades [4].

Dynamic Contrast Enhancement

Dynamic contrast enhancement (DCE) consists of imaging sequences obtained
before, during, and after the rapid infusion of gadolinium-based contrast material.
DCE imaging improves the sensitivity of MRI by detecting abnormal areas of
enhancement that are typical of prostate cancer. Conversely, specificity of DCE is
limited since abnormal enhancement can also result from benign conditions such as
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BPH and inflammation. The utility of DCE is heightened in diagnosing disease
recurrence after primary treatment of prostate cancer with radiation therapy.

Localized Disease

Primary disease detection

The evaluation of mp-MRI as an adjunctive tool to PSA is an important step toward
improving the detection of high-grade prostate cancer. With numerous studies on
the topic, there are conflicting reports on the fundamental role of MRI in men with
suspected prostate cancer prior to biopsy. In the most recent systematic review,
mp-MRI followed by targeted biopsy (TB) aided in the detection of 2–13% of
clinically significant cancers that were missed by conventional transrectal ultra-
sound (TRUS)-guided systematic biopsy [5]. However, the same publication also
highlighted that MRI TB missed 0–7% of clinically significant cancers that were
detected by systematic TRUS biopsy. Adding to the uncertainty, two systematic
reviews concluded that MRI-ultrasound TB increased the detection of clinically
significant cancer versus TRUS biopsy [6, 7], whereas another two systematic
reviews failed to identify any significant benefit to utilizing MRI and targeted
biopsy [8, 9]. Substantial heterogeneity in the definitions of clinically significant
cancer, variability of radiographer experience in interpreting mp-MRI, as well as
differing technical experience when performing targeted biopsies all hamper a clear
interpretation of the existing literature. Large prospective studies such as the
PROstate MRI Imaging Study (PROMIS) and the ongoing Goteborg Randomized
Screening Trial have shed light on the potential role of mp-MRI in biopsy naïve
men with suspected prostate cancer [10–12]. However, further evidence from
high-quality prospective studies is needed prior to the routine and widespread use of
mp-MRI in all men with elevated PSA prior to biopsy. With these limitations in
mind, there is consensus that in patients with suspected cancer and a history of a
negative prostate biopsy, mp-MRI is beneficial and should be considered prior to
repeat biopsy. MRI and targeted biopsies in this setting have resulted in improved
detection of clinically significant prostate cancer [5, 8, 9]. This position is supported
by the latest consensus statement from the American Urological Association and
Society of Abdominal Radiology [13].

Staging & Disease Characterization

The use of mp-MRI in the clinical staging and characterization of prostate cancer is
reported to be clinically useful, especially given its predilection for detecting
aggressive disease. In a prospective study of 183 men that underwent mp-MRI
before surgery, it was shown that the detection of prostate cancer on MRI was
significantly dependent upon tumor size and Gleason grade [14]. As tumor size
increased � 1 cm3 as did the ability to detect them on T2WI. Also, the detection of
cancer was significantly greater for lesions with Gleason grade � 7 in smaller foci
of disease [14]. The apparent diffusion coefficient (ADC) from diffusion-weighted
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imaging has also greatly improved the sensitivity of MRI. It has been shown that a
significant inverse correlation exists between lower ADC values and higher Glea-
son scores and that combining DWI to T2WI improves the overall characterization
of prostate cancer aggressiveness [15]. When combining all the features of multi-
parametric imaging together, MRI has excellent specificity in detecting adverse
pathological features of prostate cancer. In a large systematic review assessing the
diagnostic accuracy of MRI for local staging, it was found that MRI had a high
specificity for extra-capsular extension (ECE), seminal vesicle invasion (SVI), or
overall stage T3 disease: 0.91 (95% CI, 0.88–0.93), 0.96 (95% CI, 0.95–0.97), and
0.88 (95% CI, 0.85–0.91), respectively [16]. However, the imaging sensitivity to
detect microscopic extension was low: ECE 0.57 (95% CI 0.95–0.97), SVI 0.58
(95% CI, 0.47–0.68), and overall stage T3 0.61 (95% CI, 0.54–0.67).

Overall, multiparametric MRI is a established modality that improves the
detection of higher-grade prostate cancer and reduces misclassification in staging
and characterization of prostate cancer. Implementing mp-MRI in management of
men with prostate cancer must be approached cautiously being mindful of known
limitations. First, although the PIRADS system is a means for standardizing the
interpretation of mp-MRI, the assessment criteria is subjective and substantial
inter-reader variability can exist. Second, limitations in the sensitivity for MRI
detecting high-risk disease highlight the importance of not dismissing negative
studies, especially in the presence of other indicators of clinically significant cancer
such as elevated PSA or abnormal rectal examination. Additionally, the diagnostic
accuracy of MRI is impaired in men with post-biopsy inflammatory changes and
hemorrhage. Serious consideration should be given for delaying MRI for 3 months
following prostate biopsy to limit the impairment of potential inflammatory
changes.

Metastatic disease

The use of MRI in the assessment of metastatic prostate cancer is most studied in
disease metastases to bone. Technetium 99 (Tc-99) bone scans have historically
been regarded as the gold standard for evaluating the presence of metastatic disease
to the bone. The use of whole body mp-MRI (WBMRI) is emerging as viable
alternative to Tc-99 bone scans. With no radiation exposure and no need for
intravenous contrast agents, functional DWI sequences in addition to whole body
MRI are more sensitive to detecting metastatic lesions within bone and also
improve the detection of lymph node and soft tissue metastases. In one prospective
study of 100 patients with high-risk prostate cancer, WBMRI outperformed Tc-99
bone scans for detecting bony metastatic disease and performed as well as CT for
enlarged lymph node detection [17]. A meta-analysis of 27 studies also revealed
that WBMRI had a higher sensitivity for detecting bone metastasis than
choline-PET/CT and Tc-99 bone scans [18]. Overall, on per-patient analysis, MRI
had a pooled sensitivity and specificity of 97 and 95%, respectively.
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3 Hyperpolarized Magnetic Resonance Imaging

Hyperpolarized 13C MRI is a novel imaging technique that monitors the uptake and
metabolism of endogenous molecules in prostate cancer tissues. The application of
hyperpolarized 13C in cancer imaging relies on the Warburg hypothesis, where
malignant tissues can reprogram metabolic pathways resulting in increased gly-
colysis and shunting of pyruvate to lactate [19]. Pre-clinical models using trans-
genic adenocarcinoma of the mouse prostate (TRAMP) have demonstrated that
hyperpolarized 13C MRI can track the real-time dynamic conversion of
13C-pyruvate to 13C-lactate in mouse cancer tissues [20]. TRAMP studies have also
established that more aggressive and advanced cancers can be correlated with the
magnitude of 13C-lactate generation from 13C-pyruvate [21].

Hyperpolarized 13C MRI is performed through the use of commercially available
MRI scanners that are coupled with specialized pulse sequences and radiofrequency
coils [22]. Using magnetic fields, 13C-labeled compounds are hyperpolarized and
administered to patients as an intravenous injection, allowing for the real-time
detection of signals generated from the flux of hyperpolarized 13C-pyruvate to
lactate in prostate cancer tissues. The first human study of hyperpolarized MRI in
prostate cancer was conducted by Nelson et al., which verified the safety and
feasibility of this technology in 31 men with localized prostate cancer [22]. Similar
to pre-clinical evaluations, this study confirmed that signals from 13C-lactate
accurately distinguished the location and size of prostate cancer lesions from sur-
rounding non-cancerous tissues. Moreover, hyperpolarized MRI highlighted signals
from areas of tumor involvement that were not visible with mp-MRI.

By exploiting the altered metabolic properties of cancer cells, hyperpolarized
13C MRI represents the future in imaging technology. With the ability to project
high-quality images with signal intensities of greater than 50,000 fold at 3 T,
hyperpolarized MRI can dramatically enhance our current ability to stage prostate
cancer and detect early disease recurrence. Studies examining the clinical appli-
cation of this technology in prostate cancer are ongoing.

4 Choline Positron Emission Tomography

Choline-PET is a nuclear medicine imaging modality that utilizes 11C-choline or
18F-choline in order to generate 3D images produced from gamma ray emissions.
Choline is a substrate for the synthesis of phosphatidylcholine in the prostate cell
membrane. Its uptake in is upregulated in prostate cancer, making it a suitable
radiotracer for PET scans [23]. Radiolabeling using choline is favored over the
traditional fluorodeoxyglucose (FDG) radiotracer since FDG lacks specificity for
prostate cancer. Currently, 11C-choline-PET is approved for use by the FDA for the
detection of recurrent prostate cancer [24].
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Localized disease

There appears to be a limited role for 11C-choline-PET in the initial detection and
characterization of primary tumors. Two studies have highlighted the relatively
poor performance of choline-PET in this setting. Watanabe et al. compared the use
of choline-PET, FDG-PET, and mp-MRI in 43 patients suspected of having prostate
cancer prior to biopsy and surgery [25]. The sensitivity, specificity, and accuracy of
choline-PET detecting prostate cancer were 73, 59, and 67%, respectively, which
was significantly inferior to the performance of mp-MRI; 88% for all. In another
review of 26 men with biopsy proven prostate cancer that underwent radical
prostatectomy, the sensitivity, specificity, and accuracy of choline-PET were 55, 86,
and 67% respectively [26]. Based on evidence from the available literature, the role
of choline-PET in the initial detection and characterization of prostate cancer is
unclear and requires further study.

Metastatic Disease

Primary Staging

Similar to findings from initial disease detection, the use of choline-PET in primary
lymph node staging appears to be inadequate. A European study prospectively
evaluated 11C-choline-PET in 36 patients with prostate cancer prior to undergoing
prostatectomy and bilateral extended pelvic lymph node dissection. All patients had
negative preoperative CT scans and a nomogram-calculated risk of lymph node
metastasis between 10 and 35%. The performance of choline-PET in this setting
was poor, with a lymph node region-based sensitivity of only 9.4% and a
patient-based sensitivity of 18.8% [27]. Therefore, more evidence is needed before
choline-PET can be considered for routine primary lymph node staging.

Recurrent Disease

The detection of metastasis in patients with biochemical recurrence is well studied
using choline-PET imaging. In a recent systematic review, 22 articles were
indentified that evaluated recurrence of prostate cancer using choline-PET. Overall,
the detection rate was found to be greater than 80% if the median PSA was 2 ng/ml
or greater; however, choline-PET detection rates were less than 30% in men with
median PSAs less than 1 ng/ml [28]. This highlights the major pitfalls of
choline-PET imaging, its strong dependency on PSA levels. A meta-analysis of 14
articles examined the relationship between the detection rate of choline-PET and
PSA kinetics [29]. When restaging patients with prostate cancer, 11C-choline-PET
was found to have an overall pooled detection rate of 58%. However, this increased
to 65% when the PSA doubling time was less than 6 months; and to 71% and 77%
when PSA velocity was greater than 1 and 2 ng/ml/year, respectively.
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Overall, 11C-choline-PET can be a valuable tool in restaging patients with
recurrent prostate cancer. With accuracy linked to PSA levels, recommendations
have been made that 11C-choline-PET should only be used when PSA levels are
2 ng/ml or greater [30]. Given the findings from the existing literature, imple-
mentation of choline-PET may be restricted to restaging patients with higher PSA
values and short PSA doubling times.

5 Prostate-Specific Membrane Antigen

Prostate-specific membrane antigen (PSMA) is a type II transmembrane glyco-
protein with domains in the extracellular, transmembrane, and intracellular envi-
ronments [31]. The altered expression and transformation of PSMA in prostate
cancer has made it the target for imaging research aimed at enhancing prostate
cancer detection. In non-neoplastic tissues, PSMA is expressed in the apical region
surrounding the prostatic ducts, an area which is not amenable to ligand binding
[32–34]. In prostate cancer however, neoplastic transformation of prostate tissues
results in the transfer of the glycoprotein to the luminal surface of cells, making
PSMA a susceptible target for binding [35]. Expression of PSMA has been shown
to increase according to grade and stage of malignancy and also has been found in
androgen-independent disease as well as distant metastatic prostate cancer [36–38].
With these properties, PSMA provides an excellent target for isotope radiolabeling.

Developed in Heidelberg, Germany, the binding of PSMA with Gallium-68
(68Ga-PSMA) is currently the most popular form radiolabeling PSMA for PET
scans [39, 40]. The use of 68Ga has many potential advantages over other ligands; it
is rapidly cleared from the bloodstream and has a low background activity, gen-
erating high image quality [41]. Additionally, 68Ga demonstrates a high affinity to
inhibitors of PSMA, and on biding to prostate cells, internalization occurs and
radiotracer can be exhibited even in small areas of metastasis [39, 40].

Localized Disease

The nature of PSMA’s enhanced expression with aggressive disease precludes its
utility in low-risk prostate cancer. Additionally, it has been identified that
approximately 10% of primary cancers do not overexpress PSMA, theoretically
limiting its application in low grade prostate cancer [42, 43]. However, one
potential use for PSMA staging localized disease may be in the setting of patients
with suboptimal mp-MRI due to artifact resulting from post-biopsy inflammation
and hemorrhage or patients who have undergone partial gland ablation. There are
preliminary indications that the interpretation of the PSMA-PET is not impaired by
reactionary inflammation such as that demonstrated in MRI after prostate biopsy
[44]. However, due to the lack of clinical evidence at the time of this writing, the
routine use of PSMA-PET scans for the detection of localized disease cannot be
recommended at this time.
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Metastatic Disease

Primary staging of lymph node metastasis

A prospective study by Herlemann et al. evaluated the ability of
68Ga-PSMA-PET/CT to detect metastatic lymph nodes in a group of 20 patients
undergoing radical prostatectomy with intermediate and high-risk disease [45].
Additionally, 14 patients with biochemical recurrence were also included in the
study prior to undergoing secondary lymph node dissection. Accuracy of the
PSMA-PET and CT scans was analyzed separately relative to the lymph node
pathology. Overall, the sensitivity and specificity of PSMA-PET for the detection of
lymph node involvement were 84 and 82%, respectively, compared to 65 and 76%
for CT [45]. Another study by Maurer et al. [43] evaluated 130 patients with
intermediate- and high-risk disease that underwent staging with 68Ga-PSMA-PET
prior to radical prostatectomy. Nodal metastasis was present in 41 of 130 patients
(31.5%). On patient-based analysis, sensitivity and specificity of 65.9 and 98.9%,
respectively, were demonstrated for lymph node staging using PSMA-PET. This
was in comparison with CT and MRI that demonstrated a combined sensitivity of
43.9% and specificity of 85.4% [43].

Overall, preliminary evidence indicates that 68Ga-PSMA-PET outperforms tra-
ditional imaging (CT & MRI) in the staging of metastatic lymph nodes prior to
surgery. Although still lacking high-level evidence from clinical trials, PSMA may
improve preoperative staging, especially in patients with high-risk disease. Ulti-
mately, how this will impact overall disease recurrence and survival is still
unknown.

Recurrent Prostate Cancer

Advancements in treatments for patients with recurrent prostate cancer have stim-
ulated research in metabolic imaging and improving classification of patients with
biochemical recurrence. Preliminary data is emerging that shows promising results
for PSMA-PET in secondary staging. A pivotal study by Afshar-Oromeih et al. first
illustrated the statistically superior detection of metastatic lesions with
68Ga-PSMA-PET compared to 18F choline-based PET scans in 37 patients with
biochemical recurrence [46]. Comparably, another retrospective study of 66
patients selected for salvage lymphadenectomy compared the findings of
PSMA-PET against choline-PET using post-lymphadenectomy histology. PSMA
illustrated significantly better accuracy (92%) and higher negative predictive value
(97%) versus choline-PET, accuracy 83% and NPV 89% [47]. The use of sequential
imaging in another report of 125 patients with biochemical recurrence established
that PSMA scans after negative choline-PET increased the overall detection rate of
recurrent cancer by 11% [48]. A large summary of the diagnostic performance of
PSMA-PET was illustrated in a systematic review and meta-analysis of 16 studies
with 1309 patients. PSMA demonstrated an 86% overall sensitivity and specificity
on per-patient analysis [49]. The sensitivity and specificity for per lesion analysis

New Imaging Techniques in Prostate Cancer 9



were 80 and 97%, respectively. However, similar to choline-PET, PSMA demon-
strated a trend for increased positivity with higher PSA levels in patients with
biochemical recurrence. Pooled estimates for PSMA-PET positivity were highest
(95%) when PSA was greater than 2 ng/ml, but this dropped to 58% when PSA was
between 0.2 and 1 ng/ml [49]. Patients with PSA doubling times less than 6 months
were found to have a pooled PSMA positivity of 92%.

Overall, 68Ga-PSMA-PET has emerged as a promising imaging modality to
detect metastatic prostate cancer. Several limitations preclude the widespread use of
this technology at this point in time. First, well-designed prospective clinical studies
are still lacking. The impact of enhanced metastasis detection on overall survival is
not clear, especially in patients with very early stages of biochemical recurrence.
Second, the high costs and the requirement of onsite generators to obtain 68Ga will
likely limit the use of this technology to larger medical centers.

6 Conclusions

During the past two decades, the diagnosis and management of prostate cancer has
undergone significant advancements in which men are detected earlier with less
aggressive tumors due to PSA screening. Additionally, outcomes after radiation and
surgery have improved with the incorporation of robotic technology and targeted
radiation therapy. Advances in imaging have been developed in parallel with the
changes in management of prostate cancer, including MRI-targeted prostate biop-
sies for men with elevated PSA, imaging for active surveillance, and nuclear
medicine studies for men with advanced or recurrent prostate cancer. Several
studies are underway to establish the role of modalities described in this chapter for
routine use in clinical practice. Imaging is emerging as an important complement to
clinical and pathologic characteristics to classify which patients with prostate cancer
to treat and others to monitor more effectively.
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Abstract
Men diagnosed with low- to intermediate-risk, clinically localized prostate
cancer (PCa) often face a daunting and difficult decision with respect to
treatment: active surveillance (AS) or radical therapy. This decision is further
confounded by the fact that many of these men diagnosed, by an elevated PSA,
will have indolent disease and never require intervention. Radical treatments,
including radical prostatectomy and whole-gland radiation, offer greater
certainty for cancer control, but at the risk of significant urinary and/or sexual
morbidity. Conversely, AS preserves genitourinary function and quality of life in
exchange for burdensome surveillance and the psychological impact of living
with cancer.

Keywords
Focal therapy � Prostate cancer treatment � Biochemical recurrence
High-intensity focused ultrasound � Radiofrequency ablation � Photodynamic
therapy � Electroporation

16 J. S. Winoker et al.



1 Introduction

Men diagnosed with low- to intermediate-risk, clinically localized prostate cancer
(PCa) often face a daunting and difficult decision with respect to treatment: active
surveillance (AS) or radical therapy. This decision is further confounded by the fact
that many of these men diagnosed, by an elevated PSA, will have indolent disease
and never require intervention. Radical treatments, including radical prostatectomy
and whole-gland radiation, offer greater certainty for cancer control, but at the risk
of significant urinary and/or sexual morbidity [1, 2]. Conversely, AS preserves
genitourinary function and quality of life in exchange for burdensome surveillance
and the psychological impact of living with cancer [3, 4]. Current trends demon-
strate that more than 40–50% of men with low-risk disease initially opt for AS [5,
6]. However, approximately one-third of them will ultimately come off surveillance
because of disease upstaging, disease progression, or the psychological burden of
cancer [7]. Further, it has been shown that a significant percentage of men who meet
the criteria for AS at diagnosis, but elected to undergo radical prostatectomy, were
found to have higher risk disease [8].

Focal therapy (FT) has emerged as a middle ground to AS and radical therapy,
providing oncologic control for localized disease while mitigating the urinary and
sexual morbidity of more aggressive treatments [9]. By definition, FT encompasses
any targeted treatment modality that preserves part of the prostatic tissue, including
focal ablation and hemiablation patterns. Technological advancements in prostate
imaging are at the cornerstone of FT. The advent of multiparametric magnetic
resonance imaging (mpMRI) and the subsequent incorporation of fusion biopsy
platforms have significantly improved the pretreatment identification and charac-
terization of suspicious lesions as well as the diagnostic accuracy of biopsies. With
respect to detection of clinically significant (CS) PCa, mpMRI has a sensitivity of
44–87% with a negative predictive value of 63–98% for CS disease [10]. Siddiqui
et al. presented level 1 evidence that MR fusion biopsy outperforms standard
12-core biopsies for cancer detection [11]. In a phase III trial, MR fusion-guided
biopsy detected moderate or high-risk lesions at a rate of 72% and detected 87% of
lesions missed by standard 12 core biopsy [12]. Growing collective proficiency in
interpretation of mpMRI and targeted biopsies for PCa detection and staging have
naturally given way to a renascent interest in FT by application of these
technologies.

Widespread support for FT in PCa has been met with considerable resistance as
up to 80% of cancers feature multifocality, of which nearly 80% feature bilateral
foci of disease [13, 14]. However, radical prostatectomy morphometric studies have
shown that despite the multifocality and clonal heterogeneity of PCa, all lesions do
not harbor the potential for metastatic progression. Based on genomic analyses from
94 cancer sites in 30 men who had died from metastatic PCa, Liu and colleagues
demonstrated that most metastases originate from a single precursor cancer cell
[15]. Classically, clinically insignificant disease has been defined by lesions <0.5 cc
in volume without any grade 4 or 5 [13, 16]. Villers et al. found that 80% of
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incidental, secondary lesions had a volume less than 0.5 cc [16]. In a more recent
study, 96 prostate specimens from men who underwent cystoprostatectomy without
clinically manifested prostate cancer were examined. It was shown that of the 215
PCa foci identified, 88% were clinically insignificant with a volume less than 0.5 cc
and no grade 4 or 5 [14]. Taken together, these findings strongly support the
hypothesis that satellite, low-grade lesions are clinically insignificant and natural
history of disease is almost always driven by the largest, often highest grade tumor
focus—known as the “index lesion” [17, 18].

Growing reliability of mpMRI with targeted and mapping biopsies is critical for
the success of FT in appropriately selected patients. In addition to ruling out CS
lesions with high accuracy, it is equally important to reliably detect index lesions,

a Cryocare CS system and b adjustable Cryocare cryoprobe (used with permission of Endocare,
Inc., a wholly owned subsidiary of HealthTronics, Inc.). Endocare Cryocare machine and
adjustable cryoprobe (from Endocare of HealthTronics, Inc—http://www.radistribution.com/
index.php/products-videos/cryoablation-endocare); also Fig. 13.1 (a and b) on page 166 of
Interventional Urology, Springer, 2016
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determine their extent, and accurately target them. Currently, the ideal candidate for
FT is a matter of controversy. Karavitakis and colleagues defined criteria for focal
ablation as organ-confined disease Gleason � 3 + 4; in the case of multifocal
disease, secondary foci must be <0.5 cc in Gleason 6. On examining the
histopathological characteristics of the index lesion in 100 whole-mount radical
prostatectomy specimens, they found that 51% of men could have suitable for focal
therapy on the basis of these criteria. Further, they showed that Gleason score,
tumor volume, and the presence of extracapsular extension and/or seminal vesicle
invasion were invariably determined by the index lesion, while secondary lesions
were generally small and well differentiated [19]. The Prostate Cancer Randomized
Controlled Trial Consensus Group proposed inclusion criteria for a randomized trial
to best study men with CS localized PCa undergoing FT. Patients should have
localized disease (stage � cT2cN0M0), PSA < 15 ng/ml, and Gleason score of
4 + 3 or less. Less restrictive thresholds (PSA < 20 ng/ml, Gleason score up to
4 + 4, radiological stage � cT3aN0M0) were proposed and deemed clinically
acceptable, though not entirely supported by several of the more conservative
contributors [20]. More recently, an international consensus meeting of FT experts
agreed on a number of criteria to help guide patient eligibility in clinical practice
and for inclusion in future trials. There was strong agreement that FT was best
suited for patients with a life expectancy of greater than 10 years, good perfor-
mance status, and Gleason 3 + 3 or 3 + 4 disease. Moreover, FT is acceptable in
patients with multifocal disease leaving small, secondary lesions � 5 mm of
Gleason 3 + 3 untreated [21].

2 Cryotherapy

2.1 History

Cryotherapy is one of the most researched technologies for focal ablation of
prostate cancer. The analgesia and anti-inflammatory properties of cold have been
known for thousands of years, dating back to the Ancient Egyptians and Hip-
pocrates. The first reported use of extreme cold for therapeutic tissue destruction
was in the mid-nineteenth century. James Arnott used a salt-ice solution to freeze
and reduce tumor size for palliation of pain associated with cancers of the breast
and cervix [22]. Over the next 100 years, advancements in knowledge and tech-
nology fueled the development and growth of the field now known as cryotherapy.
Major advances included the development of liquid nitrogen-cooled probes and
temperature probes allowing for simultaneous measurement of surrounding tissue
temperatures [23, 24]. The first experience of cryotherapy of the prostate was the
transurethral treatment of benign prostatic hyperplasia [25]. This was shortly fol-
lowed by both open perineal and transperineal cryoablation of prostate cancer tissue
in the 1970s [26, 27]. Modern cryotherapy has been particularly influenced by more
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recent advances, including the use of thinner cryoprobes, multiple probes, argon gas
and helium gas for freezing and thawing of tissue, respectively [28], and real-time
transrectal ultrasound (TRUS) to monitor depth and shape of ice ball formation
[29].

2.2 Technical Aspects

Cryotherapy (cryo) relies on extreme cold temperatures to induce cellular
destruction through direct and indirect mechanisms. Rapid freezing and thawing of
the targeted tissue creates a “cryolesion,” noted by central necrosis and reactionary
peripheral edema [30]. On a cellular level, freezing of water in the extracellular
space leads to intracellular dehydration and osmotic stress. Meanwhile, rapid
intracellular ice crystal formation produces shearing forces that disrupt cellular
membranes, organelles, and cytoskeleton structures resulting in direct cell lysis.
Microvascular damage has also been shown to indirectly contribute to tissue
ablation. Freezing and subsequent thawing of tissues contributes to vascular
hyperpermeability, edema, and ischemia by direct endothelial injury and stimula-
tion of inflammatory cytokines. Subsequent reperfusion injury and oxidative stress
from toxic-free radicals denatures cellular proteins and damages cell membranes
[31]. Finally, persistent non-necrotic cells on the periphery of the cryolesion may be
induced to undergo apoptosis, though the mechanism is not well understood [32].

The procedure is performed in the extended dorsal lithotomy position under
anesthesia. Using ultrasound guidance, hollow cryoprobe needles are stereotacti-
cally inserted into the target prostate lesion transperineally. Argon and helium gases
are then circulated through the cryoprobes allowing for freezing and thawing of the
tissue, respectively. Control of ice ball formation relies on the Joule–Thomson
effect, in which high-pressure gases undergo rapid, adiabatic expansion when
flowing through a narrow, high-resistance system [33]. At the terminal tip of the
needle within the target tissue, rapid expansion of the inflowing gas results in
temperature change—decreased temperature for argon and increased for helium.
Argon rapidly cools the cryoprobe tip to −187 °C for the freezing phase and then is
rapidly exchanged with helium at 67 °C for an active thawing phase [34]. Two
freeze-thaw cycles with separate ice ball formations are performed, as initially
described by Onik and colleagues [29]. During the freezing phase, temperature
probes monitor surrounding tissues for collateral damage and a urethral warming
catheter protects the urethra from injury and concomitant complications.

2.3 Data

Prior to examining existing data on prostate cryotherapy, it is important to
acknowledge the inherent limitations of their interpretation. The majority of studies
are retrospective in design and reflect single-institution experiences. There is also
notable diversity in the clinical experience with prostate cryoablation, including
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whole-gland primary therapy, primary focal therapy, and post-radiation salvage
therapy. Moreover, much of the contemporary data available is based on now
outdated technology, including liquid nitrogen-based systems, which lacked the
refinement and control of more modern argon/helium devices. Further, a lack of
standardized outcome variables obscures the ability to draw concrete conclusions.
There is currently no consensus definition of PSA failure following prostate
cryotherapy. Many authors report biochemical recurrence (BCR) rates according to
ASTRO or Phoenix criteria, both of which have been adapted from their intended
use in post-radiation therapy monitoring and have not been formally studied in
cryotherapy patients.

Cancer control outcomes may be further muddled by misinterpreting disease
recurrence from missed treatment for cancer that was missed at the time of diag-
nosis. In a small prospective series of 25 patients undergoing cryosurgical hemi-
ablation, Lambert et al. noted a 12% rate of BCR (defined as >50% PSA nadir
reduction) after median follow-up of 28 months. Seven patients with suspicion for
recurrence underwent repeat biopsy, of whom 3 had a positive rebiopsy. However,
only one of these patients had evidence of recurrence on the ipsilateral side of
cryoablation [35]. Truesdale and colleagues demonstrated a BCR of 27% (based on
Phoenix criteria) with a 46% rate of biopsy-proven recurrence on repeat biopsy. Of
note, the vast majority of these “recurrences” were found in the untreated con-
tralateral lobe, raising suspicion for missed disease at initial diagnosis, as opposed
to true recurrence from treatment failure [36].

Schematic illustration of HIFU. Transrectal probe emits high-intensity ultrasound waves that are
focused on the target prostate lesion. HIFU illustration (from Ablatherm, EDAP TMS)
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Since its inception, the Cryo On-Line Data (COLD) Registry has served as the
largest prospectively maintained treatment registry for patients undergoing prostate
cryotherapy. In the most recent update of registry data, it was shown that the use of
primary focal cryoablation for PCa has dramatically risen since 1999. Ward and
Jones went on to report that biochemical recurrence-free rate (based on ASTRO
criteria) was 75.7% at 2 years post-treatment. Among those treated with suspicion
for recurrence, 14.0% underwent a biopsy. Twenty-six percent of these biopsied
men had evidence of recurrence, though this only represents 3.7% of the entire
primary focal cryo cohort. With respect to morbidity, rectourethral fistulas were
exceedingly rare, reported in just 1 of 1160 patients. Urinary incontinence and
prolonged urinary retention (>30 days) both occurred infrequently, seen in 1.6 and
1.1% of patients, respectively. New onset erectile dysfunction (ED) was docu-
mented in *40% of men treated. Of note, the incidences of all morbidities were
considerably lower in the primary focal cryotherapy cohort as compared to those
who underwent primary whole-gland or salvage cryotherapy [37].

Multiple prospective trials exist that evaluate the oncological efficacy and safety
of primary whole-gland cryotherapy for more than 10 years of follow-up. Unfor-
tunately, outcomes for men undergoing primary focal therapy are scarce and less

Ablatherm (R) HIFU device. Ablatherm machine (from EDAP TMS—http://www.edap-tms.com/
en/products-services/prostate-cancer/ablatherm-hifu)
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robust, with shorter follow-ups, great variability in “focal” treatment template, and
limited to participants with unilateral disease. Still, intermediate-term outcomes
suggest good oncological control with minimal collateral damage in appropriately
selected patients. Onik and colleagues reported on 48 men who received focal
cryoablation with contralateral nerve sparing and at least 2 years follow-up (mean
4.5 years). The 24 patients with stable PSA (per ASTRO criteria) remained free of
recurrence as demonstrated by negative routine follow-up biopsies. Of note, 4 of 6
men with a rising PSA had a positive biopsy. All 48 men remained continent and
90% (36/40) of men with preoperative potency were satisfied with their erectile
function following treatment [38].

2.4 Summary

While it remains investigational, focal cryotherapy for localized prostate cancer
appears to be a safe treatment with short- to medium-term oncological efficacy.
Additionally, it appears to offer good preservation of urinary and sexual function in
appropriately selected patients.

3 High-Intensity Focused Ultrasound (HIFU)

3.1 History

The origins of modern ultrasonography date back to 1880 with the discovery of the
piezoelectric effect by Pierre and Jacques Curie. It wasn’t until 1917, near the end of
the First World War, that Langevin and colleagues used the piezoelectric properties
of a quartz crystal to develop a sonar transducer in an attempt to detect enemy
submarines [39]. The initial reports of high-intensity focused ultrasound (HIFU) for
therapeutic medical purposes came in 1942 [40], but clinical applications HIFU in
humans did not appear until William and Francis Fry investigated US for the
treatment of neurologic disorders in 1960 [41]. Over the next 30 years, the field
expanded with studies testing the use of HIFU for the treatment of Parkinson disease,
brain tumors, and a number of ophthalmologic maladies, among others [42–44]. It
wasn’t until the 1990s that HIFU made its appearance in urology. Since that time,
multiple investigations have been undertaken to examine its efficacy in benign
prostatic hypertrophy (BPH) and later prostate cancer [45–49]. In 2015, the United
States Food and Drug Administration (FDA) awarded HIFU approval for “prostate
tissue ablation,” though it did not specifically mention prostate cancer [50]. Similar
to other FT modalities, HIFU did not gain major promise for clinical use until the
recent advent of modern, advanced imaging modalities, such as mpMRI.
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3.2 Technical Aspects

HIFU utilizes this principle of focused US waves to induce coagulative necrosis of a
targeted tissue through two mechanisms: thermal damage and acoustic cavitation.
As ultrasound (US) waves propagate through tissue, fluctuations in pressure lead to
microscopic shearing motion and deposition of frictional energy in the form of heat.

Sonablate (R) HIFU device. Sonablate machine (from SonaCare Medical, Charlotte, NC—http://
www.sonacaremedical.com/)
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At lower intensities, the thermal and mechanical energy generated by US waves is
insignificant. However, when focused on a single point at increased intensities, the
energy produced at that point can cause tissue destruction. Specifically, an US
transducer containing an acoustic lens creates a HIFU beam by concentrating
multiple US waves on single convergence point. At this focal point, known as the
elementary lesion (EL), the amount of thermal energy and heat generated is capable
of inducing cellular damage via protein denaturation, vaporization, and apoptosis.
Immediately outside the EL, the energy sharply drops thereby protecting sur-
rounding tissues from incidental injury. At very high HIFU beam intensities
(>3500 W/cm3), cavitation phenomena can occur. Microbubbles of water vapor
rapidly form due to extremely low static pressure within the sonicated tissue. These
bubbles subsequently collapse and emit forceful pressure shocks that mechanically
damage tissue and enhance ablation [51, 52].

The procedure is typically performed under spinal or general anesthesia with the
patient lying in the right lateral recumbent position and knees brought up to the
chest. Patients receive a pre-procedural enema and antibiotic prophylaxis. Insertion
of a urinary catheter facilitates identification of the bladder neck on US. A trans-
ducer with a protective, active cooling mechanism is inserted into the rectum. The
cooling system of circulated cool water also helps to minimize acoustic interference
of the rectal wall. In general, size of the ablated lesion is dependent on the acoustic
intensity, duration of exposure, on/off ratio, and the distance between ELs [51].
Lesions can be seen as hyperechoic areas on diagnostic US; however, MRI is the
gold-standard modality for measuring the true extent of ablation and determining
the efficacy of treatment.

Currently, there are two available devices on the market for prostate HIFU.
Ablatherm® (EDAP-TMS SA, Vaulx en Velin, France) features two separate
transducers, one for imaging (7.5 Hz) and the other for ablation (3 Hz), with a
maximum focal point of 45 mm from the transducer. The system includes a
treatment table, integrated imaging system for US-scanned reconstruction of the

a T2-weighted image demonstrating a left peripheral zone lesion. b T2-weighted image following
focal HIFU to the left posterior quadrant. page 146 (Chap. 10)—Fig. 10.4 of Interventional
Urology, Springer, 2016
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gland, external motion sensor, and inbuilt controls that correct or stop treatment
based on probe distance from the rectal wall and patient movement. Collectively,
the device allows the physician to safely perform and monitor ablation with
real-time imaging and automatic safety mechanisms. Treatment pulses last 4–5 s,
followed by an interval of 47 s to allow for tissue cooling [53].

The Sonablate® device (SonaCare Medical, Charlotte, NC, USA) consists of a
console, a flat screen monitor, and two 4 MHz transducers, mounted back-to-back,
operating at focal distances of 4.5, 4, or 3 cm. Each transducer features a central
part that is used for real-time US imaging and a peripheral part used for treatment.
Each pulse generally lasts for 3 s, followed by a 6-s gap for tissue cooling. The
power intensity of each pulse is guided by the real-time US changes seen within the
targeted area. Treatment is executed over two or three separate blocks. The anterior
part of the gland is treated first, followed by the mid-zone and posterior part. The
posterior gland is always treated using a focal length of 3 cm at lower energy levels
to prevent rectal injury. Rectal cooling is achieved by pumping chilled degassed
water through the endorectal probe [54].

Ideally, HIFU should not be performed in glands greater than 40 cc or in the
presence of significant calcifications, which may interfere with HIFU wave trans-
mission. Pre-procedural transurethral resection of prostate (TURP) prior to HIFU
has been used for gland downsizing to improve treatment efficacy and reduce
postoperative obstructive symptoms. This technique is particularly beneficial for
decreasing the distance from anterior lesions, which can be technically difficult to
reach [52].

3.3 Data

While early and intermediate results in terms of efficacy and safety have been
promising, long-term outcomes are lacking. Moreover, the majority of investiga-
tions have tested HIFU as a whole-gland therapy and the limited contemporary data
on focal therapy is largely based on investigations of hemiablation strategies for
unilateral PCa.

In comparison with 70 patients undergoing whole-gland therapy, Muto et al.
reported the results of 29 men with unilateral disease who underwent focal hemi-
ablation HIFU with the Sonablate® 500 system. They noted comparable oncolog-
ical and functional outcomes between the whole-gland and focal therapy at
12-month follow-up. Overall, 81.6% of men had a negative biopsy at 1 year. The
2-year disease-free survival (DFS) rates, stratified by low- and intermediate-risk
disease, were similar as well. There was no significant difference in urinary mor-
bidity [55]. El Fegoun and colleagues reported on 12 patients with Gleason
� 3 + 4, localized, unilateral PCa who underwent hemiablation HIFU using the
Ablatherm® device with 10-year median follow-up. Recurrence-free survival at 5
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and 10 years was 90 and 38%, respectively. There were no cases of metastasis,
although 5 patients underwent salvage therapy (4 with hormonal therapy and 1 with
salvage HIFU). There was one case of urinary retention [56]. A phase I/II trial of 20
patients with unilateral disease reported by Ahmed et al. showed that 89% of
participants had no histological evidence of ipsilateral disease and none had evi-
dence of CS PCa (Gleason � 7 and/or high volume disease) at 6-month follow-up.
One year post-treatment, nearly 90% were pad-free, leak-free, and had erections
sufficient for intercourse [57].

In the largest known series of truly focal therapy, Ahmed et al. performed focal
HIFU on MRI-visible index lesions in 56 men of varying PCa risk level. The
majority of patients had multifocal, bilateral disease, and 83.9% (47/56) had
intermediate-risk cancer by NCCN categorization. At 12-month follow-up, 85.7%
(48/56) men had histological or radiographic absence of PCa (biopsy and/or
mpMRI) and 80.8% (42/52) had no histological evidence of CS disease. Of note,
two (3.6%) patients had recurrence of CS disease, based on the presence of lesions
in untreated areas not detected at baseline. Among those men with leak-free and
pad-free continence with erections sufficient for penetration at baseline, 82.5%
(33/40) had no significant change in their urinary or sexual function at 12 months
post-ablation. This represents the largest series to date to demonstrate promising
short-term outcomes of truly focal ablation of index lesions with HIFU with respect
to oncological efficacy and safety [58].

3.4 Summary

The therapeutic potential for HIFU in the treatment of PCa has been known since
the 1990s. Major advancements in imaging and US technology have allowed for
investigations into the application of HIFU for focal therapy—initially hemiabla-
tion, and more recently targeted ablation of CS index lesions. The noninvasive
nature of treatment and absence of ionizing radiation are apparent advantages
compared to FT options. Ablation causes immediate necrosis with sharply
demarcated boundaries on imaging, and there is no lifetime dose limit to preclude a
patient from repeat sessions in the event of previous HIFU treatment failure.
Therapy is, however, initially limited to smaller prostates (<40 mL) and can be
technically challenging for anterior-located lesions. Though contemporary results
are limited by few studies with small cohorts, variability in technique, and
short-term follow-up, there is growing recognition of the potential of HIFU for FT
of localized PCa. Widespread use hinges on the maturation of existing studies and
better standardization of treatment and outcomes reporting to increase confidence in
the long-term cancer control and patient safety of this treatment.
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4 Focal Laser Ablation (FLA)

4.1 History

The first description of laser ablation was by Bown in 1983. Using a 400-um glass
fiber and a neodymium:yttrium-aluminum-garnet (Nd:YAG) laser system, he
treated a metastatic skin lesion by necrosis of the target area [59]. Subsequent
applications of FLA for tumors have included metastatic liver lesions [60] and
inoperable hepatocellular carcinoma [61]. FLA for PCa treatment was first reported

MRI images obtained before (top left) and after (top right) FLA with the tip of the laser fiber (red
arrow) visualized within the target lesion. Destruction mapping (bottom left) and real-time
thermometry (bottom right) of laser ablation. page 157 (Chap. 11)—Fig. 11.1 of Interventional
Urology, Springer, 2016
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by Sander and Beisland in 1984. The authors cystoscopically treated PCa lesions
with a Nd:YAG beam transmitted down a flexible quartz fiber [62].

Further investigation into FLA for PCa began to gain significant traction in the
early 1990s [63, 64]. However, the technique was limited by the ability to accu-
rately localize lesions, calculate appropriate dosimetry, and follow up treatment.
Initially, treatment localization and monitoring relied on TRUS and
contrast-enhanced ultrasonography (CEUS), respectively. Reduction in perfusion of
the target region secondary to the ablation process could be detected by signal loss
on CEUS [65]. More recently, in-bore MRI reconstruction and thermometry has
improved the precision of laser localization and estimation of the extent of tissue
ablation.

Other known names for this technology include laser interstitial tumor therapy,
laser interstitial photocoagulation, and photothermal therapy.

4.2 Technical Aspects

FLA involves the thermal destruction of targeted prostate tissue by conversion of
laser energy to heat. Rapid focal absorption of heat causes a rise in temperature to
greater than 60 °C, inducing instantaneous protein denaturation and irreversible
tissue damage by coagulative necrosis [66]. Thermal damage can also be achieved
at lower temperatures, between 42 and 60 °C, though longer heating periods
required to ensure lethality [67]. Further, there exists some evidence that laser
energy may penetrate tumor cells more effectively than normal tissue allowing for
larger and more selective tumor ablation [68]. The extent of the thermal ablation is
determined by both the optical and thermal properties of the tissue, as well as the
parameters of the laser—wavelength, power, and density. The optical and thermal
properties of the tissue are based on its structure, water content, and vascularity.
The prostate, in particular, is well suited for FLA due to its optical absorption rate
and relatively low vascularity, which allow for accurate photothermal coagulation
[69]. However, it is important to note that the laser energy does provide a
homogenous zone of tissue ablation resulting in variability between the intended
and actual areas of ablation. This is due in part to changes in the thermal con-
ductivity of the tissue with rising temperatures, as well as potential charring of
near-field tissue that can limit the penetration of photons. Limitations in thermal
necrosis prediction are also related to the use of cooled applicators that prevent
tissue charring or photovaporization during the heating phase [70].

The procedure is performed through either transperineal or transrectal placement
of a laser fiber into the targeted lesion under real-time MRI. While the 1064-nm Nd:
YAG laser has been classically used for PCa ablation, more portable and
cost-effective diode lasers (800–980 nm) with greater potential power output have
gained popularity [71]. On laser activation, an ellipsoid zone of ablation is created
over several minutes, the size of which can be adjusted by manual advancement or
retraction of the fiber [72, 73].
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Accurate target ablation relies on real-time, three-dimensional MRI reconstruc-
tion and thermometry. In canine prostate models, Stafford and colleagues demon-
strated that they could accurately position laser energy to a target site within a mean
±SD of 1.1 ± 0.7 mm with real-time, three-dimensional (3D) MRI. They also
showed that the area of ablation seen post-contrast imaging correlated well with
thermal damage predicted on MRI [74]. A number of other studies have further
supported the accuracy of real-time MR thermometry in predicting the region of
tissue destruction while minimizing collateral damage to surrounding tissue and
neurovascular structures [75, 76].

4.3 Data

Similar to other FT modalities, data on treatment outcomes for FLA are limited.
Currently, most information is based on several small non-randomized phase I
studies with short-term follow-up.

The first reported case of FLA for treatment of PCa was by Amin and colleagues
in 1993. The authors [63] achieved local disease control following failed EBRT
with two attempts of FLA. Treatment was confirmed by demonstration of a
non-enhancing, avascular region in the treatment region on follow-up CT, as well as
confirmation of necrosis without residual disease on follow-up biopsies from the
ablated area. The procedure was well tolerated, and there were no significant
treatment-related complications reported.

In 2009, Lindner and colleagues reported on one of the first phase I studies to
assess the feasibility and safety of CEUS-guided FLA. The study examined 12 men
with biopsy-proven low-risk PCa (T1c or T2a, PSA < 10 ng/mL; Gleason score
� 6; only 1 of 12 cores exhibiting <30% cancer following TRUS-guided biopsy).
The target zone of ablation was determined by mpMRI and subsequently fused with
3D-US imaging for laser guidance. The photothermal effect was monitored with
CEUS, and temperature probes were used to monitor temperatures at the target
borders and in surrounding tissues. The median treatment volume was 2.2 cm3,
based on post-FLA MRI. At 3- to 6-month follow-up, 6 patients (50%) were
tumor-free on TRUS-guided 10 core biopsies and 2 targeted lesion biopsies. Two
men (16.7%) had tumor on the untreated, contralateral side, and four men (33.3%)
had residual disease in the targeted areas. Of these four, two were found to have
minimal disease while the other two had >50% Gleason 6 PCa in two cores. In total,
67% were tumor-free in the zone of ablation and 50% were completely disease free.
With respect to safety, adverse events were mild, including perineal discomfort
(2/12), mild hematuria (2/12), hematospermia (2/12), and fatigue (1/12). There were
no changes in mean urinary and sexual function scores up to 6 months postoper-
atively [77]. In a subsequent study, the same group also showed that the
MRI-calculated ablated volume correlated well with the volume of necrosis seen on
whole-mount radical prostatectomy histology (n = 4). These findings suggest that
post-treatment MRI can be a useful modality for determining the extent of ablation
[78].
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Raz and colleagues later studied the use of real-time MRI guidance for FLA in
two patients. Their experience highlighted many of the advantages now known of
MRI guidance of FT. These include enhanced visualization of the target lesion,
accurate guidance of laser fiber insertion, improved real-time control of the ablation
zone and monitoring of surrounding tissues, and immediate confirmation of treat-
ment by evidence of devascularization of the lesion on contrast-enhanced MRI [79].

Another phase I trial by Oto and colleagues sought to evaluate the oncologic
efficacy and safety profile of MRI-guided FLA in 9 men with low-risk PCa. Eli-
gibility criteria of participants included clinical stage T1c–T2a, PSA < 10 ng/ml,
Gleason � 7, 3 or fewer cores with cancer on minimum 12-core biopsy, no single
biopsy with >50% tumor involvement, and a suspicious lesion visible on MRI
corresponding to the biopsy site. At 6-month follow-up, MRI-guided biopsies of
ablated areas revealed benign tissue in seven of nine patients (78%) and Gleason 6
cancer in the remaining two patients (22%). Retrospective review of the ablation
images showed that the target lesion site was not completely covered by the zone of
ablation for the two men with residual disease on follow-up biopsy. There were no
statistically significant changes from baseline in urinary or sexual function at
6 months post-ablation, and no major complications or serious adverse events were
reported [80].

Currently, there are a number of phase II clinical trials underway to further
investigate the oncologic efficacy of FLA for localized PCa.

Trod Medical’s Encage (TM) radiofrequency ablation device. Encage (TM) device (from Trod
Medical US, LLC, St. Petersburg, FL—http://www.trodmedical.com/)
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4.4 Summary

Like many other FT treatments, outcomes data for FLA are in their infancy and
long-term demonstration of oncologic control and safety are needed. Despite these
limitations, FLA appears a promising energy modality for FT of organ-confined
prostate cancer. Advantages of the technology include the wide availability of
lasers, relatively low cost compared to other investigational FT treatments, MR
compatibility of lasers, and ability to easily monitor treatment and surrounding
tissues with real-time MR and CEUS imaging. FLA is, however, not without its
limitations. Notably, the reliance on MRI for instrumentation and thermometry
presents challenges to accessing the patient for manipulation within the scanner
bore.

5 Radiofrequency Ablation (RFA)

5.1 History

Radiofrequency ablation (RFA) is a form of thermal ablation shown to be effective
and safe for a variety of indications across many disciplines of medicine. Appli-
cations include, but are not limited to, the treatment of hepatocellular carcinoma,
pancreatic cancer, breast masses, and cardiac arrhythmias [81–84]. The basic
technology of RFA dates back to 1891. D’Arsonval demonstrated that radiofre-
quency waves caused an increase in temperature as they passed through tissue [85].
In 1910, Beer described the use of RF for cystoscopic cauterization of bladder
tumors [86]. Perhaps the most widely known application of RF came in 1928 with
the introduction of the Bovie knife by Cushing and Bovie [87].

The first percutaneous applications of RF appeared in 1990. Two independent
groups developed insulated needles that could be inserted into a tissue to cause
interstitial coagulative necrosis. Subsequent studies demonstrated that the proper
placement of the RF probe and the extent of ablation could be visualized by
increased echogenicity around the needle probe on ultrasound. This technology was
soon after applied to humans for the treatment of hepatic tumors [88–90].

Urological applications of percutaneous RFA date back to the early 1990s with
investigations in benign prostatic hypertrophy [91, 92] and later the exploration of
RFA for primary treatment of PCa in 1998 [93]. The success of this technology for
the targeted treatment of tumors in other surgical fields in conjunction with
advancements in prostate imaging and knowledge of PCa has fueled the renewed
urological interest in focal RFA as a potential treatment of localized PCa.
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5.2 Technical Aspects

RFA uses high-frequency (radiofrequency) alternating electrical current to cause
thermal damage to tissue resulting in coagulative necrosis. Ionic agitation within the
target tissue, secondary to current flow from a needle electrode, results in the
generation of heat. The degree of tissue damage from RFA is dependent on the
duration of ablation and the maximum temperature achieved within the target area.
Irreversible injury and cell death occurrence have been shown to occur after 4–
6 min at temperatures greater than 50 °C and almost immediately above 60 °C.
Temperatures within the target can exceed 100 °C. Direct cytotoxic effects occur by
protein denaturation and the disruption of cellular membranes. Secondary
microvascular thrombosis and resultant ischemia potentiate cell death.

In practice, a radiofrequency probe is inserted into the ablation zone transper-
ineally under image guidance. A computer-controlled generator provides the
radiofrequency current. Based on the design of the device, the current can be
delivered by monopolar or bipolar probe. The temperature within the tissue is based
on the generator’s power, heat conductivity, and the dissipation of heat through
local vascular structures (e.g., heat sink effect). With monopolar probes, tissue
impedance of the current is also an important determinant of temperature as it
causes local tissue conversion of thermal energy to heat. The risk of excessive tissue
hyperthermia in surrounding tissues is minimized with the use of bipolar RFA. The
Encage™ device (Trod Medical, Leuven, Belgium) is the only device currently
under investigation for PCa focal therapy and features a bipolar, helical ablation
probe [93, 94].

5.3 Data

Only one stage I study evaluating primary focal RFA is currently available. In 1998,
Zlotta and colleagues reported their experience using interstitial RFA in 15 patients
with biopsy-proven localized PCa scheduled for radical prostatectomy. Needle
electrodes were inserted transperineally with US guidance and placed in close
proximity to the target lesion(s). Patients underwent 12 min of ablation with target
region temperatures measured up to 105 °C. On histological examination of
prostate specimens, there was extensive coagulative necrosis identified predictably
in the tumor tissue, which correlated well with the predicted lesion size. There was
residual tumor in all patients, though the primary purpose of the study was not to
treat. Being a safety and feasibility study, there were no recorded oncological or
functional outcomes. The procedure was well tolerated by all patients, and there
were no reported complications [93].

Currently, there are three ongoing phase IIa prospective development trials
evaluating primary focal ablation by RFA in men with low- or intermediate-risk,
localized PCa (NCT02303054: “MRI-Targeted Focal Ablation of the Prostate in
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Men With Prostate Cancer”; NCT02328807: “Focal Prostate Radio-Frequency
Ablation for the Treatment of Prostate Cancer”; NCT02294903: “Focal Prostate
Radiofrequency Ablation”).

5.4 Summary

RFA causes thermal ablation of a target tissue by the conversion of radiofrequency
waves, generated by an alternating current, to heat. The utility of RFA for ablation
of small renal masses and tumors in various organ systems is well documented;
however, there has yet to be any significant data on its efficacy as a primary focal
treatment for PCa. Ongoing investigations are needed to determine the future
potential of this technique in the PCa space.

An intravenously administered photosensitizer is distributed throughout the body. Optic fibers are
then positioned in the target lesion and deliver light energy of the appropriate wavelength to
selectively activate the photosensitizing agent. Figure 1 from https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC2615102/ (Lepor H. Vascular targeted photodynamic therapy for localized prostate
cancer. Rev Urol 2008: 10(4): 254–261.)
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6 Photodynamic Therapy (PDT)

6.1 History

PDT ablation involves the local activation of a vascular photosensitizing agent
within a target area by a light source, which results in the formation of cytotoxic
reactive oxygen species (ROS) and subsequent cell death. Historically, a number of
clinical trials have shown promise for PDT in treating malignancies and prema-
lignant lesions in various organ systems, including esophagus, skin, and brain [95].
The first urological investigations of PDT were for the treatment of superficial
bladder cancer [96]. Modest long-term response rates and risk of bladder con-
traction with the hematoporphyrin-derivative photosensitizer used for PDT in older
studies limited widespread appeal of the technique. In 1990, Windahl and col-
leagues were the first to report their experience using PDT and hematoporphyrin for
the treatment of two men with localized PCa [97]. Several other groups followed
suit with similar small-scale studies, and more recently, PDT has been studies as a
salvage therapy following failed external beam radiotherapy (EBRT) [98–100].
More recently, the development of novel photosensitizing agents with greater
potency and safety profile, as well as portable light sources and more accurate
treatment dosimetry, has led to increased interest in PDT for primary focal treat-
ment of PCa [101].

6.2 Technical Aspects

The mechanism of ablation by PDT is based on the activation of a photosensitizing
agent, or light-sensitive compound, within a target area. Intravenous administration
of the photosensitizer generally precedes light delivery and activation by up to 48 h,
though can be as quick as minutes before activation in the case of newer photo-
sensitive drugs. The light is then delivered to the target area at a wavelength
matched to the absorption maximum of the drug inciting a local photochemical
reaction with formation of cytotoxic ROS. Specifically, cell death and tissue
damage are mediated by ROS damage of endothelial cells leading to blood flow
stasis, vascular leakage, and thrombosis. The resultant hypoxia eventuates in
apoptosis and necrosis [101, 102]. At the same time, the release of inflammatory
cytokines triggers an inflammatory cascade that recruits leukocytes and activates
tumor-specific immunity, which may play a role in achieving long-term cancer
control [103]. Ultimately, the selectivity and focality of PDT is based on differential
accumulation of the photosensitive drug in the tumor versus normal tissue and
site-specific activation of the compound by optic fibers coupled to an appropriate
light source [101].

Several of the more novel photosensitizers under investigation for use in PDT of
PCa are lutetium texaphyrin (LuTex), meso tetra hydroxy phenyl chlorin (mTHPC),
WST-09 (TOOKAD®; STEBA Biotech N. V.) and its water-soluble sister molecule
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WST-11 (TOOKAD® Soluble; STEBA Biotech N. V.). The latter two compounds
are palladium bacteriopheophorbide molecules synthesized from the native bacte-
riochlorophyll a molecule of dark-growing bacteria. The majority of clinical studies
reported to date in have utilized WST-09 (TOOKAD®). WST-09, WST-11, and
similar molecules are strictly confined to the vasculature. Therefore, the primary
mechanism of cell death with this photosensitizer is vascular occlusion mediated by
the production of ROS limited to the vascular bed. When using these drugs, the
therapeutic approach is sometimes referred to as vascular-targeted photodynamic
therapy (VTP). Several apparent advantages of TOOKAD® and similar VTP agents
have been identified, in comparison with older generation compounds. Being
limited to the vasculature, the drug is rapidly cleared from the body within a few
hours, rather than several weeks, thereby reducing skin photosensitivity and the
need to avoid sunlight. Further, the optimal drug light interval is considerably short,
such that light delivery for photoactivation can be initiated prior to completion of
drug infusion [101, 104–109].

After intravenous instillation of the photosensitive agent, optic fibers are inserted
transperineally into the target area under the guidance of real-time US imaging and
a standard brachytherapy stabilizing frame and template with the patient in high
lithotomy position. Light of the appropriate wavelength is then delivered to target
via the optic fibers. WST-09 is activated by light with a wavelength of 763 nm, for
example. The near-infrared wavelength of this agent allows for better penetration of
the light source deep into the prostate for treatment [105].

6.3 Data

In 2006, Moore and colleagues reported the findings of their pilot phase I experi-
ence with PDT in men with organ-confined PCa, using mTHPC (main activation
wavelength 650 nm) as a photosensitizing agent. In total, 10 PDT treatments were
performed on six men (four patients received two treatments) with mean age of
66 years and Gleason 6 disease. Though outcomes were short term, there was no
evidence of disease on follow-up biopsies of the treated areas at 1 to 2 months
post-PDT. Similarly, early follow-up MRI demonstrated patchy necrosis edema,
most of which had resolved by 2 to 3 months. A 67% fall in PSA level was noted,
though the true oncologic significance of the outcomes remains unknown. The
authors did acknowledge that prolonged skin photosensitivity was a significant
disadvantage of using mTHPC for photosensitization as compared to VTP agents
(e.g., TOOKAD®, which was still in early development at the time of this study)
[99].

Two other prospective development studies evaluating focal PDT have been
reported. A phase IIb study by Azzouzi et al., published in 2013, demonstrated
promising short-term efficacy and safety of VTP with WST-11-TOOKAD® Soluble
for the treatment of localized PCa. In all, 83 men underwent treatment with
follow-up biopsy at 6 months and MRI at one week post-VTP. The study identified
optimal treatment parameters: 4 mg/kg WST-11 intravenous infusion and 200 J/cm
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light. Using this regimen, 83% (38/46) of patients had no evidence of residual
disease on biopsy at 6 months (95% CI 68.6–92.2%; p < 0.001). In total,
approximately 75% (61/83) of all treated patients had a negative short-term
follow-up biopsy. At least one adverse event requiring treatment was reported in
87% of patients, though most were mild or moderate in severity. Eight men (9.3%)
had serious adverse events, none of which resulted in discontinuation of treatment.
Moore et al. investigated the use of VTP with WST-11 in 39 patients with Gleason
6 PCa confirmed on transrectal or transperineal biopsy. Patients received a single
dose of 2, 4, or 6 mg/kg WST-11 administered in a 10-minute infusion followed by
photoactivation with 200 J/cm light at 753 nm. Ablation pattern was catered to
each patient, including focal, hemiablation, and subtotal whole gland. Treatment
effect was evaluated by MRI at 7 days post-VTP; patient follow-up occurred at
7 days, 1, 3, and 6 months with TRUS-guided prostate biopsy at 6 months. Among
the 12 men who received the optimal VTP regimen (4 mg/kg WST-11, light dose of
200 J/cm), 83% (10/12) had a negative follow-up biopsy; a 45% (10/26) negative
biopsy rate was observed in patients receiving alternative treatment parameters.
There were no significant differences in urinary symptoms and erectile function
between baseline and 6 months after VTP. There was no significant cancer reported
in either of these two studies [110, 111].

In 2017, Azzouzi and colleagues published results of an open-label, phase III,
randomized controlled trial that compared treatment with VTP to the standard of
care, active surveillance (AS). In the study, 413 patients with low-risk, localized
PCa without prior treatment were randomly assigned to treatment with padeliporfin
(WST-11-TOOKAD® Soluble) VTP (n = 206) or active surveillance
(AS) (n = 207). Patients in the treatment arm received 4 mg/kg padeliporfin
intravenously over 10 min, followed by insertion of optical fibers into the prostate
to cover the desired treatment zone with photoactivation by laser light 753 nm at a
fixed power of 150 mW/cm for 22 min and 15 s.

Patients in the VTP arm were found to have a longer time to progression (28.3
vs. 14.1 months, p < 0.0001) and were less likely to progress at 24-month
follow-up (28% of 206 vs. 58% of 207, adjusted hazard ratio 0.34, p < 0.0001).
Progression was defined as advancement in the extent, grade, or stage of disease,
increase in PSA concentration, or cancer-related death. At 2-year follow-up, 49% of
men treated with PDT had a negative biopsy compared to 14% in the AS group
(adjusted risk ratio 3.67, p < 0.0001). The authors reported a decreased use of
radical surgery following trial enrollment among men in the treatment arm (6
v 29%, p < 0.0001). However, this finding could be accounted for by the fact that
patients were not blinded to their treatment allocation and those who underwent
PDT may have been less inclined to undergo subsequent radical treatment. In
general, the procedure was well tolerated and few serious adverse events of PDT
were reported, the most common of which was urinary retention in 15 patients, all
of whom recovered by two months post-PDT [112].
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Schematic illustration of a no electroporation, b reversible electroporation (RE), and c irreversible
electroporation (IRE). page 162 (Chap. 12)—Fig. 12.1 of Interventional Urology, Springer, 2016

a NanoKnife (TM) IRE console and b 19G monopolar needle electrodes locked together with
external spacers. NanoKnife system (from AngioDynamics, Latham, NY—http://www.
angiodynamics.com/products/nanoknife)

38 J. S. Winoker et al.

http://www.angiodynamics.com/products/nanoknife
http://www.angiodynamics.com/products/nanoknife


6.4 Summary

PDT involves the focal treatment of a target lesion by in situ activation of a
photosensitizing agent with a light source. Advancements in photosensitive drugs
have paved the way for investigations into the use of PDT for the treatment of
localized PCa. Short-term histological results and patient-reported outcomes indi-
cate PDT is a reasonably safe and promising modality for focal prostate ablation.
However, contemporary data remains insufficient to definitively support the use of
PDT over AS as the preferred management of men with low-risk disease. Looking
forward, larger prospective studies with longer follow-up will be revealing.

7 Irreversible Electroporation (IRE)

7.1 History

Electroporation is a technique in which destabilizing electric pulses are used to
create nanoscale defects in the cell membranes of biological tissues [113]. The
process can be temporary with applications including gene transfection and elec-
trochemotherapy (ECT), which optimizes chemotherapy by allowing cytotoxic
medications to enter target cells at higher doses [114]. Above a certain threshold,
the cell is unable to recover and these “nanopores” become irreversible, eventuating
in cell death by impairing the ability to maintain homeostasis across the lipid
bilayer [113, 115].

The use of electroporation to increase cell membrane permeability was intro-
duced by Okino and Mohri in 1987. The study demonstrated that the antitumor

Unipolar electrode needles are inserted transperineally under real-time ultrasound guidance with
the use of a brachytherapy grid. Page 163 (Chap. 12)—Fig. 12.3 of Interventional Urology,
Springer, 2016
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effects of a cytotoxic drug were potentiated with reversible permeabilization of cell
membranes using electric pulses as compared to standard treatment [116]. These
findings were later corroborated by Mir et al. in 1991, examining the effects of
bleomycin in mice, then termed electrochemotherapy [117]. Initially, the occur-
rence of IRE during reversible electroporate procedures was considered an
unwanted side effect of treatment. More recently, the development of commercially
available medical equipment has fostered attention to application of IRE for tumor
ablation in various organ systems, including the lungs, liver, kidneys, pancreas, and
prostate [118–121].

7.2 Technical Aspects

At the time of this publication, the only currently commercially available IRE
system indicated for the surgical ablation of soft tissue is the NanoKnife™
(Angiodynamics Inc, Queensbury, NY, USA). The system consists of a low-energy
direct current (LEDC) generator and needle electrodes, all of which is interfaced
with a computer system and user-friendly treatment planning software [122]. The
procedure is performed in the extended lithotomy position under general anesthesia
and paralysis. TRUS with biplanar array is used to measure prostate volume and
shape, both of which are entered into the treatment planning system, as well as to
guide transperineal insertion of two or more unipolar electrode needles into the area
of interest. By way of an electric potential across the electrodes, the
computer-controlled LEDC generator delivers short-duration pulses of high-voltage
direct current to the target lesion. The amount of voltage delivered ensures the
irreversibility of cellular damage and is determined by the electric field strength and
number of pulses. Importantly, electric pulses are synchronized to the patient’s
cardiac rate to minimize the risk of arrhythmias [123]. In comparison with thermal
ablation techniques that often show a transitional zone of partially damaged tissue,
IRE lesions show a sharp demarcation between ablated and non-ablated tissue
[124].

7.3 Data

Given the novelty of the technology, contemporary data on IRE are limited with
small sample sizes and reflect short-term outcomes. Neal and colleagues first
reported their experience with IRE for focal ablation of PCa. Specifically, they
examined the use of the non-thermal ablative technique on two men with
organ-confined PCa planned for prostatectomy 3–4 weeks after the investigational
IRE therapy. Each patient had a single tumor focus, Gleason 7 and 6, respectively.
Their respective pretreatment PSA levels were 5.4 and 4.3 ng/ml. Both patients
were discharged with a transurethral catheter for approximately one week. While
both experienced mild hematuria in the immediate post-IRE period, they otherwise
recovered without any serious adverse events. Histological examination of the two
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prostatectomy specimens revealed regions of necrosis surrounding the IRE elec-
trodes with variable degrees of reactive stromal fibrosis and ductal epithelial lining
regeneration beyond the margin of necrosis. The ablated regions for patients one
and two were determined to be 1.14 and 2.46 cm3 in total volume, respectively
[121].

Valerio et al. reported findings of a prospective study in which 16 men with
localized PCa underwent focal IRE. All men had an index lesion visible on MRI
confirmed by transperineal targeted and template prostate mapping biopsies and a
PSA level less than 15 ng/ml (median PSA 7.75 ng/ml). At 12-month follow-up,
there were no serious adverse events recorded. All 16 patients were fully continent
and erectile function among the cohort remained stable, based on IIEF scores.
Median PSA had decreased to 1.71 ng/ml (p = 0.001). Of the 15 men who
underwent repeat biopsy at 1 year, there was no evidence of residual disease in 11
patients (61.1%), clinically insignificant PCA in one patient (5.6%), and CS disease
in six patients (33.3%) [125].

Ting et al. prospectively evaluated the short-term oncological and functional
outcomes of IRE in 25 men with low- to intermediate-risk disease. At 6-month
follow-up, median PSA level was 2.2 ng ml, from 6.0 ng/ml preoperatively. Within
the treatment zone, there were no suspicious findings on MRI (n = 24) or biopsy
(n = 21). Just outside the ablation area, 5 men (21%) had suspicious MRI findings
on mpMRI, of which four (19%) were found to have CS disease on repeat biopsy.
There was one patient (5%) with a biopsy-proven focus of significant disease in a
region of the prostate distant from the treated lesion. There were no significant
changes in urinary, sexual, and bowel function among the patients at 6 months.
Most side effects were minor and low grade, including five patients who went into
urinary retention and six patients reporting mild, intermittent hematuria in the

Near-infrared (NIR) peak absorption of GNP with minimal exogenous tissue absorption.
Absorption graph (from Nanospectra Biosciences, Inc, Houston, TX)
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post-procedure period. There was one Clavien grade 3 complication (non-ST ele-
vation myocardial infarction) [126].

To date, several promising phase I/II trials have demonstrated the short-term
oncological efficacy and safety of IRE for FT of PCa [126, 127]. Given the need of
larger, randomized controlled trials evaluating the long-term oncological outcomes
and morbidity of IRE in PCa, Scheltema and colleagues have designed and initiated

a Trocars placed into the lesion under MR/US fusion guidance. b 400 micron optical fiber, which
is placed into trocars sequentially for GNP excitation and lesion ablation. Trocar placement and
laser fiber (Dr Rastinehad’s images)
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enrollment for a trial that aims to recruit 200 men with treatment-naïve, unilateral
low- to intermediate-risk PCa. Patients will be randomized to receive focal or
extended IRE ablation with follow-up to 5 years. Outcomes measures will include
urinary and sexual functional, quality of life, and oncological control with the use of
standardized questionnaires, mpMRI, CEUS imaging if available, transperineal
targeted and mapping biopsies, and serial PSA testing [128].

7.4 Summary

IRE is a promising focal therapy for the treatment of primary localized PCa. While
its use remains investigational, it is an attractive FT modality for its non-thermal
effect, precise demarcation on follow-up imaging, and tissue selectivity. The pro-
cedure can be both challenging and time-consuming to perform, and limited
available data presents a gaping need for future investigations.

T2-weighted and dynamic contrast-enhanced (DCE) MR color map images from patient with
solitary Gleason 3 + 4 lesion (yellow circle) in left apex peripheral zone before (top) and 3 months
after (bottom) nanoparticle-directed laser ablation. Imaging (Dr Rastinehad’s images)

Targeted Ablative Therapies for Prostate Cancer 43



8 Gold Nanoparticle-Directed Ablation (GNP)

8.1 History

The use of tissue hyperthermia for tumor destruction has existed for some time, as
evidenced by the urologic applications of focal laser ablation and HIFU, among
others, for the management of localized PCa. Quite recently, gold nanoparticles
(GNPs) have emerged as a novel agent with growing potential for targeted ablation
of prostate tumors.

Based on their physical and electromagnetic properties, GNPs have been
investigated for their use in a number of applications, including enhancement of
drug delivery, bioimaging, and thermal ablation of tumors [129–133]. To date,
several small trials have investigated the therapeutic safety and utility of nanoshell
therapy for ablation of brain and head and neck tumor models [134, 135]. In
urology, a number of preclinical studies have demonstrated the relative safety and
potential efficacy of the treatment for PCa, including use of subcutaneous human
prostate tumors (PC-3) inoculated into mice [136] and in other subcutaneous rodent
models [133].

8.2 Technical Aspects

Gold nanoparticles are spherical gold-coated silica particles approximately 150 nm
in diameter that maximally absorb near-infrared (NIR) energy, with peak absorption
at about 800 nm. The particles are coated in polyethylene glycol to increase cir-
culation time in the blood. Owing to their size and the leaky, fenestrated quality of
tumor neovasculature, the particles selectively accumulate within the tumor, but do
not extravasate into normal tissue. This phenomenon is explained by the “enhanced
permeability and retention” (EPR) effect [137–140]. Based on preclinical studies,
all circulating GNPs that have not accumulated within the tumor after 12–24 h are
cleared from the blood by the liver and spleen, among other mechanisms of the
reticuloendothelial system [133, 141]. Upon illumination with a NIR laser, the
nanoparticles are maximally excited and release photothermal energy, which is
converted to heat causing coagulative necrosis of the prostate tumor tissue.
Importantly, the energy delivered by the laser is insufficient to reach ablative
temperatures in normal tissues, which lack therapeutic concentrations of GNPs.
Therefore, the extent of tissue ablation is defined by location of concentrated GNPs
and not the positioning of the laser.

Preoperative planning and identification of the target lesion(s) is performed with
transperineal MR/US fusion imaging. On day 0 of treatment, the patient receives an
intravenous infusion of the nanoparticles with the goal of achieving a 15.2 ug/cc
therapeutic concentration of GNPs in the tumor. Approximately 12–24 h following
infusion, the patient returns for laser catheter insertion and application of laser
energy for ablation. Under general anesthesia, the patient is prepped and draped in

44 J. S. Winoker et al.



high lithotomy position in a similar setup to prostate brachytherapy seed implan-
tation. Using MR/US fusion guidance, 14-gauge cannulas are inserted into the
target lesion. The placement of these cannulas is based on pre-procedural planning
and pattern recognition to ensure that all parts of the tumor are covered by the
overlapping radii of ablation produced from each cannula site. The laser that will
deliver energy through each cannula has an effective 4 mm radius of ablation.
A thermocouple is commonly inserted if the lesion is in close proximity to the
urethra or rectum.

The energy for ablation is delivered by a 400-um optical fiber, which is housed
within a 16-gauge, liquid cooled catheter. Prior to initiating treatment, laser output
power is measured by use of a calibrated integrating sphere optometer
(Gigahertiz-Optik, GmbJ, Puccheim, Germany). It is important that the laser
wavelength (*800 nm) falls within 1% of the peak of the broad GNP absorption
region [142]. Within this therapeutic window, GNP absorption is maximized and
endogenous absorption by oxy- and deoxyhemoglobin in surrounding vascularized
tissues is minimized [143, 144]. The laser-containing catheter is sequentially
inserted into each cannula to ensure that all areas of the lesion are ablated. Each
“burn cycle” consists of continuous laser energy delivery for 3 min. Multiple burn
cycles within a single cannula may be needed with pullback of the cannula and laser
catheter to ensure that the entirety of the lesion along that path is ablated. In
addition to continuous liquid cooling of the laser fiber, continuous bladder irrigation
with cool irrigant is performed during the ablation procedure.

8.3 Data

Given the novelty of GNP, there is limited data on their use in humans. Preclinical
safety of the particles has been previously established in both in vitro and in vivo
animal studies [133, 141, 142, 145].

In 2015, Stern and colleagues reported their findings from an open-label, mul-
ticenter, pilot study of GNP therapy in men with resectable PCa for whom radical
prostatectomy (RP) was indicated and scheduled. In total, 22 patients were enrolled
and received an intravenous infusion of AuroShell (Nanospectra Biosciences, Inc,
Houston, TX) particles. Subsequently, 7 men underwent RP the following day and
15 patients underwent laser activation and hemiablation of the prostate, followed by
RP 3–7 days later. During laser ablation, anterior rectal wall temperature was
monitored with a thermocouple. Follow-up consisted of regular exams, urinalyses,
and standard blood and chemistry analyses at 9 time points over the 6 months
following infusion and/or laser treatment. The study demonstrated an excellent
safety profile for the GNP therapy. There were no recorded temperature rises >37 °C
within the rectal wall and no significant, long-term hematologic or metabolic effects
of the treatment. Of note, one patient had an allergic pruritus, which responded to
intravenous antihistamines, and another patient reported a self-limited sensation of
epigastric burning [146].
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With clear demonstration of clinical safety in human subjects, there is currently
an ongoing phase I, multicenter, open-label trial in the US that aims to determine
the efficacy of using MRI/US fusion imaging technology to direct focal ablation of
prostate tumors with GNP laser ablation (NCT02680535: “A Study of MRI/US
Fusion Imaging and Biopsy in Combination with Nanoparticle-Directed Focal
Therapy for Ablation of Prostate Tissue”). Specifically, the study treats men with
low- to intermediate-risk localized PCa with a single infusion of GNPs 12–36 h
prior to MR/US fusion-guided laser irradiation. All participants must have no more
than two clinically significant lesions identifiable on mpMRI, confirmed by
fusion-guided targeted biopsy. There must also be no evidence of disease in areas
outside of MRI-visible lesions on systematic US-guided biopsy. Preliminary data
from the trial was presented at the 2017 American Urological Association Annual
Meeting. The investigators reported on the first 4 patients who underwent GNP
treatment with 6-month follow-up. All 4 patients demonstrated ablation by coag-
ulative necrosis on mpMRI at 48 h post-treatment, evidenced by the appearance of
a “void.” On fusion-guided biopsy at 3 months, one patient had a microfocus of
Gleason 3 + 3 disease and the remainder had no residual disease in the targeted
area. The mean PSA at time of enrollment was 6.4 ng/ml with a mean reduction of
29.6% at 3 months following therapy. There were no reported serious events [147].

8.4 Summary

Gold nanoparticles are a novel, promising technology currently under investigation
for their applications in focal therapy of localized PCa. Unlike other energy-based
tissue ablation techniques, GNP does not rely on the components of normal tissue.
Therefore, it can be viewed as a potentially “ultra-focal” treatment that more
selectively targets the tumor, as opposed to a focal region in which the tumor is
located. Further investigation into their safety and efficacy will determine what
value, if any, they hold for the future of PCa treatment.

9 Conclusions

Concern for overdetection and subsequent overtreatment of prostate cancer in the
PSA-era has bred life to alternative approaches to the management of low- to
intermediate-risk, localized disease. Better understanding of the natural history of
PCa has contributed to a rise in the number of patients enrolled into AS programs.
However, there exist patients with low- to intermediate-risk disease who are con-
founded by the choice between AS and whole-gland radical treatment. Fueled in
part by recent technological advances in mpMRI and targeted biopsy platforms, FT
has emerged as a middle ground option with the potential to change how we
approach localized PCa.
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Concerns regarding FT are not unfounded given the limited, short-term evidence
of safety and oncological efficacy. The long natural history of localized PCa war-
rants longer-term follow-up, and randomized clinical trials are needed to evaluate
candidate selection criteria and core outcomes measures for post-treatment moni-
toring. The prospect of targeted cancer control with minimal collateral morbidity
offers a promising outlook for the future of PCa treatment, but only time will tell
whether FT is truly effective and practice-changing.
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detecting high-grade prostate cancer. Once diagnosed, multiple markers leverage
prostate cancer biopsy tissue to prognosticate clinical outcomes, including
adverse pathology at radical prostatectomy, disease recurrence, and prostate
cancer mortality; however the clinical utility of some outcomes to patient
decision making is unclear. Markers using tissue from radical prostatectomy
specimens provide additional information about the risk of biochemical
recurrence, development of metastatic disease, and subsequent mortality beyond
existing multivariable clinical calculators (the use of a marker to simply
sub-stratify risk groups such as the NCCN groups is of minimal value). No
biomarkers currently available for prostate cancer have been prospectively
validated to be predict an improved clinical outcome for a specific therapy based
on the test result; however, further research and development of these tests may
produce a truly predictive biomarker for prostate cancer treatment.

Keywords
4Kscore � Analytic validity � Biomarkers � CLIA-LDT � Clinical validity
Decipher � MolDX � Phi � Predictive biomarker � Prolaris � ProMark
Prostate-specific antigen � Risk calculators � Serum markers � Urinary markers

1 Introduction

1.1 Biomarkers

The past decade has seen a rapid discovery and development of numerous
biomarkers for prostate cancer (PCa). These markers have implications for nearly
all phases of care from disease detection through both initial and subsequent
treatments. The type of markers reported for PCa spans the spectrum from DNA
alterations and epigenetic changes (e.g., methylation of DNA regulating gene
expression) to changes in gene mRNA expression and either single or multiplexed
protein markers. The patient biomaterial source of these markers includes urine,
blood, and prostate tissue. In many respects, moreover, emerging imaging tests,
particularly those based on specific genetic or metabolic changes, function very
much as biomarkers and need to meet the same standards for validity and clinical
utility.

1.2 Diagnostic, Prognostic, and Predictive Biomarkers

Diagnostic biomarkers are those used in determining the probability of the disease
being present. Some diagnostic markers in PCa also offer additional insight into the
probability of the patient having high-grade (HG) disease or clinically significant
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disease (frequently defined as any Gleason pattern 4 or 5 disease). Indeed, to the
extent that cancers with Gleason pattern � 3 (grade group 1) [1] are increasingly
recognized to have minimal metastatic potential [2] and are most often over
diagnosed, most contemporary markers are developed and validated specifically
with the goal of identifying HG disease (grade group � 2). Prognostic biomarkers
are associated with a clinical time-to-event outcome such as cancer-specific survival
(CSS) or recurrence-free survival (RFS) [3]. In the clinical context, these markers
are helpful in providing guidance on how aggressive a patient’s disease is and
whether they should pursue treatment. Predictive biomarkers provide information
on the potential to benefit from a specific treatment, e.g., whether patients with a
specific mutation may benefit from a new treatment modality [3]. Prognostic
markers therefore correlate tumor and/or patient characteristics to outcome, whereas
predictive markers correlate the effects of treatment on outcome. A common pitfall
in terminology occurs from predictive statistical models in which an independent
variable (e.g., the biomarker) is found to be statistically associated with the mea-
sured outcome (e.g., CSS). These statistically significant biomarkers are frequently
referred to as “predictive”; however, this does not make it a true predictive bio-
marker, because proving that a cancer has more aggressive biology does not nec-
essarily mean it is more or less suitable for a given management approach [4].

An example of a predictive biomarker is human epidermal growth factor 2
(HER2) overexpression in women with breast cancer [5]. Women with HER2
overexpression benefit from the use of the targeted therapy trastuzumab (Her-
ceptin®), while those without HER2 overexpression gain no benefit from the
therapy [6]. An analogous biomarker as clearly predictive for prostate cancer has
yet to be discovered and prospectively validated. The currently available
biomarkers for PCa are therefore diagnostic or prognostic, though some are moving
closer to meeting the predictive standard.

1.3 Regulation and Oversight

Few of the biomarkers available for prostate cancer have undergone the approval
process to evaluate clinical validity through the US Food and Drug Administration
(FDA). Most biomarkers are provided by commercial laboratories that are regulated
and approved under Clinical Laboratory Improvement Amendments (CLIA) under
the auspices of the Centers for Medicare and Medicaid Services (CMS). These
non-FDA-approved PCa biomarkers are deemed Laboratory Developed Tests
(LDTs), under which designation CLIA prohibits the release the results of labo-
ratories tests until the specific laboratory has demonstrated analytic validity of the
test (i.e., the results are accurate and reliable only in terms of measuring the analytes
claimed to be measured) [7]. CLIA does not address nor regulate the clinical
validity of any LDT [7]. Thus, CLIA-LDTs have accurate and repeatable results,
but there is no government regulatory oversight over the clinical relevance and use
of the test. The FDA has recently considered more involvement in oversight of
LDTs by evaluating their clinical validity, specifically citing commercially
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available prostate cancer markers as an area of concern [8], but ultimately no
decision was made to begin FDA oversight of these tests [9].

The FDA has, however, already made decisions regarding some of the earlier
blood and urine-based markers. Payment for these tests is not associated with FDA
decisions; instead, the Molecular Diagnostic Services Program (MolDX®) makes
recommendations to state-specific Medicare Administrative Contractors about
which tests should be covered for reimbursement under the Medicare program [10].
MolDX is part of a private corporation, though it uses an evaluation process derived
from both the FDA and the Centers for Disease Control and Prevention to assess
and advise payment for tests based on analytical validity, clinical validity, and
clinical utility [11]. Independent of payment decisions, patients and clinicians must
utilize the published scientific literature to determine the clinical usefulness of
non-FDA-approved prostate cancer biomarkers available as CLIA-LDTs in the
USA.

1.4 Assessing Clinical Utility

The means to evaluate the usefulness of a particular biomarker depends on the
specific markers intended contribution to clinical care. In the case of delineating a
specific clinical outcome or endpoint, such as prostate cancer detected on biopsy,
standard statistical properties such as sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) are utilized. A frequently utilized
metric to assess the level of association with an outcome is the area under the
receiver operator characteristic curve (AUC) [12]. The AUC ranges from 0.5 to 1.0;
a result of 0.5 means the test is no better than a coin flip at delineating the outcome
of interest, whereas a test with an AUC of 1.0 has perfect association with the
outcome of interest (e.g., the test is always positive when prostate cancer is present
on biopsy, and always negative in a benign biopsy). There is no standardization for
what defines an “excellent” AUC, but in general it is helpful in comparing models,
with the higher AUC suggesting better overall accuracy.

The actual clinical utility of a new biomarker, however, is not completely
dependent on its accuracy and favorable performance statistics in validation studies
—there are other factors involved [13, 14]. First, there should be a magnitude of
improvement relative to current multivariable clinical predictors such as the Pros-
tate Cancer Prevention Trial risk calculator (PCPTRC) [15], Cancer of the Prostate
Risk Assessment (CAPRA) score [16, 17], or post-radical prostatectomy
(RP) nomograms [18, 19]. Simply sub-stratifying standard risk groups (e.g.,
American Urological Association (AUA) [20] or National Comprehensive Cancer
Network (NCCN) [21]) is not sufficient as this can already be done with clinical
tools and no additional effort or expense. Second, the biomarker should improve
outcomes in real-world situations across a broad range of probabilities (i.e., a test
with a very restricted range of accuracy is unlikely to provide much clinical benefit)
[13]. Third, there should be clinical treatments or interventions that are facilitated
by biomarkers results (e.g., undergo a prostate biopsy, elect to undergo active
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surveillance, or chose to pursue adjuvant radiation). Lastly, economic impacts of a
biomarker must not be ignored—if the economic burden of a test is excessive, then
its clinical utility may be limited.

One statistical method developed to help estimate if a new test conveys mean-
ingful clinical utility is the decision curve analysis (DCA) [22]. These analyses
provide a graphical assessment of a test’s net benefit (y-axis) in making a clinical
decision across a range of threshold probabilities for intervention (x-axis) [22–24].
DCA allows for evaluation of a new biomarker and relative comparison to other
decision tools in a multitude of clinical scenarios to see if the marker has an impact.
Of note, in situations where a clinical decision will almost assuredly be made
regardless of the markers value, the decision curve typically demonstrates that there
is minimal clinical benefit to the marker. Thus, DCA provides a critical statistical
method of assessing the clinical utility of biomarkers as they emerge.

1.5 Clinical Situations

The biomarkers discussed here will be separated by their clinical uses: (1) detection
of prostate cancer, (2) initial treatment decision, and (3) post-radical prostatectomy
prognosis. Table 1 outlines these markers, their source biomaterial, clinical use, if
they have been implemented in any clinical guidelines, and government oversight
in the USA.

2 Detection of Prostate Cancer

Since the advent of prostate-specific antigen (PSA) screening, a large majority of
men diagnosed with prostate cancer present with localized disease [25]. The
markers discussed aim to provide additional information beyond PSA and clinical
factors that allow patients and clinicians to estimate the probability of finding cancer
on biopsy. Some biomarkers provide additional estimates of finding clinical sig-
nificant or HG cancer in an attempt to decrease detection of clinically indolent
disease unlikely to impact the patient’s health. Some markers have also been
evaluated for clinical utility for active surveillance patient selection.

2.1 Serum Markers

Prostate Health Index (phi) (Beckman Coulter, Indianapolis, Indiana)

An FDA-approved serum test combines total PSA (tPSA), free PSA (fPSA), and the
[-2]proPSA isoform to calculate a score that provides men with a risk of having PCa
and HG PCa (Gleason score � 7) [26]. The FDA approval covers men aged >50
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years, no known diagnosis of PCa, a total serum PSA 4–10 ng/mL, and benign
digital rectal examination (DRE) [27]. The formula was refined in a retrospective
study of stored serum samples from European Study of Screening for Prostate
Cancer and PCa screening trial at the University of Innsbruck [28]. The test and
formula have been validated in multicenter prospective trials from Europe and
North America [26, 27, 29, 30]. Catalona et al. in a study of 892 men undergoing
biopsy with PSA 2.0–10.0 ng/mL found that the AUC of phi was 0.703 for any PCa
and 0.724 for detecting � Gleason 4+3 PCa, both of which were superior to fPSA
ratio [26]. A subsequent analysis of this cohort limiting the pre-biopsy PSA to 4.0–
10.0 ng/mL (the FDA-approved range) found that the AUC of phi alone improved
to 0.708 for any cancer and 0.707 for Gleason � 3+4. [27] These authors also
reported that a cutoff phi value of 28.6 would have spared approximately 30% of
men in the cohort from an unnecessary biopsy (i.e., a biopsy that was benign or
found clinically insignificant disease), compared to only 22% using %fPSA. Thus,
phi provides additional information beyond fPSA and PSA.
More recent studies have compared the additional information provided by phi to
the previously established clinical risk calculators from PCPT and European Ran-
domized study of Screening for Prostate Cancer (ERSPC) risk calculator [31–33].
Loeb et al. [31] found that the AUC for high-grade prostate cancer significantly
improved with the addition of phi to both PCPT and ERSPC risk calculators; they
also proposed a new nomogram to specifically predict aggressive disease using
clinical data and phi. On DCA, the new nomogram revealed net benefit relative to
an all-or-none biopsy protocol, but it was not directly compared to the other studied
risk calculators. Foley et al. did show that addition of phi to the ERSPC risk
calculator did provide a net benefit on DCA compared to the risk calculator alone
[33]. Overall, the data to date suggest that phi provides clinical utility over standard
risk calculators for men contemplating biopsy for an elevated PSA.

Of note, phi has also been investigated in both active surveillance settings and in
predicting adverse pathology (Gleason score � 7 or � pT3a) at RP. Regarding
active surveillance, retrospective studies have reported that increased baseline phi
was associated with biopsy reclassification on subsequent surveillance biopsies;
however, no prospective studies have assessed or validated such findings [34, 35].
Studies assessing phi in predicting adverse surgical pathology at the time of RP in
general did not provide strong support for its use [36, 37]. Guiazzoni et al. [36]
showed net benefit on DCA of adding phi to the clinical variables of age, Gleason
score, PSA, free PSA, and clinical stage. However, in a multicenter study, Fossati
et al. [37] showed that with the addition of percent of positive biopsy cores to the
collection of clinical variables, the net benefit of phi on DCA was no longer present
for predicting adverse pathology. Thus, phi has clinical utility for men contem-
plating biopsy, but provides minimal clinical value once the diagnosis is made.

4Kscore® (OPKO, Elmwood Park, New Jersey)

The 4-kallikrein (4K) panel comprises of four serum markers: tPSA, fPSA, intact
PSA (iPSA), and human kallikrein 2 (HK2). Like phi, it is intended to be used in
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men with elevated PSA contemplating biopsy. Vickers et al. in 2008 utilized the
Göteborg screening trial cohort to assess the 4K panel in the frozen serum of 740
men who previously underwent biopsy for PSA � 3.0 ng/mL [38]. The levels of
the 4K panel were then added to both a predictive laboratory model (patient age and
PSA) and a clinical model (age, PSA, and DRE findings). The addition of the 4K
laboratory values significantly increased the AUC of each model to 0.84 (95% CI:
0.81–0.88) for any PCa and 0.90 (95% CI: 0.86–0.96) for high-grade PCa (Gleason
score � 7). DCA showed a notable net benefit with the addition of 4K panel
results. This model was then modified, independently validated, and shown to
provide net benefit in subsequent retrospective studies of men from ERSPC who
had (1) initially screened positive [39, 40], (2) had subsequent elevated PSA after
initial screening PSA < 3.0 ng/ml [41], and (3) those with prior negative biopsy
[42]. A modification of the model was also developed using data retrospective data
from 6129 men who underwent biopsy in the Prostate Testing for Cancer and
Treatment (ProtecT) study in the UK, again showing accurate prediction and
clinical benefit on DCA [43].

These 4K panel models combined with patient age, DRE, and prior biopsy
facilitated development of the 4Kscore which provides a patient with their percent
probability of having high-grade cancer on biopsy. The 4Kscore was then
prospectively validated in a multi-institutional cohort of 1012 men undergoing
biopsy in the USA and found to demonstrate high discrimination with a AUC of
0.82 (95% CI: 0.79–0.85) for high-grade cancer at biopsy [44]. Based on the
results, had men with a 4Kscore < 6% not undergone biopsy, then 30% of all
biopsies could have been avoided with only missing 13 high-grade cases (5.6% of
HG Ca, 1.3% of studied men). The authors also performed a DCA comparing
4Kscore to the PCPTRC and found a notable net benefit to 4Kscore relative to the
PCPTRC, clearly demonstrating its clinical utility.

Thus, the 4Kscore and phi in separate studies both demonstrated clinical utility
beyond standard clinical factors in predicting which men are more likely to have
high-grade PCa. In the one head-to-head study reported, Nordström et al. compared
phi to 4Kscore in the same cohort of 531 men undergoing first-time biopsy for a PSA
3–15 ng/mL in Sweden from 2010 to 2012 [45]. The main limitations of the study
included (1) DRE information was not available (phi is intended for men with benign
DRE), (2) the PSA range extended beyond phi’s approved range of 4–10 ng/mL, and
(3) the base clinical model for comparison only contained age and PSA. These
limitations seemed to put phi at a slight disadvantage a priori, as this population
extended beyond the scope of its intended use. However, this cohort does likely
represent a more “real-world” population of patients presenting to an urologist. The
authors found that phi and 4K panel had AUCs of 0.71 (95% CI: 0.66–0.76) and 0.72
(95% CI: 0.67–0.78), respectively. In DCA, both appeared to provide a slight net
benefit relative to the clinical model for detecting high-grade PCa. Lastly, using a
cutoff of 39 for phi and 10% for 4K, both tests would have spared 30% of biopsies,
while missing 9.8–10.5% of high-grade cancers (2.6–2.8% of studied men). Despite
the limitations of the study, both phi and 4K performed similarly and either could be
used in men with elevated PSA who are contemplating biopsy.
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The 4K panel has also been studied in the areas of predicting surgical pathology
at RP and active surveillance. Carlsson et al. assessed whether the 4K panel pro-
vided clinical benefit for predicting aggressive PCa on surgical pathology at RP
(Gleason score � 7, tumor volume � 0.5 cm3, or � pT3a). The authors retro-
spectively examined the preoperative blood levels of the 4K panel in 392 men of
the ERSPC screening arm who were treated with RP between 1994 and 2004 [46].
They found that the 4K panel did provide clinical benefit above a clinical model to
predict aggressive disease. This study contrasts with the multicenter prospective
study for phi by Fossati et al. which found no significant clinical benefit to phi. To
emphasize some key study differences, Fossati et al. were a contemporary cohort
with all RPs performed between 2011 and 2012 and the classification of adverse
pathology was limited to either Gleason score � 7 or � pT3a; tumor volume was
not included [37]. While both studies had approximately 2/3 of the patients clas-
sified as “pathologically aggressive” disease following prostatectomy, in the study
using phi 69% of patients had Gleason � 7 versus only 36% in the 4K study.
Thus, given these differences in patient cohort and outcome assessment, one defi-
nitely cannot conclude that the 4K panel has clinical utility for predicting adverse
pathology and phi does not. A trial prospectively assessing both markers on a
contemporary cohort measuring the same outcome would be best situated to crit-
ically assess their relative clinical utility in this situation.

Finally, in the active surveillance setting, Lin et al. evaluated the 4K panel’s
discriminatory capacity for biopsy reclassification from Gleason 6 on diagnosis to
Gleason � 7 at surveillance biopsy [47]. Among 718 men placed on active
surveillance in the Canary Prostate Active Surveillance Study, they found that while
the 4K panel helped discriminate high-grade cancer on the initial biopsy, 4K offered
no benefit over clinical and pathological factors in predicting subsequent surveil-
lance biopsy reclassification. Thus, very similar to phi, the 4K panel offers limited
clinical benefit once the diagnosis of prostate cancer is made.

2.2 Urinary Markers

Prostate Cancer Antigen 3 (PCA3) (Progensa® Hologic, Inc., Marlborough,
Massachusetts)

The PCA3 gene is significantly overexpressed by prostate cancer cells [48]; an
FDA-approved assay measures voided mRNA copies of PCA3 following a DRE
and reports a ratio of PCA3:PSA mRNA in the urine [49]. Based on studies vali-
dating predictive accuracy [50–52], it was approved by the FDA for men with a
prior negative biopsy and no evidence of atypical small acinar proliferation (ASAP)
to help clinicians and patients decide whether to forego a repeat biopsy based on a
threshold result of 25 [53]. In a recent prospective study, Wei et al. [54] examined
the use of PCA3 in men undergoing either initial (N = 562) or repeat (N = 297)
biopsy. They found that adding PCA3 to the PCPTRC improved the prediction
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model beyond the PCPTRC alone for both any and HG cancer in the initial and
repeat biopsy settings. The study showed that a PCA3 threshold of 20 would result
in avoiding 41% of initial biopsies while missing 31 high-grade cancers (20.1% of
HG PCa, 5.5% of studied men). In the repeat biopsy setting, 46% of biopsies would
be avoided with four high-grade cancers missed (15.4% of HG PCa, 1.3% of
studied men). Similar initial biopsy performance was reported by Crawford et al.,
who evaluated 1962 biopsy naïve men with PSA > 2.5 ng/mL, and found that a
PCA3 cutoff of 10 would prevent 20% of biopsies while missing 53 high-grade
cancers (the exact percent of all HG Ca not discussed, but this comprised 2.7% of
studied men) [53]. On the other hand, Gittelman et al. studied 466 men undergoing
repeat biopsy and reported that a PCA3 cutoff of 25 would have prevented 48% of
biopsies and missed 8 high-grade cancers (30.7% of HG PCa, 1.7% of studied men)
[55]. Thus, PCA3 appears less effective in biopsy naïve men at a single threshold
level. These studies, and in particular Wei et al. [54], highlight the fact that PCA3,
like most other prostate cancer tests, does not function well as a binary test, for the
simple reason that PCa presents a continuum of risk—men cannot be dichotomized
as “low” and “high” risk either before or after diagnosis. Just as 4.0 ng/mL was
never a good “one size fits all” threshold for PSA, PCA3 does not work well with a
single threshold. The concept of a high NPV below a given threshold and a high
PPV above a second threshold, with a gray zone in between, are much more
reflective of the reality of prostate cancer biology.

PCA3 was also compared to newer biomarkers to evaluate its continued role on
PCa care. Scattoni et al. compared PCA3 to phi prospectively in men undergoing
initial (N = 116) or repeat (N = 95) biopsy [56]. Relative to their clinical model
(PSA, fPSA:PSA ratio, and prostate volume), the addition of phi increased the
predictive accuracy for any cancer in both the initial and repeat biopsy cohort,
though the difference was not statistically significant. The addition of PCA3 to both
the clinical model alone and the clinical model with phi did not improve accuracy.
A DCA showed a slight net benefit when phi was added to the clinical model for the
initial and repeat biopsy group. However, it is important to note that this study’s
outcome was any prostate cancer; the authors did not perform a separate analysis
for HG cancers. Furthermore, the samples sizes for each cohort were modest, and
the clinical model did not include age, DRE findings, or family history (factors
present in the PCPTRC). In a similar study, Perdona et al. measured PCA3 and phi
prior to the first biopsy in 160 men with benign DRE and PSA 2-20 ng/mL; both
biomarkers were added to the clinical model (age, PSA density, and fPSA:PSA
ratio) to assess improved accuracy in detecting any cancer [57]. In their final
predictive model and DCA, the addition of both PCA3 and phi to the clinical model
produced the greatest net benefit to patients; however, the authors concluded the
addition of PCA3 was modest and did not warrant widespread use in screening men
for biopsy. A similar conclusion was reached by Seisen et al. who found that phi
had greater accuracy for predicting clinically significant PCa (Gleason � 7, pos-
itive biopsy cores >3, or >50% cancer involvement in any core) at biopsy com-
pared to PCA3 in 138 biopsy naïve men with elevated PSA or positive DRE [58].
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Of note, the authors did not construct a base clinical model for comparison; thus,
the clinical implications are limited.

PCA3 as a standalone marker has usefulness in the population; it was initially
intended for men with a negative biopsy who are contemplating a repeat biopsy. At
this decision point, a very low PCA3 score would allow a portion of these men to
forego biopsy with a low chance of missing a high-grade cancer.

Transmembrane Protease Serine 2:ERG Fusion (TMPRSS2:ERG)

The gene fusion of TMPRSS2:ERG occurs frequently in PCa carcinogenesis [59].
TMPRSS2 expression is regulated by androgens, and the gene fusion creates
androgen-driven overexpression of the ERG oncogene [60]. Transcripts from this
fusion are quantifiable measured in urine following DRE, and this result has been
combined with PCA3 to predict PCa and HG PCa at the time of initial biopsy [61,
62]. In 443 men undergoing biopsy for PSA � 3 ng/mL, Leyten et al. found that
adding TMPRSS2:ERG and PCA3 to the ERSPC risk calculator increased the
predictive accuracy for any cancer [62]. They also demonstrated that the combi-
nation cutoffs of PCA3 <25 and TMPRSS2:ERG <10 would have avoided 35% of
biopsies while missing 11 cases of high-grade cancer (9.6% of HG PCa, 2.4% of
studied men). Tomlins et al. confirmed this finding and validated a predictive model
combining TMPRSS2:ERG, PCA3, and the PCPTRC in 1244 men presenting for
biopsy [61]. Their predictive model, the Michigan Prostate Score (MiPS, University
of Michigan Labs, Ann Arbor, Michigan), showed superior predictive accuracy
compared to the PCPTRC for any and high-grade PCa (AUC for high-grade PCa
0.779 versus 0.707, p < 0.001). On DCA, there was a clear net benefit of MiPS
relative PCPTRC for detection of any and HG PCa. A MiPS threshold of <15%
would have avoided 36% of biopsies while missing 19 high-grade cancers (8.5% of
HG PCa, 1.6% of studied men). These studies demonstrate the additional value of
TMPRSS2:ERG and that when it is combined with PCA3 there is a notable clinical
utility in reducing biopsies without missing a large number of HG PCa cases.

The clinical utility of MiPS appears similar to that of phi and the 4Kscore;
however, a head-to-head comparison of MiPS to these serum markers does not exist.
Stephan et al. did perform a study that assessed the predictive accuracy for any
prostate cancer of TMPRSS2:ERG, PCA3, and phi in 246 men undergoing biopsy
for PSA 0.5–20 ng/mL or suspicious clinical findings; of note, 45% of men had a
prior biopsy [63]. They reported that TMPRSS2:ERG only added additional pre-
dictive value relative to phi and PCA3 in the repeat biopsy cohort. In DCA, they
found that the addition of PCA3 and phi to their clinical model (age, PSA, fPSA/PSA
ratio, prostate volume, and DRE) provided net benefit over the clinical model. While
this study assessed all three biomarkers, it did not assess the predictive accuracy for
HG cancers nor compare their model to an established clinical predictive model (e.g.,
PCPT or ESPRC); thus, the implications are limited. Overall, the available data
demonstrate that a large number of men can avoid a biopsy when TMPRSS2:ERG is
used in combination with PCA3 without missing many HG cancers.
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Lin et al. also used the Canary Prostate Active Surveillance Study cohort to
investigate PCA3 and TMPRSS2:ERG utility in active surveillance [64]. The
authors assessed the accuracy of PCA3 and TMPRSS2:ERG to predict HG disease
on subsequent surveillance biopsy. While there were increasing urine levels of both
PCA3 and TMPRSS2:ERG in men with HG disease, the predictive model for HG
disease showed no significant difference between a model with PSA (AUC 0.68)
and combining PSA, PCA3, and TMPRSS2:ERG (AUC 0.70, p = 0.08). Thus, like
4K and phi, there is minimal clinical value of these urinary markers once a diag-
nosis of prostate cancer has been made.

ExoDx™ Prostate IntelliScore (ExosomeDiagnostics, Inc., Waltham, Massachusetts)

A novel test that measures the exosomal RNA of ERG and PCA3 normalized to
SPDEF in voided urine without a prior DRE [65, 66]. Exosomes are small
nanovesicles secreted by both normal and cancerous cells into both blood and urine
[49, 65]. In 195 men with PSA 2–10 ng/mL and no prior biopsy, Donovan et al.
retrospectively developed a model including the urinary exosomal levels of ERG and
PCA3 that provided additional predictive accuracy above a clinical model (PSA, age,
race, and family history) to predict HG PCa (AUC 0.80, 95% CI: 0.73–88) [65].
With a binary cutoff of 10 on their Exo106 model, the authors reported that 39% of
biopsies would have been avoided in their population with 2 HG cancers missed
(4.8% of HG PCa, 1.1% of studied men). In a prospective trial, McKiernan et al.
re-evaluated this model on a training cohort (N = 255) and then applied it to a
validation cohort (N = 519) of men with PSA 2–10 ng/mL and no prior biopsy. The
gene expression model (ExoDx Prostate IntelliScore) combined with clinical vari-
ables (PSA, age, race, and family history) had greater predictive accuracy than
PCPTRC for HG cancer, with AUCs of 0.73 (95% CI:0.68–0.77) versus 0.62 (95%
CI: 0.57–0.67), respectively. The authors performed a DCA comparing the
IntelliScore alone to their clinical model, showing net benefit of the IntelliScore,
though PCPTRC was not included in the DCA. With a cutoff IntelliScore cutoff of
15.6, the assay would have prevented 27% of biopsies while missing 12 cases of HG
cancer (8% of HG PCa, 2.3% of studied men). These initial results suggest that the
IntelliScore can also markedly decrease the number of biopsies performed, but
validation on an independent cohort and comparative studies are needed.

SelectMDx (MDxHealth, Irvine, California)

The mRNA transcripts from a set of three genes (HOX6, TDRD1, and DLX1) in
post-DRE urine were first reported by Leyten et al. to have high predictive accuracy
for high-grade PCa in 358 men undergoing biopsy [67]. Van Neste et al. [68] then
developed and validated a model to predict high-grade cancer at biopsy involving
levels of HOX6 and DLX1 normalized to KLK3 (the gene that encodes PSA) along
with clinical factors (age, PSA density, DRE, prior biopsy, PSA, and family
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history). Interestingly, they found that excluding DRE findings from the model
produced greater accuracy (AUC 0.90, 95% CI: 0.85–0.95), which they attributed
to interobserver variability of DRE. They then performed a DCA that clearly
demonstrated that their model provided greater net benefit that the both PCPTRC
and the combination of PCPTRC with PCA3 results. If the cutoff for biopsy was set
to a rigorous NPV of 98%, then 42% of biopsies in their cohort could have been
avoided. However, these impressive values remain to be demonstrated in an
independent cohort and compared to other biomarkers.

2.3 Negative Biopsy Tissue

ConfirmMDx (MDxHealth, Irvine, California)

An assay is developed that utilizes negative prostate biopsy tissue to examine
promoter region methylation levels of three genes associated with PCa: GSTP1,
APC, and RASSF1 relative to the methylation of the ACTB gene [69]. The test is
developed on the finding of methylation field effect in that gene expression changes
are detectable in benign tissue adjacent to cancerous regions [70]. The utility of
predicting cancer on subsequent biopsies after an initial negative biopsy has been
assessed in two retrospective patient cohorts: (1) initial development in the
Methylation Analysis to Locate Occult Cancer (MATLOC) [69] in the UK and
Belgium which assessed 483 subjects and (2) the Detection Of Cancer Using
Methylated Events in Negative Tissue (DOCUMENT) [71] validation cohort of 320
subjects from 5 centers in the USA. In the MATLOC study, a model was generated
with the methylation levels of the three genes of interest and clinical factors (age,
PSA, DRE, pathology of first biopsy). The combined model resulted in a NPV of
90% (95% CI: 87–93%) for any prostate cancer on repeat biopsy [69]. A similar
finding was found in the validation DOCUMENT cohort where the multivariable
model with the methylation markers had a NPV of 88% (95% CI: 85–91%) [71].
These two cohorts were then combined by Van Neste et al. to assess the predictive
accuracy of the assay (EpiScore) for HG PCa when combined with a clinical model
(age, PSA, DRE, and pathology of first biopsy) [72]. The AUC of the EpiScore and
the clinical model combined was 0.76 (95% CI: 0.68–0.84). A DCA revealed the
EpiScore added to plus the clinical model demonstrated a notable net benefit over
the PCPTRC. The authors estimated that 30% of repeat biopsies could be avoided,
though they did not explicitly discuss how many HG cancers would be avoided at
this threshold. Thus, the ConfirmMDx does provide benefit over PCPTRC based on
initial studies. However, additional prospective validation studies have yet to be
performed for this assay; moreover, its performance has yet to be directly compared
to other markers in men with a prior negative biopsy.
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3 Summary Points—Detection of Prostate Cancer

(1) The blood tests phi and the 4Kscore provide similar benefit in men contem-
plating biopsy prior to the diagnosis of PCa and can be used to forego biopsy.

(2) PCA3 as a standalone urinary marker is suitable for use in men with prior
negative biopsy who are contemplating a repeat biopsy. The combination of
PCA3 and TMPRSS2:ERG can be used for men contemplating either an initial
or repeat biopsy.

(3) SelectMDx and ExoDx are novel urinary markers that remain to be and
compared to other markers; however, early results suggest that a large number
of men can be spared a biopsy with few high-grade cancers missed.

(4) ConfirmMDx appears to provide clinical benefit for men with a prior negative
biopsy, based on a high NPV for men with a negative test.

(5) Few of these studies have been prospective, and very few have compared tests
head-to-head. Moreover, the optimal timing and use of these markers relative
to each other and in the setting of multiparametric MRI remain incompletely
defined.

4 Initial Treatment Decision

Following the diagnosis of prostate cancer, multiple instruments have been
designed to assess gene or protein expression changes in the cancerous biopsy
tissue that allow for further prognostic risk stratification. This additional prognostic
information can be used to help patients and provider make decisions in terms of
pursuing definitive treatment. It is important to emphasize that while many of these
markers have increased statistical predictive accuracy for a clinical outcome, to
date, none of them has been prospectively validated as a truly predictive biomarker
which can identify a particular treatment that would provide benefit to a specific
patient. Furthermore, no direct comparisons of these biomarkers have been reported
to date; thus, we are left to compare the utility of each outcome assessed by a
specific marker, and whether providing additional prognostic information for that
outcome provides assistance to patients making a treatment decision. Finally,
clinicians must exercise caution in making radical treatment recommendations
based solely on the findings of these markers, particularly since a recent report
found significant heterogeneity of gene expression levels associated with these
markers both within the same tumor and within different tumors of the same patient
[73]. Nonetheless, these markers can provide assistance for patients in clinical
situations that do not have a clear treatment recommendation.
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Oncotype Dx Genomic Prostate Score® (GPS) (Genomic Health, Inc., Redwood
City, California)

The Oncotype GPS score drives from a genomic panel that measures the gene
expression at the RNA level of 12 genes associated with aggressive prostate cancer
relative to 5 housekeeping genes [13, 74]. The panel was developed from 732
candidate genes tested in RP specimens and prostate biopsy cores [75, 76]. Klein
et al. [75] initially examined 441 RP specimens and assessed gene expression
correlation with clinical recurrence, prostate cancer death, and RP adverse
pathology (defined as (1) Gleason primary pattern � 4 or (2) stage � pT3a). They
then used separate cohort of 167 biopsy specimens from patients who subsequently
underwent RP to derive the final 12 genes associated with adverse pathology at RP
(plus the 5 housekeeping genes) to arrive at the final 17 gene panel. The panel was
then validated for predicting adverse RP pathology on a new cohort of 395 biopsy
specimens from men with (1) CAPRA score < 5, (2) Gleason � 3+4, and
(3) � cT2 disease [75]. On multivariable analysis in models that included clinical
variables (age, PSA, clinical stage, and biopsy Gleason) and CAPRA score, the
GPS remained a significant predictor of adverse pathology at RP [75]. The AUC of
the adverse pathology predictive model was 0.67 when combining CAPRA and
GPS versus 0.63 with CAPRA alone. Lastly, a DCA revealed that there was a net
benefit adding the GPS to CAPRA compared with CAPRA alone. Thus, as a
prognostic score for adverse RP pathology, the GPS added information beyond a
patient’s clinical variable and biopsy pathology results.

To further validate the GPS on a separate, more racially diverse, RP cohort,
Cullen et al. assessed the correlation of biopsy specimen GPS with (1) adverse
pathology at RP, (2) biochemical recurrence (BCR), and (3) metastatic recurrence
for 431 men with very low to intermediate NCCN risk disease and Gleason � 7 on
biopsy [77]. They found that in a model including NCCN risk group and GPS that
GPS remained a statistically significant predictor of BCR and adverse pathology at
RP [77]. Multivariable analysis for metastatic recurrence was unable to be modeled
due to a low number of events. For predictive models, the AUC of NCCN risk
category (a relatively inferior, and not truly multivariable, baseline comparator) for
adverse pathology was 0.63, but increased to 0.72 with the addition of GPS. In the
BCR outcome, the c-index (analogous to the AUC, but used for time-dependent
survival outcomes) of NCCN risk category alone was 0.59 and increased to 0.68
with the addition of GPS. Thus, this study suggests that may be a prognostic
association with the GPS for BCR in addition to adverse pathology at the time of
RP. However, the authors did not perform a DCA for these outcomes with NCCN
risk categories alone versus with the addition of GPS, and as noted above,
improving predictions based on the NCCN risk categories can be done for free with
better, readily available clinical models.

Most recently, Van Den Eden et al. [78] found that higher GPS from biopsy
tissue is prognostic of post-RP outcomes. In a retrospective cohort study of 279
men treated with RP from 1995 to 2010 for localized PCa spanning low to high
NCCN risk groups, the authors found that the GPS score was independently
associated with BCR, PCa metastasis, and PCa death after adjusting for CAPRA
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score and NCCN risk category. The c-index for the PCa metastasis at 10 years rose
from 0.65 for CAPRA alone to 0.73 with the addition of GPS. For PCa death, a
similar increase of 0.78–0.84 was observed with the addition of GPS to
CAPRA [78]. While this association is noteworthy, it is unclear what impact these
data have on clinical decisions, particularly since models were not adjusted for
receipt of any adjuvant therapies post-RP.

The GPS score provides clinicians and patients with additional information
regarding their overall disease prognosis and their likelihood of having adverse
pathological features if they were to undergo immediate RP. However, it is unclear
how GPS scores correlates with disease progression should they chose active
surveillance, or if they chose primary radiation therapy. Also, the GPS report makes
reference to risk group reclassification based on thresholds which are arbitrary and
not statistically validated. Thus, the GPS provides additional risk stratification for
patients, but is likely best reserved for patients whose clinical risk does not indicate
a clear clinical recommendation for or against treatment.

ProMark® (Metamark Genetics, Inc., Waltham, Massachusetts)

It is a test that uses quantitative tissue proteomics [79] to generate a risk score from
the levels of 8 target proteins for men with Gleason 3+3 and 3+4 cancer on biopsy.
The score provides patients and providers with the probability of having adverse
pathology at the time of prostatectomy, again defined as (1) Gleason � 4+3,
(2) stage � pT3a, or (3) N1/M1 disease. The protein panel was derived from a
candidate biomarker study [80]. A clinical prognostic risk model was developed in
381 patients with biopsy and RP specimens and then validated in a new cohort of
276 RP patients comparing their proteomic panel risk to NCCN risk category and
D’Amico classification [81]. In the validation cohort, the authors report that the
AUC of predicting unfavorable pathology for the proteomic panel alone was 0.68
(CI 0.61–0.74) compared to the NCCN model of 0.69 (CI 0.62–0.75) and D’Amico
0.65 (CI 0.59–0.71). However, there were increases in AUC with the addition of the
proteomic panel to the NCCN model to 0.75 (CI 0.69–0.81) and for the D’Amico
model to 0.75 (CI 0.69–0.81). Additionally, when the authors utilized clinical
cutoffs for the protein panel combined with NCCN risk categories, they reported
that the favorable pathology PPV was 82% for NCCN intermediate risk, 82% for
low risk, and 95% for NCCN very low risk. Using just the NCCN categories, the
PPVs for intermediate, low, and very low risk were 41, 64, and 80%, respectively.
Conversely, an unfavorable protein panel score resulted in a PPV for unfavorable
pathology in 85% of NCCN intermediate-risk patients, 50% of low, and 75% of
very low cases (n = 4 for the very low category). The authors did perform a DCA
that demonstrated a net benefit with the addition of the protein panel for patients in
the NCCN intermediate and high-risk groups. Thus, particularly for patients in the
intermediate-risk category, the addition of the protein panel information could alter
a treatment recommendation. However, for patients with lower clinical risk, the
ProMark is more adept to offer reassurance that they are in fact low risk. However,
it has not been demonstrated that ProMark improved on any bona fide multivariable
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clinical risk score. Moreover, it is important to recall that the outcomes predicted by
the ProMark panel are specific to unfavorable pathology at the time of RP. While
unfavorable pathology is associated with a less favorable prognosis, there is no
study to date that shows an unfavorable ProMark score to either predict or have a
direct correlation with decreased survival or post-surgical disease recurrence.

Prolaris® (Myriad Genetics, Inc., Salt Lake City, Utah)

It is a panel that measures the RNA expression levels of 31 genes involved in cell
cycle progression (CCP) relative to the expression of 15 housekeeping genes in
cancerous tissue [82]. The primary clinical outcome prognosticated by the test is
10-year prostate cancer mortality with conservative management [74]. The genes
were initially selected, and the model was developed using cohorts of patients who
underwent radical prostatectomy and those with prostate cancer found during
transurethral resection of the prostate (TURP) [82]. Higher CCP scores were
associated with BCR in the RP cohort and prostate cancer death in the TURP cohort
[82]. The prostate cancer mortality prognostic finding was then validated in a cohort
of conservatively managed patients undergoing transrectal prostate biopsy, which
demonstrated that the CCP was associated with prostate cancer death in a multi-
variable analysis including clinical variables [83]. Of note, the CCP was not ini-
tially compared with existing multi-component clinical prognostic risk calculators
(e.g., CAPRA score). Such a comparison was done by Cuzick et al. in a subsequent
study of 585 men diagnosed with needle biopsy and then managed conservatively
[84]. They assessed the 10-year prostate cancer mortality by CAPRA score, CCP
score, and a combination of the two designated the cell cycle risk (CCR). In the
predictive model, the c-index for CAPRA alone was 0.74 and increased modestly to
0.78 for the CCR model (CAPRA and CCP). The authors also discussed that the
CCP score facilitated stratification of risk within each CAPRA score [84]. However,
from a clinical perspective, this stratification would likely be relevant to only low-
and intermediate-risk patients (i.e., stratification of high risk is unlikely to modify
treatment recommendation).

In addition to assessing mortality in conservatively managed men, the CCP score
has been assessed on the biopsy specimens of men who later underwent definitive
local therapy. Bishoff et al. [85] calculated CCP scores on the biopsy specimens of
582 men who subsequently were treated with RP. They found that elevated biopsy
CCP scores were significantly associated with BCR on multivariable analysis. The
authors also reported a significant association with metastasis; however, only 12 of
the 582 patients (2%) experienced this outcome. The CCP score was not signifi-
cantly associated with clinical variables in any models, suggesting that it provides
additional predictive information beyond clinical data. However, the prognostic
value of the CCP was not directly compared to any established clinical calculators.
In a subsequent study using this same cohort of patients, Tosioan et al. found that
for men with clinically NCCN low-risk disease (Gleason score � 6, � cT2a,
PSA < 10 ng/mL), the CCP score from the biopsy was able to provide additional
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prognostic value for biochemical recurrence after RP beyond the CAPRA score
[86]. They reported that 35% of men with a high CCP score had BCR at 5-years,
and the c-index was 0.56 for the CAPRA score alone and 0.66 for CAPRA com-
bined with CCP score. Furthermore, the authors assessed clinical utility with a
DCA, which revealed the CCP score provided net benefit beyond CAPRA [86].
Thus, using only pre-treatment data, the CCP score does allow for prognostic
stratification within the low-risk category, and this information could be used in
making active surveillance vs local treatment decisions with certain patients.

A similar finding for radiation treatment was found by Freedland et al. [87] who
studied the CCP score of biopsy tissue in 141 men who underwent definitive local
treatment with external beam radiation therapy (EBRT). They found that higher
CCP scores were associated with biochemical failure using the Phoenix criteria
[88]; however, in their multivariable model the c-index increased slightly from 0.78
to 0.80 with the addition of the CCP score to standard clinical variables [87].
Nonetheless, for a given clinical risk, the CCP did further stratify the risk for
experiencing biochemical failure, and this information could potentially be used in
men contemplating radiation therapy vs active surveillance.

In higher-risk clinical categories, the CCP may provide less assistance. In a small
study of 52 patients who underwent RP, Oderda et al. used pre-RP clinical variables
and biopsy CCP score to prognosticate changes in European Urology Association
(EUA) risk categories based on final RP pathology and subsequent BCR [89]. The
risk categories of the patients in the study included those from low, intermediate, and
high pre-RP clinical risk. The authors found that there was modest improvement in
predictive models for high-risk disease at RP based on EAU post-op classification.
The AUC of the biopsy-based EUA risk classification rose from 0.79 to 0.88 with the
addition of CCP [89]. However, there are questions as to whether or not classifying a
clinically high-risk patient with “more aggressive” disease is of clinical value.
Similarly, would a “less aggressive” CCP score in a clinically high-risk patient
change a recommendation for treatment? Furthermore, the CCP was not a statisti-
cally significant predictor of BCR in models that included pre-RP EUA risk cate-
gories, CAPRA score, or in a model involving post-surgical EAU risk score based off
of pathological variables. Thus, particularly for patients who have intermediate- or
high-risk disease, the usefulness of the CCP score relatively to standard clinical risk
predictors is not as clear, and its use may not change treatment recommendations or
add additional predictive information for post-treatment recurrences.

Multiple studies have also utilized questionnaires completed by treating urolo-
gists to track changes in treatment recommendations both before and after CCP
results are known [90–92]. Shore et al. described that in 294 newly diagnosed
patients with localized disease, surveyed urologists reported that the CCP score
revealed lower than expected risk in 47% of patients and higher than expected risk
in 8% [92]. Notably, however, the measure of “expected risk” before the CCP score
was left to the judgment of the urologist (i.e., no standardized risk calculators were
used). These risk changes resulted in a different treatment recommendation for 32%
of patients [92]. Similarly, in the preliminary analysis of a large CCP registry,
Crawford et al. reported urologist survey results for 305 men with newly diagnosed
PCa and found that the CCP score changed the treatment recommendation in 31%
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of men [90]. In the follow-up report from this registry that involved 1206 men, it
was noted that after patients and providers knew the CCP score, 24.2% of patients
initially favoring a non-interventional approach switched to more aggressive ther-
apy compared to 14.2% who changed from an interventional therapy to a
non-interventional management strategy. These studies suggest that clinicians and
patients took CCP results into consideration when selecting management. However,
these results must be interpreted with caution as the study design used the clinical
decision change as the measured outcome, and a change in decision is not always in
the correct direction. Furthermore, neither urologists nor patients were randomized
to use the test or not, and there are substantial opportunities for bias in this type of
study, both in the pretest and post-test recorded decisions.

The CCP score provides patients and providers with an overall stratification
within their clinical risk group and an estimated mortality risk should they chose a
non-interventional management strategy. This information is most likely to help
patients who do not have a definitive or clear decision based on their clinical risk
estimates.

Decipher® (GenomeDx Biosciences, Inc., Vancouver, British Columbia)

The Decipher genomic classifier (GC) is comprised of RNA expression levels of 22
genomic markers that were initially selected from 1.4 million candidate RNA
probes from a whole transcriptome microarray (including both protein-coding and
non-coding RNA) [13, 74, 93]. The GC was derived and validated to predict
metastasis based on a cohort of 545 patients who underwent RP at the Mayo clinic
of which 213 experienced subsequent metastasis [93]. While the actual GC report
provided to clinicians and patients is comprised only of the validated 22 markers,
the clinical assay is based not on real-time PCR, but rather on a full transcriptome
microarray, the full data from which are held to develop further genomic expression
profiles that may have additional prognostic—and possibly predictive—character-
istics for specific responses to radiation [94] or hormone therapy [95]. The initial
focus of the GC was on post-RP prognostication and treatment decisions; however,
the GC can now be performed on biopsy specimens, and results can be factored into
the initial treatment decision.

The GC score ranges from 0 to 1 and then divided into low (0.0–0.44), average
(0.45–0.59), and high (0.60–1.0) genomic risk based on the 22 markers. The biopsy
report provides estimates of high-grade disease (primary Gleason � 4) at RP,
5-year metastasis rate after RP, and 10-year prostate cancer mortality after RP. The
model used to estimate the 10-year prostate cancer mortality is extrapolated from
the GC scores of RP specimens [96, 97]. The models used to estimate the
high-grade Gleason at RP and 5-year metastasis after RP were evaluated by Klein
et al., who assessed the GC score on 57 biopsy specimens from men who subse-
quently had RP [98]. They found that in the model for high-grade Gleason at RP,
the AUC for the GC was 0.71 (95% CI 0.56–0.86). For 5-year metastasis, the
c-index for the GC was 0.87 (95% CI 0.76–0.97); however, only 5 men in the
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cohort developed this outcome [98]. Also, the authors assessed the GC on the RP
specimens for all of these patients and found GC risk group (low, intermediate,
high) concordance of 64% (95% CI 50–77%) between the biopsy and RP GC score.
This GC risk concordance rate is similar to the 75% found in a study of 33 patients
who had both GC biopsy and RP specimens [99]. In the same study, the authors
found that the actual GC score correlation between biopsy and RP had R = 0.7
(p < 0.001) and that many of the discordant risk group cases had scores at the
borders of the risk group cutoffs [99]. Thus, the biopsy-based GC score does
provide patients and physicians with estimates of clinical outcomes, but it is
important to note that all men underwent treatment with RP in deriving these
estimates.

A recent study is proposed combining the GC score and NCCN risk classifi-
cation system to better prognosticate the risk of distant metastasis at 10 years using
novel clinical-genomic risk groups [100]. The authors proposed both a 3-tier (low,
intermediate, and high) and 6-tier (very low, low, favorable intermediate, unfa-
vorable intermediate, high, and very high) clinical-genomic risk groups that were
derived by combining the 4-tier NCCN risk groups with the GC risk group. Again,
this is a suboptimal strategy since the NCCN risk groups do not fully or adequately
represent the prognostic information derivable from standard clinical parameters.
The authors leveraged multicenter cohorts with a total of 991 patients to first
develop the new clinical-genomic risk groups on pre-treatment clinical data and GC
scores from RP specimens (N = 756) and then validated the risk groups using
biopsy GC scores (N = 235) in patients who then underwent RP or radiation
therapy as primary treatment. In the development cohort, the 10-year distant
metastasis c-index for the NCCN 4 tiers was 0.68 (95% CI 0.64–0.72), CAPRA was
0.68 (95% CI 0.62–0.74), and for the 6-tier clinical-genomic risk was 0.77 (0.72–
0.81). In the validation cohort, the c-index for the 6-tier clinical-genomic risk was
0.84 (95% CI 0.61–0.93). This combination the NCCN risk and GC risk overall
improved the prognostication of determining metastatic disease at 10 years after
primary therapy based on pre-treatment clinical factors and GC score from the
biopsy specimen. These results could be helpful for (1) patients contemplating
primary treatment who may pursue active surveillance if they have very low
clinical-genomic risk and (2) identifying patients with very aggressive disease who
may require multimodal therapy and treatment escalations.

Lastly, there is some evidence supporting the use of the GC score on biopsy
tissue in men contemplating radiation therapy. Nguyen et al. assessed the GC score
of biopsy tissue to predict post-treatment distant metastasis in 100 patients with
NCCN intermediate- or high-risk disease who underwent primary radiation and
androgen deprivation therapy (ADT) following biopsy [101]. The authors found
that the GC was the only significant predictor of distant metastasis in multivariable
analysis for different models that included clinical variables, CAPRA, or NCCN
risk category [101]. For the model to predict 5-year metastasis following radiation,
the c-index for the GC was 0.76 (95% CI 0.57–0.89), compared to CAPRA 0.45
(95% CI 0.27–0.64), and NCCN 0.63 (95% CI 0.40–0.78). On DCA, the GC score
showed a net clinical benefit across the spectrum of threshold probabilities [101].

Prostate Cancer Markers 75



Thus, this study demonstrated the ability of the GC score from biopsy tissue to
predict which men may have a high risk of developing metastatic disease despite
radiation and ADT. These men could potentially select longer ADT courses,
chemotherapy, or clinical trials.

The GC score from biopsy specimens allows for prognostication of disease
progression in men undergoing treatment with radiation and ADT or RP. However,
as with the other tests discussed above, there remain no data on GC scores in men
who were actually followed with active surveillance. Thus, low GC scores prog-
nosticate clinically less aggressive disease in patients who elect local therapy. This
information can be incorporated into clinical risk factors to assist patients with their
decision to pursue local therapy.

4.1 Summary Points—Initial Treatment Decision

(1) Oncotype GPS and ProMark provide additional risk stratification for having
adverse pathology for patients with Gleason 3+3 or 3+4 disease on biopsy and
with overall low or intermediate clinical risk. There is also some correlation of
GPS with biochemical recurrence, metastasis, and cancer death following
radical prostatectomy; however, it is unclear how this information should be
factored into the initial clinical decision for treatment.

(2) The Prolaris CCP score adds prognostic value to clinical variables regarding
the mortality risks of conservative management and of recurrence following
treatment. While sub-stratification within some risk categories may prove to be
less valuable, the ability to estimate outcomes in men not pursuing local
therapy may be useful to patients.

(3) The Decipher GC provides prognostic information regarding the risk of disease
progression or recurrence following local therapy and can be used to identify
patients with less aggressive disease that may be amendable to surveillance. It
may also be used to identify high-risk patients that might benefit from esca-
lations in treatment, though it has not been validated to predict better responses
to escalated treatment. There is not yet long-term evidence reporting the use of
any biomarker in the setting of active surveillance.

5 Post-radical Prostatectomy Prognosis and Adjuvant
Treatment Decisions

Patients who have undergone RP as definitive local treatment are faced with a series
of decisions around adjuvant or salvage radiation, ADT, or continued surveillance
in the setting of a slowly rising PSA. The ability for biomarkers to contribute
additional prognostic value beyond clinical and pathological characteristics can
assist with these decisions. There is also the potential for a truly predictive
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biomarker to be developed in this area that could predict which patients would
benefit from additional radiation or hormone therapies. However, no marker has
been proven to be predictive in this context. Indeed, for the adjuvant radiation
discussion, the decision thresholds may well prove trifurcated rather than bifur-
cated: Men with relatively low-risk disease may not need adjuvant treatment and
those with very high-risk disease may not benefit. The men in an optimal
middle-risk zone presumably will benefit from early radiation, but no score has yet
been studied or validated along these lines. The two biomarkers discussed below
were explained in the prior section on biopsy tissue, but both panels can also be
performed on RP specimens. The evidence for their use in post-RP treatment
decisions using the RP specimen as a substrate will be discussed herein.

Prolaris®

Cooperberg et al. [102] focused on the CCP score derived from RP tissue to
prognosticate and stratify the risk of BCR. In the study of 413 men who underwent
RP, 20% had BCR. The authors found that the CCP score was able to effectively
sub-stratify patients within CAPRA-S [17] risk groups. They also reported that
regardless of CAPRA-S risk group, men with a very low CCP score never recurred
within 5 years of RP, but that among those with a high CCP, nearly 50% experi-
enced a recurrence. In the overall recurrence predictive model, the c-index of
CAPRA-S alone was 0.73 and increased to 0.77 with the addition of the CCP score.
In DCA, the combination of CAPRA-S and CCP score provided a greater net
benefit across the broad range of risk than either test independently [102]. Thus, the
CCP score provides additional prognostic information—beyond pathologic factors
—on the risk of BCR following RP. This additional information could assist men
with deciding on adjuvant treatments. If a patient had adverse pathologic features,
but a low CCP score, they could forego adjuvant radiation. Importantly, this study
did not report on outcomes of metastasis or PCa death; thus, the data provided
should be reserved for counseling patients about the risk of BCR.

Decipher®

After being initially developed and validated to be an independent predictor of
metastasis after RP [93], multiple other studies have confirmed this finding and
shown the GC to improve prognostication of clinical outcomes following RP. Ross
et al. showed that the GC had greater predictive discrimination of metastatic pro-
gression in a cohort of 85 men who developed BCR following RP [103]. They
found that the GC had a c-index of 0.82 (95% CI 0.76–0.86) compared to 0.56
(95% CI 0.49–0.75) for CAPRA-S and 0.75 (95% CI 0.69–0.81) for the Stephenson
nomogram [18]. A DCA showed a net benefit of GC relative to the clinical models.
In a larger patient cohort of 260 men with intermediate- and high-risk disease at the
time of RP who received no adjuvant therapy, Ross et al. found that the GC added
additional prognostic accuracy to the CAPRA-S for estimating metastatic disease at
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10 years post-RP [96]. The c-index of GC alone was 0.76 (95% CI 0.65–0.84) and
CAPRA-S was 0.77 (95% CI 0.69–0.85); however, when the GC and CAPRA-S
were combined, the c-index improved to 0.87 (95% CI 0.77–0.94). The greater net
benefit of the combination was confirmed on DCA. Klein et al. also found the
strong prognostication and clinical benefit of the GC for metastasis at 5 years after
RP in a cohort of 169 high-risk men [104].

In addition to the ability of the GC to prognosticate metastasis after RP,
Cooperberg et al. found that the combination of CAPRA-S and GC also predicted
PCa death at 5 years after RP in 185 men with high-risk disease [97]. The com-
bination of CAPRA-S and GC had greater clinical benefit on DCA than either the
one alone [97]. Notably, this finding was less true for biochemical recurrence alone,
and the role of GC may be greatest in distinguishing purely biochemical PSA
failures vs those likely to progress to clinically apparent recurrence. Supporting this
finding, Karnes et al. recently published a multicenter cohort of 561 men with
adverse pathologic features at RP (pT3, pN1, positive surgical margins, or Gleason
score > 7), showing that combination of GC and CAPRA-S was able to prognos-
ticate 10-year PCa death following RP [105]. They report a c-index for CAPRA-S
and GC of 0.76 (95% CI 0.71–0.82) compared to CAPRA-S alone of 0.73 (95% CI
0.68–0.78) and GC alone of 0.73 (95% CI 0.67–0.78). The DCA performed by the
authors also confirmed the net benefit of GC combined with CAPRA-S for 10-year
PCa mortality [105]. These studies in combination demonstrate that the GC has
significant prognostic value for both metastatic disease and PCa mortality following
local therapy with RP. This prognostic aspect alone can assist patients and provi-
ders in making treatment decisions for adjuvant therapy—if a patient’s GC risk for
metastasis and PCa death is low, he could potentially forego adjuvant treatments
even if his pathological characteristics are less favorable.

Multiple studies have investigated if the GC can discern which patients are likely
to benefit from post-RP radiation therapy (RT) either in the adjuvant setting (ART,
PSA � 0.2) or salvage setting (SRT, PSA > 0.2). Den et al. assessed the GC’s
association with metastasis in 188 men who underwent RT following RP. In the
predictive model for metastasis at 5 years following RT, the c-index for CAPRA-S
was 0.66 (95% CI 0.56–0.78), GC alone was 0.83 (95% CI 0.72–0.89), and the
combination of CAPRA-S and GC was 0.85 (0.79–0.93) [106]. The DCA showed a
relative net benefit for the GC and CAPRA-S model. Moreover, the authors then
compared patients who underwent ART vs SRT based on their GC score. They
found no difference between time to metastasis for men with GC < 0.4 between
ART and SRT (p = 0.788); however, for men with GC > 0.40, there was a signif-
icant difference (p < 0.008) with men who received ART having lower cumulative
incidence of metastasis following RT [106]. This retrospective study therefore
suggests that men with low GC scores may derive little benefit from ART, whereas
those with higher GC may derive greater benefit from ART than SRT. In a larger
cohort of 422 men with pT3 disease or positive surgical margins at RP, Ross et al.
assessed the association of GC with metastasis in men who received ART (PSA <
0.2 at RT), minimal residual disease (MRD) SRT (PSA 0.2–0.49), SRT (PSA
0.50), and no-RT [107]. The authors found in multivariable analysis that Decipher
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remained a statistically significant predictor of metastasis (p = 0.01) in models
including CAPRA-S and the type of post-op RT. They also found that at higher GC
scores, there was improved metastasis-free survival in the ART and MRD SRT
groups compared to the SRT and no-RT groups after adjusting for CAPRA-S [107].
This study therefore suggests that men with high GC scores may derive benefit from
earlier RT. Thus, the decision to pursue ART may be aided by GC scores.

In addition to these retrospective studies on patient outcomes, a prospective
study on clinician treatment recommendations before and after the ascertainment of
GC score found that clinicians do change their recommendations for ART and SRT
based on GC scores [108]. In patients who were candidates for ART, 18% received
a changed treatment recommendation from their urologist after the GC score was
known. For patients that were candidates for SRT, 37% received a changed treat-
ment recommendation. Patients with higher-risk GC scores were more likely to
receive a recommendation for ART or SRT, while those with lower GC scores were
more likely to be recommended observation [108]. Whether or not patients pursue
the recommended therapy and if they have improved clinical outcomes remains to
be determined.

Lastly, the technology of the GC microarray allows for assessment of additional
RNA genomic biomarker panels. Zhao et al. reported a new 24 biomarker panel that
is intended to predict the effectiveness of post-RP RT based on the panel results
[94]. The authors utilized the same training and validation patient cohorts as
Decipher to develop the Post-Operative Radiation Therapy Outcomes Score
(PORTOS) that was focused on assessing metastasis and receipt of RT after
RP. The authors found in the validation cohort that for patients with a high
PORTOS, the 10-year metastasis rate was 4% for patients who received RT versus
35% for those who had no-RT (p = 0.002) [94]. Conversely, for patients with a low
PORTOS, the 10-year metastasis rate was 32% in patients who both did and did not
receive post-RP RT (p = 0.76). Finally, the authors demonstrated that CAPRA-S,
Decipher, and the microarray version of the Prolaris CCP did not predict the
response to RT [94]. These results are promising, but they have not been validated
in a prospective cohort, and thus, while PORTOS appears to have significant
predictive characteristics, it cannot yet be considered a true predictive biomarker.

5.1 Summary Points—Post-radical Prostatectomy

(1) The Prolaris CCP score provides additional prognostic value for BCR beyond
clinical variables and can be used to further stratify a patient’s risk of expe-
riencing BCR.

(2) The Decipher GC provides prognostic information for metastasis and PCa death
following RP. This additional information can be helpful to characterize a
patient’s overall risk and facilitate adjuvant therapy treatment decisions. Future
development of similar biomarker panels may ultimately provide predictive
information on whether patients derive any benefit from a specific therapy.
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6 Conclusions and Future Directions

The last decade has brought rapid development of numerous biomarkers for use in
detection and treatment of prostate cancer. At present, these markers offer additional
risk stratification and disease prognosis—information that may be helpful for men
with clinical factors that do not heavily favor biopsy versus no biopsy or treatment
versus surveillance. Thus, prudent ordering of these tests in the correct patients may
be warranted. Prospective trials are still needed to validate whether any markers can
actually improve (not just predict) outcomes such as metastasis and survival.
Furthermore, comparisons between markers are required to determine whether a
superior test exists. While much more research is required, these biomarkers point
to an optimistic future with the ideal goal of only detecting cancers that pose a
threat to a patient’s life and then tailoring therapy to a given cancer’s individual risk
profile and treatment sensitivity.
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Abstract
Prostate cancer is a common malignancy impacting countless men without
curative options in the advanced state. Numerous therapies have been introduced
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in recent years improving survival and symptom control, yet optimal methods
for predicting or monitoring response have not been developed. In the era of
precision medicine, characterization of individual cancers is necessary to inform
treatment decisions. Liquid biopsies, through evaluation of various blood-based
analytes, provide a method of patient evaluation with potential applications in
virtually all disease states. In this review, we will describe current approaches
with a particular focus on demonstrated clinical utility in the evaluation and
management of prostate cancer.

Keywords
Prostate cancer � Liquid biopsy � CTCs � cfDNA � Extracellular vesicles
Biomarker

1 Introduction

Prostate cancer is the most common solid malignancy among men worldwide [1].
The prevalence of prostate cancer in combination with a relatively protracted
clinical course creates significant need for biomarkers to inform management
decisions. Localized prostate cancer treatment options, including active surveil-
lance, surgical excision, or targeted radiation, are made based on individual risk
stratification including pathologic characteristics from prostate biopsy,
prostate-specific antigen (PSA) level, imaging, and other patient factors [2, 3].
Despite increasing use of advanced imaging modalities, improved biopsy tech-
niques, and development of novel systemic therapies, prostate-specific antigen
(PSA) remains the dominant biomarker in clinical use for prostate cancer moni-
toring. Though controversial in its application for population-based screening due
to concerns regarding overtreatment of otherwise indolent cancers, PSA is utilized
for monitoring prostate cancer at all stages. Unfortunately, PSA levels often fail to
accurately reflect disease burden or activity [4], and multiple therapies impact
patient survival and symptoms without corresponding changes in serum PSA levels
[5, 6]. As such, an urgent need exists for improved biomarkers that reflect therapy
response; as importantly, tumor heterogeneity necessitates effective molecular
profiling techniques to guide appropriate therapy selection. “Liquid biopsies”
comprised of analytes from a peripheral blood draw offer an appealing modality for
comprehensive cancer analysis. These techniques are simple, safe, and easily
repeatable throughout disease course and can serve as prognostic and predictive
biomarkers as well as ready tissue sources for molecular profiling. Findings from
liquid biopsy have capacity to inform treatment decisions at all phases of cancer
care from screening to advanced disease states. Liquid biopsy analytes including
circulating tumor cells (CTCs), plasma cell-free genetic materials such as cell-free
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RNA and DNA (cfRNA, cfDNA), as well as extracellular vesicles harboring unique
cancer-specific materials have each been evaluated in prostate cancer and continue
to be developed. Here we examine current applications of these analytes to the
evaluation and management of prostate cancer (Fig. 1).

2 Circulating Tumor Cells

2.1 Identification and Enrichment

CTCs are disseminated from a primary or metastatic tumor sites and circulate in the
vasculature with potential for distant seeding [7, 8]. These have been identified in
the context of virtually all solid malignancies, typically in the advanced state, and
conversely are absent in healthy patients [9]. Though clearly essential to the
development of metastatic disease which accounts for the majority of cancer-related
mortality, the specific mechanisms which drive and enable the proliferation of
CTCs remain poorly understood [8, 10]. Although CTCs have been demonstrated to
have metastatic potential, not all CTCs are destined to form metastases and addi-
tional contributing factors are needed [11]. Nevertheless, the biological and
potential clinical value of CTCs is established. CTC capture is technically chal-
lenging given their scarcity: usually between 0 and 100, relative to the billions of
red and white blood cells within a blood sample [12]. Indeed, though initially
recognized almost 200 years ago, only recently has consistent enrichment, identi-
fication, and even capture been made possible through technologic advances

Fig. 1 Liquid biopsy. Minimal risk, easily repeatable, low cost, feasible in all patients
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enabling better understanding of the physical characteristics and phenotypes of
CTCs in comparison with other circulating cells [13]. In the evaluation of prostate
cancer, the CellSearch system (developed by Janssen Diagnostics, LLC and
recently acquired by Menarini-Silicon Biosystems) is the most clinically studied
platform for CTC enrichment. CellSearch uses ferrofluid nanoparticles linked with
antibodies directed toward epithelial cell adhesion molecule (EpCAM) to separate
EpCAM+ cells from the buffy coat of centrifuged blood. This is followed by
staining for cytokeratin (CK) and CD45 (leukocyte-specific antigen) to identify
CTCs (EpCAM+, CK+, CD45−) [14]. Despite growing appreciation of CTC
heterogeneity highlighting potential limitations of EpCAM-dependent identification
[15, 16], CellSearch remains the most established platform in the setting of prostate
cancer and is the only FDA cleared device for the detection of CTCs in metastatic
prostate cancer [17]. It is also approved in the settings of metastatic breast [18] and
metastatic colorectal [19] cancers. Alternative platforms isolate cells independent of
marker status and rely instead on physical qualities such as size, deformability, or
bioelectric properties [20–22]. In an effort to circumvent issues with CTC enrich-
ment platforms have leveraged high-resolution scanning and automated detection
algorithms to identify CTCs within whole blood smears or following RBC sepa-
ration [23, 24]. These systems may prove to better represent total CTC population
without regard for physical characteristics or surface antigen expression but limit
manipulation and recovery of live cells. It is essential to recognize that all clinical
studies must be interpreted with respect to the method of CTC enrichment and
identification utilized as this directly impacts the population of cells collected with
potentially significant implications. For instance, systems dependent on EpCAM
expression fail to capture cancer cells that have undergone epithelial-mesenchymal
transition (EMT), a population marked by increased aggressiveness and advanced
disease [25]. For the most part, these nuances remain to be explored.

2.2 Clinical Applications of CTCs in Prostate Cancer

2.2.1 Enumeration: CTC Numbers as a Biomarker of Disease
Activity

CTC enumeration has been extensively evaluated in localized and advanced
prostate cancer states. In localized disease, initial hopes that identification of CTCs
may predict disease recurrence were not realized. Davis et al. examined men with
localized prostate cancer undergoing radical prostatectomy. Less than 5% had
greater than 2 CTCs, and no correlation was found between CTC count and tumor
volume, pathological stage, or Gleason score [26]. In another study utilizing the
CellSearch enrichment platform, CTCs were detected in just one of twenty patients
with high-risk localized prostate cancer (no CTCs were identified in healthy con-
trols) [27]. Overall, CTC detection rates have varied between 5 and 52% in various
studies of men with localized prostate cancer [28–31]. No study to date has
demonstrated a significant correlation between CTC enumeration and Gleason
score, tumor stage or PSA in the pre- or early postoperative time frames. Though
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enumeration in the localized setting has not proven clinically beneficial, further
characterization of CTCs, when identified in this setting, may offer relevant clinical
applications as discussed later [30].

More extensive evaluations have been performed in the setting of metastatic
prostate cancer wherein ostensibly greater numbers of CTCs may be expected due
to increased volume of disseminated cancer. Okegawa et al. found 55% of men with
metastatic prostate cancer prior to androgen deprivation therapy to have � 5
CTCs/7.5 ml blood. These men responded to androgen deprivation (by PSA) for
just 17 months in comparison with men with � 5 CTCs who responded to ADT for
32 months (P = 0.007) [32]. Another study examining this same population by
CellSearch found a positive correlation of CTC count with LDH and alkaline
phosphatase but not with PSA or testosterone levels. Patients who developed
castrate resistance had a median CTC count of 17, while those who did not develop
castrate resistance had a median CTC count of 1. On multivariate analysis, only
baseline CTC counts were predictive of progression to castration resistance
(P < 0.001) [33]. Recent evidence supporting the early administration of
chemotherapy with hormonal therapy has caused a paradigm shift toward more
aggressive initial management of metastatic prostate cancer [34, 35]. Given the
demonstrated capacity of CTCs to predict time to castration resistance in this dis-
ease state, CTCs may prove beneficial for identifying those patients most likely to
benefit from early chemotherapy.

In the castration-resistant setting, the prognostic capacity of CTCs has been most
well established. In one of the seminal clinical studies of CTCs in prostate cancer,
De Bono et al. enumerated CTCs using CellSearch. A total of 276 men with
metastatic castrate-resistant disease prior to initiation of new therapy were enrolled
with subsequent evaluation of 231. CTC counts were categorized as favorable (<5
CTCs/7.5 ml blood) and unfavorable (>5 CTCs/7.5 ml blood). CTCs were iden-
tified in 219/231 (95%) men at baseline demonstrating the prevalence of CTCs in
this advanced disease state. Stratified in this manner, unfavorable initial CTC
counts were associated with shorter overall survival (median 11.5 vs. 21.7 months)
and outperformed PSA algorithms at all time points. In addition, patients with
initially unfavorable CTC counts who converted to favorable counts with treatment
experienced similar improvements in median survival (6.8–21.3 months) demon-
strating the capacity for CTCs to reflect response to therapy in these patients [17].
Subsequently, the prognostic efficacy of CTCs has been explored in the context of
various other systemic treatments for advanced prostate cancer including docetaxel,
abiraterone, enzalutamide, and various combinations consistently demonstrating an
association with overall survival that rivals or surpasses that of PSA monitoring
alone [36–38].

CTC enumeration has not been quickly adopted to clinical practice. Though
effective in prognostication, no study to date has demonstrated ability to directly
inform management and thereby alter patient outcomes. Increasingly, however, the
potential to use CTC counts as surrogate endpoints in clinical trials where they may
facilitate shorter trial duration and associated costs is being explored. In evaluating
results of COU-AA-301, a large phase III trial of abiraterone plus prednisone versus
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prednisone alone in patients with mCRPC, Scher et al. found CTC count in com-
bination with lactate dehydrogenase (LDH) level predictive of overall survival at
two years [38]. These two measures together met all Prentice criteria required for
use as a surrogate endpoint for overall survival [39].

2.2.2 Liquid Biopsy in Practice: Identifying Phenotypes
Through CTC Characterization

Simple enumeration of CTCs, while correlated with disease burden, response to
treatments, and prognostic among men with advanced prostate cancer, does not
capitalize on the nature of CTCs as components of relevant, viable tumor tissue.
Characterization of these cells therefore has the capacity to illuminate aspects of
individual patient molecular profiles and guide treatment choices even in the
localized setting where simple enumeration lacked prognostic significance. Pal et al.
performed immunohistochemical staining on enriched CTCs for CD133 (a putative
stem-cell marker) and E-cadherin (a marker of epithelial-mesenchymal transition)
finding an association between expression of these markers of aggression and
biochemical recurrence at one year following prostatectomy in the localized setting,
a disease state wherein total enumeration of CTCs was not predictive [30]. Gold-
korn et al. evaluated telomerase activity in CTCs in a corollary study of SWOG
0421 (docetaxel with atrasentan versus docetaxel alone in CRPC patients). CTC
telomerase activity was prognostic of overall survival in this setting. Though many
potential targets for CTC characterization exist, clinical studies have focused on the
androgen receptor (AR) given its central role in hormonal therapies for advanced
prostate cancer. Immunofluorescent staining of AR on CTCs to determine cellular
localization (nuclear vs cytoplasmic) has been linked to chemotherapy response and
clinical disease progression on abiraterone [40, 41]. Likewise, classification of AR
as “on” vs “off” by immunofluorescent staining identified differences in CTC
profiles of hormone-naïve patients and those who had progressed to CRPC [42].
More recently, ligand-independent AR splice variants have been found to play a
role in resistance to second-generation antiandrogen therapies enzalutamide and
abiraterone [43]. Antonarakis et al. used quantitative reverse-transcriptase poly-
merase chain reaction (PCR) to evaluate AR-V7 expression in CTCs of men with
CRPC. Men with AR-V7 expression had significantly lower PSA response rates,
progression-free survival (PFS), and overall survival when treated with enzalu-
tamide or abiraterone, suggesting a possible means of predicting response to these
therapies through CTC profiling [44–46]. The association is not entirely clear,
however, as other groups have demonstrated clinical response to abiraterone or
enzalutamide despite AR-V7 positivity in CTCs [47]. Greater depth of character-
ization by identifying cellular location of AR-V7 protein may enhance predictive
capacity as demonstrated by Scher et al. In their study, nuclear localization of
AR-V7 protein was the strongest baseline factor influencing overall survival even in
comparison with AR-V7 positive cells without localization [48]. Heterogeneity
among these cells and tumors including alterations in specific signaling pathways
have been shown to contribute to variable responses through RNA sequencing of
single CTCs [49]. Whole-genome and exome sequencing of CTCs from men with
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prostate cancer has been completed demonstrating a strong capacity for CTC
evaluation to recapitulate primary tumor mutations, thus furthering potential clinical
applications of CTC analysis [50, 51]. Ongoing work to capture pure CTC samples
and better characterize clinical implications of specific CTC characteristics in light
of known heterogeneity will enable meaningful application of CTC analysis to
patient care (Table 1).

Table 1 Select examples of AR-V7 detection in clinical studies

References Analyte Patients
analyzed
(n)

Method Findings

Antonarakis
et al. [44,
45, 97]

CTCs 62 and
37

RT-PCR to evaluate
AR-V7 transcripts in CTCs
among men receiving
second-generation
hormonal therapy or taxane
chemotherapy [45, 97]

AR-V7 expression
associated with lower PSA
response, PFS, and OS
among men receiving
enzalutamide or
abiraterone. Men found
AR-V7+ better response to
chemotherapy in
comparison with
antiandrogens

Scher et al.
[46, 48]

CTCs 161 Immunofluorescent
staining of CTCs for
AR-V7 protein [46] with
additional evaluation for
nuclear-specific signal
localization [48]

CTCs expressing AR-V7
found in 34 (18%) samples
using nuclear-specific
criteria, 56 (29%) without
nuclear criteria. AR-V7
associated with resistance to
hormonal therapy,
decreased PFS, shorter OS
among those with nuclear
localization of AR-V7+
indicating role for
chemotherapy selection

Liu et al.
[76]

RNA and
CTCs

46 Comparison of PAXgene
preserved RNA versus
leukocyte depletion and
CTC analysis

AR-V7 detected in 68% of
samples. Increased
expression associated with
receipt of second-line
hormonal therapies

De Laere
[73]

CTCs 30 Low-pass whole-genome
sequencing of ctDNA and
targeted sequencing of AR
gene. Splice variant
analysis from CTC RNA

AR alterations identified in
25/30 patients and
associated with PFS.
AR-V7 negativity more
prevalent among poor
responders

Del Re et al.
[92]

Exosomes 36 Exosomes isolated and
RNA extracted for analysis

39% of patients AR-V7+.
AR-V7 associated with
longer PFS (20 vs.
3 months, p < 0.001) and
OS (8 months vs. not
reached, p < 0.001)
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3 Plasma Cell-Free Genomic Materials

3.1 Identification

Fragments of DNA circulating freely in the bloodstream are termed cell-free DNA.
In the presence of malignancies, the fraction of cell-free DNA (cfDNA) derived
from cancerous cells (primary tumor, metastatic sites, or CTCs) is alternatively
identified as circulating tumor DNA (ctDNA). cfDNA may be released through a
variety of natural and pathologic processes including apoptosis, necrosis, or even
physiologic release from viable cells [52–54]. Healthy individuals have cfDNA
levels of 1–10 ng/ml [55, 56], whereas cfDNA levels, though greatly variable, are
consistently elevated among cancer patients [57, 58]. The role of benign processes
in impacting cfDNA levels is significant as intense exercise alone can increase
cfDNA levels as can trauma, infections, and inflammatory conditions [59]. cfDNA
has been identified in almost all bodily fluids including urine [53]. These DNA
fragments can be quantified and analyzed to offer insights regarding prognosis,
response to therapy, and tumor mutational status. Identification of the source of
DNA fragments is difficult given varied possible sources. Therefore, isolating small
fractions of ctDNA within total cfDNA demands highly sensitive approaches tar-
geting specific gene alterations, chromosomal abnormalities, epigenetic alterations
or other characteristics to identify the cancerous source [60]. Digital droplet PCR
(ddPCR) and associated methods have proven sensitive and can perform well in
absolute quantification of ctDNA detecting point mutations at low allele frequencies
[54, 58–61]. More recently, next-generation sequencing (NGS) of circulating DNA
fragments has allowed comprehensive genomic profiling [62]. The short half-life of
cfDNA (<2.5 h) allows accurate characterization of real-time tumor profiles [58,
63]. Extensive clinical evaluations are ongoing to better understand cfDNA and
relevance to cancer care. Evaluation of circulating RNA has been performed as well
but requires special approaches to collection due to generally quick physiologic
degradation of cfRNA. Early studies evaluating cfDNA and ctDNA in the setting of
prostate cancer have demonstrated potential for promising clinical applications.

3.2 Clinical Applications of cfDNA in Prostate Cancer

Quantification of cfDNA, especially in the context of temporal changes, offers a
means of evaluating tumor burden and response to therapy. A retrospective study
analyzed the prognostic significance of cfDNA concentration among men with
CRPC prior to initiating chemotherapy and found elevated cfDNA concentration to
be associated with poor PSA response and to act as an independent predictor of
overall survival on multivariate analysis [64]. Likewise, analysis of cfDNA levels in
men with CRPC during chemotherapy in conjunction with serial imaging for
treatment response monitoring demonstrated a significant positive relationship
between cfDNA levels and tumoral activity as determined by PET/CT [65]. Just as
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CTC enumeration reflects disease burden and prognosis, ctDNA quantification can
reveal disease burden with potentially even greater sensitivity. By applying an
immunospot assay for CTC detection and a PCR-based analysis with a panel of 14
polymorphic markers for detection of allelic imbalances on cfDNA, researchers
found a significant relationship between the presence of CTCs and ctDNA levels
with meaningful correlation to both tumor stage and Gleason score [66].

The specific relationship of cfDNA and ctDNA concentrations to prognosis
remains to be fully defined given evolving techniques for detection. However,
in-depth evaluation of these analytes has provided meaningful insights into indi-
vidual cancer biology with potential therapeutic implications. Examination of
cfDNA can demonstrate copy number variations or mutational status of relevant
genes for treatment selection. Heitzer et al. completed whole-genome sequencing of
cfDNA from patients with advanced prostate cancer and identified multiple copy
number alterations and gene rearrangements with potential clinical significance.
Most importantly, sequencing of cfDNA demonstrated a capacity to recapitulate the
“genomic landscape” of prostate cancer in a more comprehensive fashion than even
evaluation of the primary tumor which showed variable copy number changes on
multiregional sequencing consistent with multifocal disease [67].

As with CTCs, evaluation of the AR among prostate cancer patients is essential
due to its critical role in current treatments and known clinical relevance of various
mutations [68]. One study examining CRPC patients undergoing treatment with
abiraterone found a significant association between gains of AR copy number or
CYP17A1 gene and survival outcomes when evaluating cfDNA prior to treatment
[69]. Another group using array comparative genomic hybridization for copy
number analysis found AR amplification to be much more common among patients
with disease progression on enzalutamide in comparison with those on abiraterone
or other treatments. In addition, AR gene aberrations in pretreatment cfDNA were
predictive of adverse outcomes including lower rate of PSA decline and shorter
time to progression [70]. Likewise, Romanel et al. performed targeted NGS on
cfDNA of patients with CRPC receiving treatment with abiraterone and identified
plasma DNA AR copy number gains and point mutations that predicted resistance
to abiraterone, overall survival, and progression-free survival [71]. Further, emer-
gence of new AR point mutations was identified in 13% of patients progressing on
abiraterone without AR copy number change [71]. Therefore, evaluation of AR
status prior to treatments can be useful in predicting response to therapy.

cfDNA analysis, due to safety and easy accessibility, lends itself to temporal
evaluations not generally feasible when restricted to traditional tissue biopsies.
Comparative genomic hybridization for copy number evaluation and sequencing of
the AR gene among men treated with enzalutamide revealed clonal selection over
the course of treatment. At time of progression, AR mutations or copy number
changes were identified in all patients [72]. As in earlier studies, AR amplifications
and mutations correlated with worse progression-free survival. De Leare et al.
completed comprehensive profiling of the AR from ctDNA of men with CRPC
evaluating for any AR perturbation. They identified abnormalities in 25/30 patients
and found an association between presence of any AR variant and progression-free
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survival (PFS). They also analyzed splice variant expression from CTC RNA. Of a
minority of poor responding patients who were AR-V7 negative, most were found
to have other AR abnormalities [73].

As noted, analysis of whole blood RNA is limited by quick degradation but has
been performed with assistance of preservative tubes (e.g., PaxGene, Qiagen; RNA
Streck, Streck Inc.). Microarray RNA profiles allowed creation of gene expression
signatures which demonstrated prognostic utility in CRPC patients from blood
collected in PaxGene tubes [74, 75]. Another study using PaxGene tubes examined
select gene expression in men with CRPC by RT-PCR. Transcript detection pre-
dicted overall survival and when combined with CTC enumeration had a high
concordance probability estimate suggesting potential additive value in liquid
biopsy analytes. Liu et al. determined capacity to evaluate AR-V7 expression from
PaxGene® preserved blood samples with a correlation to second-line hormonal
therapies as demonstrated previously in CTCs [76]. Each of these studies required
special attention to the prevention of RNA degradation. Micro RNAs (miRNAs) are
small noncoding RNA segments with roles in gene regulation. Known to be altered
in virtually all cancers and marked by great stability, miRNAs are now being
explored as biomarkers in prostate cancer [77]. Lin et al. identified fourteen miR-
NAs associated with serum PSA or overall survival among patients with CRPC
receiving docetaxel. Detection of high levels of the miR-200 family predicted
non-response to docetaxel [78]. Despite these promising early results, further val-
idation in clinical studies is needed prior to clinical applications.

Excitement regarding potential applications of cfDNA analysis must be tem-
pered in light of significant remaining challenges. For instance, in one study
modification of sequencing approach enabled identification of multiple new AR
mutations with functional characterizations from cfDNA not originally identified
highlighting the importance of analytic approach on subsequent findings [79]. In
addition, prevalence of false-positive mutations using NGS for low-abundance
mutations highlights the need for optimization and standardization of these tests
prior to application for clinical decision-making [80]. However, like CTC analysis,
cfDNA offers exciting avenues of continued exploration including early disease
detection, screening, and disease monitoring. Recent FDA approval of a targeted
mutation test from cfDNA (cobas® EGFR Mutation Test v2, Roche Molecular
Systems, Inc.) to determine eligibility for specific lung cancer therapy exemplifies
the potential applications of cfDNA and the steady drive toward clinical utility
which will certainly reach prostate cancer in the near future [81].

4 Extracellular Vesicles (EVs)

4.1 Overview and Preclinical Studies in Prostate Cancer

Increasing clinical interest has been directed to the identification and evaluation of
EVs in many disease states including prostate cancer. EVs range in size from 50 nm
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to 10 µm and are produced by virtually all cells [82]. Appreciation of the unique
characteristics and functional roles of various EV populations has grown with
mounting evidence demonstrating cell specific vesicular contents as well as roles in
intercellular signaling [82–84]. Contrary to early descriptions of EVs as cellular
waste, they are now recognized to represent a heterogenous population unique in
size, content, and mechanism of cellular release with variable biologic functions.
Exosomes, perhaps the most studied EV subtype to date, measure 50–100 nm in
diameter and originate from fusion of multivesicular bodies with the plasma
membrane [85]. Alternatively, ectosomes and large oncosomes (1–10 µm) originate
as direct buds off the plasma membrane which is relevant to isolation and analysis
techniques. Each of these vesicles harbors cargo specific to their cells of origin
including DNA, RNA, proteins and lipids [86]. While exosomes may originate
from both benign and malignant cells, large oncosomes are thought to originate
preferentially from malignant cells [87]. Each may supply unique biomarkers due to
their highly selective cargos.

Techniques for EV isolation must be tailored to the specific vesicle of interest
and continue to be refined. Traditional methods have relied on differential ultra-
centrifugation, and this remains the gold standard means of isolating EVs.
Ultrafiltration- and immunoaffinity-based approaches may prove beneficial due to
less technical demands and capacity for improved throughput and scalability. Given
recent findings regarding heterogeneity of EVs, appropriate identification and
confirmation of particles of interest is essential [88]. Just as for CTC and cfDNA
analysis, therefore, clinical results should be interpreted with an eye to method of
isolation and purification.

In preclinical settings EVs have been found to exhibit promising potential
applications as prostate cancer biomarkers. Examination of EVs from prostate
cancer cell lines allows for study of the vesicles in a comparatively pure media as
opposed to the diverse milieu of human blood. One group examining EVs from
prostate cancer cell lines found high expression levels of surface markers of
aggressiveness that were not found in less aggressive lines suggesting capacity to
identify specific tumor-derived EVs as well as to function as biomarkers of disease
aggression [87, 89]. Other groups have noted alterations in exosome abundance
within cell lines following acquisition of resistance to chemotherapy indicating a
role for exosome monitoring for detection of drug resistance in addition to potential
functional involvement in that process [90]. As EVs are identified and purified with
greater consistency, recognition of their differential content and make-ups will
enable continued meaningful interpretation and translational applications.

4.2 Clinical Applications of Extracellular Vesicles in Prostate
Cancer

Limited trials analyzing EVs in clinical studies have been completed, especially
from plasma. Huang et al. performed RNA sequencing of exosomal RNA in men
with CRPC and identified two exosomal miRNAs associated with overall survival
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that they subsequently validated in a larger cohort of patients. miR-1290 and
miR-375 were each associated with poor overall survival (p < 0.004) demonstrating
potential application for exosome analysis [91]. Detection of AR-V7 has been
accomplished in exosomal RNA. Del Re et al. extracted RNA from plasma-derived
exosomes of CRPC patients and assessed for the presence of AR-V7 by digital
PCR. Thirty-nine percent of patients were found AR-V7+ with significantly shorter
overall survival among that subset [92]. Validation and comparative studies are
required, yet the significant potential of extracellular vesicles as a meaningful liquid
biopsy analyte is clear. Many studies have focused on the utility of urinary exo-
somes or other urinary markers to facilitate improved prostate cancer diagnosis,
staging, and prognostication with variable results as well [93–96]. In one study, a
prognostic score was developed by comparing urinary exosome gene expression
assay by reverse-transcriptase PCR with biopsy outcomes in men with elevated
PSAs. The three-gene assay including ERG, SPDEF, and PCA3 was validated in a
larger cohort and improved discrimination among Gleason scores and benign dis-
ease demonstrating a viable method for determining need of biopsy in that setting
[96]. Continued evolution in the differential detection and analysis of EVs will
enable further characterization of their roles in prostate cancer signaling, implica-
tions for prognosis, prediction of therapeutic response, and clinical application.

5 Summary

The absence of sensitive and accurate biomarkers in the prostate cancer arena has
limited clinicians to depend on PSA for disease monitoring and biopsy from pri-
mary or metastatic sites for genomic characterization with clear shortcomings.
Liquid biopsies are noninvasive, easily repeatable and harbor significant cancer and
patient-specific data that, when captured, may provide a near comprehensive rep-
resentation of individual patients’ disease state throughout therapy. Many barriers
and challenges remain prior to common clinical use. Optimization of identification,
recovery, and analytic approaches is ongoing, and scaling of these approaches and
integration to clinical use while maintaining accuracy and precision are challenging.
Prospective clinical studies will enable interpretation of detected abnormalities in
context of traditional biopsy findings, and various therapeutic settings but optimal
applications remain unclear at this time. As seen in AR-V7 evaluation, information
gleaned through examination of various available blood analytes may overlap or
offer additive value. Therefore, reconciliation through evaluation in the context of
translational studies with attention to costs and technical issues is essential when
assessing for broad clinical use. Great progress has been made toward establishing
applications for liquid biopsy in the clinical care of prostate cancer. Though still
limited at this time, liquid biopsies will play a significant role in the care of prostate
cancer patients in the near future with direct applications from the level of screening
to delivery of precision care in the advanced metastatic state.
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Abstract
With the ubiquitous use of cross-sectional abdominal imaging in recent years,
the incidence of small renal masses (SRMs) has increased, and the evaluation
and management of SRMs have become important clinical issues. Diagnosing a
mass in the early stages theoretically allows for high rates of cure but
simultaneously risks overtreatment. In the past 20 years, surgical treatment of
SRMs has transitioned from radical nephrectomy for all renal tumors, regardless
of size, to elective partial nephrectomy whenever technically feasible.
Additionally, newer approaches, including renal mass biopsy, active surveillance
for select patients, and renal mass ablation, have been increasingly used. In this
chapter, we review the current evidence-based papers covering aspects of the
diagnosis and management of SRMs.

Keywords
Renal cell carcinoma � Small renal masses � Partial nephrectomy
Active surveillance

1 Introduction

In 2015, 61,000 patients were diagnosed with kidney cancer and an estimated
14,000 patients died as a result of the disease in the USA [1]. Renal cell carcinoma
(RCC) is the most common type of kidney tumor, accounting for 90% of all
malignant kidney masses. In addition, it is the third most common genitourinary
malignancy and the most lethal [1, 2]. Over the past three decades, the incidence of
RCC in Western populations has increased [2]. Data from the Surveillance, Epi-
demiology and End Result (SEER) registry shows the incidence of RCC in 1975
was 7.09 (per 100,000 people), while in 2012, that incidence rose to 15.91 (per
100,000 people) [3].

Some have suggested the increased incidence of RCC and other kidney tumors
may be attributed to the rise in hypertension and obesity in the US population [4, 5].
In a recent meta-analysis using prospective observation data, the estimated risk of
developing RCC increased 24% for men and 34% for women, for every 5 kg/m2

increase in body mass index (BMI) [6]. However, the increased incidence of RCC is
mainly attributed to the increase use of cross-sectional abdominal imaging for
unrelated symptoms [2, 7, 8]. Recent studies have shown the use of computed
tomography (CT) scans has increased 300% over the last decade in some clinical
settings [9]. This has led to more than 50% of RCC cases now being diagnosed
incidentally [10, 11]. The increase in incidence of incidentally detected renal
masses is seen in all clinical stages; [12]; however, the largest increase is seen with
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small renal masses, SRMs, defined as masses <4 cm in diameter, which enhance on
triphasic computed tomography characteristic of RCC [13].

Given the prevalence and an earlier detection of these masses, evaluation and
management of SRMs have become important clinical issues in recent years.
Although certain renal tumor histologies have distinct imaging characteristics,
current radiologic imaging cannot reliably discriminate benign from indolent or
potentially malignant tumors. Reports estimate that, on final pathologic review after
excision, 20–30% of the SRMs are benign and thus overtreatment is a legitimate
concern [14–16]. In addition to the diagnostic dilemma, the natural history of these
lesions is variable, and many tumors demonstrate an indolent course, as the surgical
treatment of these small and low-grade tumors has surprisingly not reduced the
mortality rate [17]. In the past 20 years, surgical treatment of SRMs has transitioned
from radical nephrectomy for all renal tumors, regardless of size, to elective partial
nephrectomy whenever technically feasible. Additionally, newer approaches,
including renal mass biopsy (RMB), active surveillance for select patients, and
renal mass ablation, have been increasingly used. Several groups (American Uro-
logical Association [AUA], European Association of Urology [EAU], and National
Comprehensive Cancer Network [NCCN]) have released evaluation and manage-
ment recommendations including these strategies (Fig. 1). Although several patient
factors such as age, medical comorbidities, and patient preferences affect the
decision-making process, optimal management of SRMs should balance the need to

Fig. 1 Small renal mass treatment algorithm. MIPN Minimally invasive partial nephrectomy,
OPN open partial nephrectomy, MIRN minimally invasive radical nephrectomy, ORN open radical
nephrectomy
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treat/remove a potential cancer, with the salutary objective of preserving as much
renal function as possible [2]. In this chapter, we review the current evidence-based
papers covering aspects of the diagnosis and management of SRMs.

2 Diagnosis of Renal Tumors

Historically, patients with RCC presented with a classic triad consisting of hema-
turia, an abdominal mass, and weight loss, demonstrating later stages of disease and
having life expectancies varying between 10 and 15 months [11, 18]. However,
with advanced imaging technology, we are now able to identify these SRMs well
before they become symptomatic and as a result less than 10% of RCC cases
present with the classic triad [11]. Recent estimates suggest that CT scans detect
incidental renal lesions measuring at least 1 cm or larger in 14% of asymptomatic
adults who undergo imaging for other indications [19]. Alongside the increased
incidence of incidental SRMs, there has been a stage and grade migration toward
less advanced and less aggressive tumors at presentation. As 25% of SRMs are
benign cortical tumors and another 25% are RCC variants that are indolent in nature
with limited metastatic potential, there is a need to better characterize these lesions
in order to make the most appropriate management decisions and reduce unnec-
essary harm to patients [20, 21].

2.1 Recent Advances in Imaging Evaluation

Currently, a triphasic CT scan or MRI is recommended for initial assessment and
follow-up of renal masses. Both modalities provide valuable information regarding
tumor size, location, the presence and extensiveness of tumor thrombus, and
lymphadenopathy. In certain cases, noncontrast CT or MRI can detect macroscopic
fat within the mass, which is consistent with an angiomyolipoma (AML)—a benign
tumor—that, when small, can often be managed conservatively. However, intra-
venous contrast administration is essential to confirm enhancement of a renal mass,
which is defined as an increase in Hounsfield unit measurement of greater than 20
on post-contrast images [22].

Multiphasic CT has demonstrated some utility in distinguishing subtypes of
RCC in renal masses via degree of enhancement and may offer a noninvasive means
of analysis of SRMs. The concept of differing patterns of enhancement corre-
sponding to histology is based on tumor vascularity. Several authors have con-
cluded that clear cell RCC and oncocytoma are hypervascular, leading to rapid and
early enhancement; papillary RCC is mostly hypovascular, leading to low and
delayed levels of enhancement; and that chromophobe RCC and AML enhance
moderately, correlating with intermediate levels of vascularity [23–25].

CT and MRI are excellent in their depiction of anatomical structures. In the past
decade, positron emission tomography (PET) has emerged as a unique imaging
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modality that provides insight into the biological behavior of tumors rather than
their morphological appearance. Using antibody cG250 which reacts against car-
bonic anhydrase-IX and is over expressed in clear cell carcinomas, Divgi and
colleagues reported PET/CT had a higher sensitivity (86.2%) and specificity
(85.9%) for identifying clear cell RCC than CT alone (75.5% sensitivity and 46.8%
specificity) [26]. Another nuclear medicine test, 99mTc-sestamibi single-photon
emission computed tomography (SPECT)/CT, was recently used for the differen-
tiation of renal histologies in 50 patients with SRMs, and blinded radiologists
successfully identified 5 of 6 oncocytomas and 2 of 2 hybrid oncocytic/
chromophobe tumors [27].

Even though advances have been made in various imaging modalities, larger
prospective studies are needed and as of today reliably differentiating benign and
low-risk SRMs from those that will harm a patient’s health continues to be
imprecise.

2.2 Renal Mass Biopsy

SRMs represent a heterogeneous group of tumors that spans the full spectrum of
metastatic and growth potential and include benign, indolent, and more aggressive
tumors [28]. As a definitive diagnosis of a malignant SRM on the basis of imaging
alone is not possible, renal mass biopsies (RMBs) have been proposed as a safe and
useful tool for the pretreatment identification of benign tumors. Ideally, all patients
with an SRM, where results may alter management, should be considered for RMB
with the goal of avoiding the potential morbidity associated with overtreatment.
This is especially true if the patient is a borderline surgical candidate because of
medical comorbidities or if the clinician is concerned about the presence of an
unusual diagnosis, such as renal lymphoma or a rare metastasis. Further, a patient
who is uncertain whether to undergo definitive treatment of a SRM may elect a
biopsy, and histopathologic characterization along with prognostic information
such as grade can significantly impact management.

Historically, the use of percutaneous sampling of renal tumors was limited due to
concerns about its safety, track seeding, diagnostic yield, and accuracy, and for the
perceived little impact of RMBs on clinical management [29]. Due to these con-
cerns, RMB has had limited utilization with only 20.7% of SRMs undergoing
biopsy from 1992 to 2007 [30, 31]. Recently, however, the role of RMB has been
revisited. A meta-analysis of over 5000 patients showed a high overall diagnostic
rate for the procedure (92%) with a sensitivity and specificity of 99.7 and 93.2%,
respectively, and core needle biopsies were also found to have superior diagnostic
rates compared with fine-needle aspiration. In cases where surgical pathology and
RMB material were both available, the median concordance rate between tumor
histotype and final surgical specimen was 90.7% [32]. In addition to the afore-
mentioned systematic review, Richard et al. also reported on their 13-year expe-
rience of 529 patients and showed that RMB had a 93% concordance with final
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surgical pathology [33]. The same series showed that, conservatively, 10% of
patients could have avoided treatment of tumors with confirmed benign pathology.

In terms of safety, the median overall complication rate for RMB in the afore-
mentioned systematic review was reported at 8.1%. The most common complica-
tions were Clavien I perirenal hematomas, self-limited hematuria, and lumbar pain.
Only three Clavien grade � 2 complications were reported [30]. Richard and
colleagues also reported a low associated morbidity (8.5%) with all of them being
self-limited with the exception of one [31]. SRMs originating in the collecting
system or those with a clinical suspicion for urothelial cancer should not undergo
biopsy. Nonetheless, the theoretical risk of tumor cell seeding on the biopsy track
has found to be extremely rare, with only a handful of case reports in the literature
[30, 34].

Although helpful, there are challenges with RMB. Non-diagnostic biopsies
occur in 10–20% of cases, and consideration for repeat biopsy or upfront treatment
should be discussed with the patient [20]. However, several series have shown a
*80% diagnostic rate for all re-biopsies of non-diagnostic specimens [31, 35].
Further, recent studies have shown that due to intratumor heterogeneity, RMB may
underestimate the grade that the mass truly presents [36–38]. Ball et al. showed that
93% of high-grade specimens (Fuhrman score 3–4) also had low-grade components
(Fuhrman score 1–2) [34]. Even though, multicore biopsies may be considered to
capture the heterogeneous tissue characteristics of the SRMs, RMB fails to accu-
rately identify high-grade tumors, given the intermixing of high- and low-grade
elements in the majority of tumors, resulting in approximately 62% accuracy [2].

Despite the concerns, RMB has gained momentum and has been incorporated
into SRM management guidelines. At present, the AUA identifies RMB as an
option for SRM management and the EAU recommends RMB in patients in whom
AS is pursued (grade C evidence) [2, 39]. As previously mentioned, the incidence
of SRMs has increased notably in the past few decades, mainly related to the
increased incidence of SRMs identified following abdominal imaging for unrelated
reasons [13]. Subsequently, the rates of surgical intervention have also paralleled
this increased incidence of SRMs [15, 18, 37]. Wendler and colleagues have
estimated an 82% increase in the surgical removal of benign renal masses from
3098 in the year 2000 to 5624 in the year 2009 [15].

In summary, we believe RMB has an increasing role as a decision aide in
treatment planning for SRMs. RMB can accurately distinguish malignant from
benign lesions as well as provide histology of malignant SRMs prior to developing
a treatment plan. The results of RMB reduce unnecessary surgery for benign lesions
and guide the selection of patients for active surveillance. The concept of RMB is
vital in order to prevent unnecessary treatment and their inherent complication.
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3 Active Surveillance

A large proportion of clinically localized renal tumors are diagnosed in older
patients or in patients with several comorbidities. In these patients, there is growing
understanding and recognition that the competing risk from medical comorbidities
may outweigh the potential benefits of surgical intervention [40, 41]. Using
SEER-Medicare linked data, Shuch et al. found an increase rate of renal events,
cardiovascular events, and secondary cancers in patients who underwent a partial
nephrectomy for an SRM [42]. They suggest that intervention with partial
nephrectomy may lead to worse non-cancer outcomes. With this consideration of
overdiagnosing clinically insignificant disease coupled with additional morbidity
due to potentially unnecessary treatments, active surveillance (AS) has been
increasingly recommended as an apparently equivalent option in the management
of SRMs in the last decade [41, 43–47]. AS is defined as the initial monitoring of
tumor size by serial abdominal imaging with delayed intervention reserved for
those SRMs that show progression during follow-up [48]. Even though, level I
evidence supporting AS of clinically localized renal tumors is absent, institutional
studies and pooled analysis have provided robust contemporary data that an initial
short-term observation period to determine tumor growth kinetics may be safe for
small enhancing tumors in select candidates [49–55].

3.1 Tumor Characteristics and Growth Kinetics

The natural history of prebiopsy SRMs has been documented in several ways.
Autopsy series by Mindrup and colleagues report incidentally discovered RCC in
2–3% of cases suggesting indolent growth [56]. Further, Bosniak described the
slow growth of many RCCs over a 2- to 8-year period using serial images taken
prior to nephrectomy [57]. Additinally, Von Hippel Lindau patients with clear cell
RCC are routinely followed until tumors are >3 cm, as growth is usually slow
without reported metastases in these clear cell RCC <3 cm [58, 59]. The majority of
SRMs, even those histologically proven to be clear cell RCC, demonstrate indolent
growth patterns and are unlikely to become symptomatic or metastatic [17, 44, 46,
49, 50, 57, 58, 60, 61].

SRM size appears to be of some prognostic significance as it has correlated with
risk of malignancy. In a series of 2770 renal tumors, Frank et al. reported 46.3% of
renal masses smaller than 1 cm were benign. Larger tumors carried a higher risk of
being malignant, and every 1 cm increase in tumor size was associated with a 17%
increase in malignancy risk [62]. Further, tumor size has also shown to predict the
risk of metastasis. Bell described the relationship of size to the presence of
metastases at autopsy and noted that small tumors were less likely to be associated
with metastases [63]. In a review of 287 SRMs, Remzi and colleagues reported the
overall risk of distant metastasis in newly diagnosed tumors <3 cm as 2.4%
compared with 8.4% for tumors 3.1–4 cm in size [64].
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Currently, growth rate, which is assessed by serial axial diameters or tumor
volume, is the most commonly used metric for tumor progression. Institutional
series have shown that the majority of SRMs demonstrate a slow growth pattern
(0.1–0.40 cm per year), that is independent of tumor size at presentation or tumor
type [49, 57, 60, 65]. Chawla et al. reported on 234 SRMs with median size of
2.48 cm at presentation and showed an average growth rate of 0.28 cm/year at
mean follow-up of 34 months [65]. Jewett and colleagues followed 209 SRMs
(mean tumor diameter at diagnosis was 2.2 cm) in a cohort of elderly or infirm
patients, and in patients with over 12 months of follow-up, the average growth rate
was 0.13 cm/year at a median follow-up of 28 months [60]. Additionally, Kunkle
and colleagues followed 106 enhancing renal masses, and they reported the fre-
quency of malignant lesions did not differ significantly between those with growth
and those with no growth [66].

3.2 Patient Selection and Surveillance Follow-Up

In a young healthy patient with a long life expectancy, definitive initial treatment
(surgery or ablation) remains the standard of care. On the other hand, AS should be
considered in elderly patients or in those patients with comorbidities, with limited
life expectancy, or high perioperative risk of surgical and medical complications
[40, 42, 59, 66]. In addition, patients with baseline chronic kidney disease (CKD) or
with a solitary kidney may be offered a period of observation with definitive
treatment reserved for patients demonstrating rapid growth [59].

There is a lack of data supporting specific objective criteria for selecting patients
managed with AS. Hollingsworth et al. showed that in patients with SRMs, 5% died
of RCC compared with 25% who died from unrelated causes and comorbid disease
[67]. They also showed that SRM patients older than 70 years of age benefit the
least from surgical intervention. To aid with this clinical decision, recent nomo-
grams incorporating age, sex, race, and tumor size have been developed and val-
idated to estimate 5-year outcomes, death from RCC, death from other cancer, and
non-cancer death [68, 69]. However, this evaluation should be cautious as life
expectancy is difficult to predict in most cases and metastases can develop even in
patients with T1a renal tumors in up to 8% of the cases [70].

In regard to surveillance follow-up, there is no clear consensus about the best
imaging technique and the optimal follow-up schedule that should be adopted in AS
protocols. The AUA recommends follow-up by cross-sectional imaging (CT or
MRI) within 6 months after the start of AS followed by CT, MRI, or US at least
annually thereafter [39]. The appropriate imaging modality and follow-up protocol
should be patient specific, balancing oncologic safety with the risk associated with
serial imaging.
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3.3 Outcomes

With low risk of progression to metastasis and uncommon disease-specific mor-
tality, AS for the management of SRMs is a viable option that appears safe despite
limited long-term follow-up data. Table 1 lists the clinical and oncological out-
comes of reported SRM series undergoing AS. In a systematic review, Smaldone
and colleagues investigated the metastatic progression of SRMs under AS and
noted 18 out of 880 patients (2.0%) developed metastases after a mean follow-up of
40 months [43]. Compared with those who had no metastases, patients with
metastatic progression had larger tumor size (4.1 + 2.1 cm vs. 2.3 + 1.3 cm;
p < 0.001) and a faster linear growth rate (0.8 + 0.7 cm/year vs. 0.3 + 0.4 cm/year;
p < 0.001). Kunkle et al. reported on a meta-analysis evaluating 6471 renal lesions,
and there were no statistical differences in the incidence of metastatic progression
regardless of whether lesions were managed by surveillance or treated (surgery or
ablation) [71].

In regard to delayed intervention after a period of AS, studies have shown
delaying intervention does not limit or compromise the feasibility for partial
nephrectomy or the ability to undergo a minimally invasive approach, nor did it
result in an increased risk of disease progression [72–74]. In an analysis using the
DISSRM (Delayed Intervention and Surveillance for Small Renal Masses, a
multi-institutional registry) Registry, patients were counseled between primary
intervention (nephrectomy or ablation) and AS and then given the option to choose
[75]. In the AS cohort, the median tumor growth rate was 0.11 cm/year. At a
median follow-up of 2.1 years, cancer-specific survival was 99 and 100% in the
primary intervention and AS groups, respectively. Overall, 40% of patients elected
for AS once they knew that it was an option, demonstrating that patients could elect
for this alternative if they were given more counseling prior to intervention.

3.4 Summary

Although conservative management of suspected RCC is growing in popularity, it
should be emphasized that, at this time, the risk of local progression and metastasis
with AS is not accurately predictable [13, 39]. While AS represents a reasonable
alternative to primary curative intervention, it still necessitates careful patient
selection, careful management, patient compliance, and ongoing follow-up.

4 Surgical Excision

4.1 Utilization Trends

Historically, Robson et al. introduced radical nephrectomy (RN) for localized RCC,
and since, it has long been the standard treatment for over 50 years [76, 77].
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However, as the status of RN has been called into question due to higher risk of
CKD and possible overtreatment of SRMs with a significant proportion of benign
tumors (� 20%), there has been a shift of surgical technique with an increasing
utilization of elective nephron sparing surgery (NSS) for the treatment of SRMs.
For the first time in 2009, the percentage of partial nephrectomies (PN) exceeded
the percentage of RNs performed on patients with renal masses less than 4 cm [77].

The rationale for wider use of NSS is based on data that suggests equal cancer
control with RN while preserving renal function [78–81]. A long-term comparison of
patients treated with partial nephrectomy versus total/radical nephrectomy for tumors
[less than or equal to] 5 cm reported equivalent cancer-specific survival and local
recurrence rates at 9 years of follow-up [82]. Lane and colleagues analyzed renal
function outcomes for over 2400 patients undergoing PN or RN, and patients in the
RN cohort were far more likely (p < 0.001) to have an estimated glomerular filtration
rate less than 45 ml/min/1.73 m2 (35%) than any of the partial nephrectomy groups
(limited ischemia 11%, unknown ischemia 15%, extended ischemia 19%). Overall,
cardiac-specific survival and cancer-specific survival were better with PN of any
duration than with RN (p < 0.001) [83]. Another study of*6000 patients compared
patients who had been treated with PN to those who had undergone RN. The 3-year
and 5-year overall survival probabilities were 83 and 72% in patients treated with RN
and 90 and 81%, respectively, in those who received a PN [77]. One of the possible
mechanisms by which surgery may increase non-cancer-related deaths is the
development of CKD. Studies suggest that RN increases the risk of CKD, which is a
significant risk factor for CV events and death [82, 84, 85].

However, a prospective European Organization for Research and Treatment of
Cancer (EORTC) randomized trial comparing PN with RN in 541 patients with
small (<5 cm) renal masses unexpectedly found higher overall survival in the RN
group (81 vs. 76%, respectively; P < 0.05) at a mean follow-up of 9.3 years [86].
Additionally, cardiovascular deaths were more common in patients who underwent
partial nephrectomy, despite lower burdens of CKD. A recent renal functional
follow-up study to the same EORTC trial did demonstrate superior renal function
outcomes with PN [87]. The EORTC trial has been criticized for several short-
comings, including marginally statistically significant results and inclusion criteria
that were not limited to renal cancers [86]. However, as the only significant ran-
domized trial in this field, it seems that PN does not have a deleterious impact on
overall survival compared with RN, and the medical benefits of preserving renal
function are potentially important [20]. Thus on the basis of this and other large
single- and multicenter nonrandomized studies, current recommendations by the
AUA and the EAU continue to state that PN is the standard of care for the surgical
treatment of SRMs [2, 39].

4.2 Preservation of Renal Function

The three most important determinants of postoperative renal function are preop-
erative renal function, volume of renal parenchyma preserved, and vascular damage
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to nonmalignant parenchyma [88]. The need to preserve renal function was
demonstrated in a population-based study of more than 1 million patients, showing
elevated incidence of cardiovascular events and mortality with worsening stages of
CKD. Preoperative renal function relates to underlying medical renal disease and is
unfortunately not modifiable. Ultimately, the two factors that contribute to a decline
in renal function after PN are: (1) loss of functional parenchyma associated with
excision of the mass and reconstruction (parenchymal volume loss) and (2) in-
complete recovery of the preserved nephrons related to ischemic insult.

The volume of remaining parenchyma is largely determined by non-mutable
tumor characteristics [89]. For instance, tumor complexity (size/location) is a strong
determinant of parenchymal volume loss. Recent studies have suggested that
quantity of preserved kidney and quality (preoperative estimated GFR) are the
primary determinants of ultimate renal function after PN, with ischemia playing a
secondary role as long as it is limited (<25 min) [89–93]. In other words, unless
there is an extended warm ischemic interval, most nephrons will eventually recover,
leaving parenchymal volume loss as the primary factor responsible for the decline
of renal function after PN [93]. In regard to selective clamping, Castaneda and
colleagues retrospectively compared renal functional outcomes at 6 months and
1 year postoperatively and found no difference in main renal artery clamping versus
selective clamping versus off-clamp methods [94]. Other studies have also showed
minimal benefit to zero ischemia [95–97]. A possible explanation for this is due to
the lack of clamping, the procedure becomes more difficult, and less parenchymal
volume is saved.

4.3 Surgical Approach

Minimally invasive surgical approaches to PN and RN, including laparoscopic and
robotic-assisted approaches, are increasingly utilized [98]. In a series analyzing
10-year outcomes of laparoscopic PN (LPN) against open PN (OPN), the choice of
operative technique did not impact overall survival [99]. Additionally, in a
meta-analysis, the local recurrence-free survival rates for LPN were 98.4% (median
tumor size of 2.6 cm, median follow-up of 15 months) versus 97.4% for OPN
(median tumor size of 3.1 cm, median follow-up of 46.9 months) [39]. The con-
sistency of the high local RFS rates for surgical excision despite differences in
follow-up and tumor size suggests that local recurrence may be minimally influenced
by surgical approach as long as complete surgical excision has been performed.
However, LPN is a challenging procedure with a long learning curve. In a single
surgeon series of 800 procedures performed by one of the leading experts and
pioneers of LPN, Gill et al. reported a mean warm ischemia time of about 32 min for
the first 500 procedures, and a warm ischemia time shorter than 20 min in about 15%
of all procedures. Moreover, the complication rates were as high as 24% in the first
275 cases, falling down to only 15% in the subsequent 289 cases [100].

In the past decade, robotic-assisted laparoscopic partial nephrectomy (RALPN)
has increased in popularity and is likely to overtake LPN and OPN as the most
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common method for PN in regions where the robot is accessible. The key advan-
tages of RALPN appear to be a shorter learning curve and reduced warm ischemic
time, while the perioperative and short-term outcomes appear to be at least as good
as LPN [101]. The long-term oncological outcomes of RALPN are still awaited,
though early markers of surgical success such as positive margin rates are
encouraging in experienced hands. In a multicenter series of nearly 350 cases,
Ficarra and colleagues demonstrated a warm ischemia time <20 min was achieved
in 64% of cases (with median warm ischemia time of only 18 min) and the overall
complication rates were as low as 12% (and only 3% of high-grade complications)
[102]. In another multi-institutional series of 450 RALPN cases, Spana et al.
reported an overall complication rate of 15.8% with only 3.8% being major com-
plications [103].

OPN is still the preferred surgical modality in patients in whom LPN or RALPN
approach would be difficult, for example, re-do partial nephrectomies, complex
tumors (large or endophytic), and in those with multiple renal tumors (e.g.,
hereditary renal tumors) [104]. There seems to be a limited role for RN in the
management of SRMs [105]. However, in the setting of a normal contralateral
kidney, no associated conditions that predispose to CKD, and a complex tumor
location, one could consider a RN [106, 107]. In the rare instance that RN is
performed for an SRM, a minimally invasive approach is the preferred option given
the evidence that supports lower morbidity and equivalent cancer-specific survival
[39]. Ultimately, the decision for surgical approach should be made by surgeon’s
comfort and experience with these goals: (1) excising the SRM with negative
surgical margin, (2) maximizing renal parenchymal volume preservation, (3) re-
constructing the kidney in a manner that will minimize the risk of postoperative
complications, and (4) limiting warm ischemia time to 25 min or less [108].

5 Ablation

Over the past 20 years, minimally invasive ablation therapy has been developed as
an alternative to RN and PN for SRMs. As most ablative therapies are performed
via a percutaneous or laparoscopic approach, tumor ablative therapy provides a
less-invasive treatment option in this group of patients with reasonable oncological
control comparable to PN [109]. The two most popular ablative therapy techniques
are achieved using application of heat (radiofrequency ablation [RFA]) or cold
(cryoablation [CA]).

Typical indications of renal PTA are patients presenting with tumors less than
3 cm in diameter and multiple comorbidity factors (including age), contraindica-
tions to surgery, hereditary RCC, bilateral renal tumors, solitary kidney,
pre-existing CKD, or high risk of predialysis renal function after PN [110, 111].
Patients should be informed that larger tumors (>3 cm) can require additional
ablation sessions [112, 113]. Even in the elderly population of more than 80 years,
PTA is safe and effective with estimated cancer-specific survival rates of 100 and
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86% at 3 and 5 years, respectively [114]. The AUA and EAU guidelines recom-
mend considering ablative approaches in elderly patients who are at risk of
increased surgical morbidity or limited life expectancy [2, 39].

In regard to technical and oncological outcomes, retrospective studies have
suggested that partial nephrectomy confers an improved cancer-specific survival
compared with ablation [115]. Local recurrence is also more likely following
ablation with local recurrence-free survival reported as 8–10% less for RFA and CA
compared with PN [39]. However, recent trials have oncological results for PTA
comparable to PN. In a cohort of 1424 SRMs (1057 underwent PN, 180 underwent
RFA, and 187 underwent CA), the local recurrence-free survival rates at 3 year for
PN, RFA, and CA were 98% (95% CI, 97–99), 98% (95% CI, 96–100), and 98%
(95% CI, 95–100), respectively [116]. A recent systematic review and
meta-analysis of six clinical trials (one randomized and five cohort) reported that
recurrence-free survival and cancer-specific survival were similar between patients
treated with PN and PTA [117]. The rate of local disease progression was similar
(3–4%) in the two groups, but the preservation of the renal function was superior in
the ablation group (+14.6 mL/min). The overall complication rate was also sig-
nificantly lower for PTA (7.4% for ablation versus 11.1% for surgery) as well as the
rate of major complications (2.3% for ablation vs. 5% for surgery) [117]. However,
it should be noted, however, that there are insufficient data on long-term oncologic
outcomes to recommend ablative therapies as a preferred modality [2].

Other emerging techniques include high-intensity focused ultrasound, intestinal
laser ablation and microwave therapy. Another recent technology, irreversible
electroporation, has been described in small series and may have benefits, given its
nonthermal nature [118]. However, these other technologies lack clear evidence
currently and can largely be considered to be experimental and evolving [119].

PTA of renal lesions is an alternative to surgical procedures with good short and
mid-term outcomes, with an efficacy almost similar to that of PN [116]. It should be
proposed to patients with contraindications to general anesthesia and surgery,
particularly in the presence of CKD or hereditary renal cancer.

6 Future Considerations

An emerging area that may redefine the evaluation and management of SRMs is
personalized and precision-based approaches, such as molecular tumor profiling.
Recently, analysis of multidimensional data of over 500 clear cell RCC retrieved
from The Cancer Genome Atlas (TCGA) archive has been able to distinguish
distinct molecular subclasses of clear cell RCC and to stratify cancer aggressiveness
based on genomic profiling [120]. The Cancer Genome Atlas Research Network
has identified 19 mutated genes in clear cell RCC, and several genes in papillary
RCC correlated to aggressiveness [121, 122]. Additionally, poorer survival in RCC
patients has been linked to decreased expression of a new class of small noncoding
RNAs called PIWI-interacting RNAs [123]. Clinically, the translation of such
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research into practice may aid in distinguishing between patients who require
treatment for SRMs and patients who do not, obviating the need for expensive
treatment, imaging, and surveillance protocols [88].

Currently, there are no readily available or clinically validated screening
biomarkers for RCC [124]. Urinary biomarkers including aquaporin 1 and perilipin
2 have shown to be elevated in clear cell and papillary RCC [125, 126]. Morrissey
and colleagues have shown these biomarkers to be highly sensitive and specific in
distinguishing benign tumors from malignant RCC [125, 127]. Interestingly, the
level of biomarker in the urine positively correlated with the size of the clear cell or
papillary RCC and decreased significantly after the mass was removed [125].
Currently, the major limitations of these biomarkers is their inability to detect
chromophobe RCC and other subtypes, as well as the involved process of the

Fig. 2 a Exophytic tumor in white light mode. b Exophytic tumor in fluorescence mode
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Western blot procedure and likely costs associated with it. Otherwise, this test holds
great promise for screening patients with SRM to aid in the differential diagnosis.

In regard to advances in surgery, Indocyanine Green (ICG), a water soluble dye,
is a popular diagnostic reagent that has been in clinical use for the examination of
hepatic function, ophthalmic angiography, cardiac output and circulating blood
volume. With the advent of robotic-assisted laparoscopic surgery and near-infrared
fluorescence (NIRF) lenses, ICG has found several applications in urologic surgery
including enhancing identification of tumor margins during partial nephrectomy.
Tobis and colleagues demonstrated the use of intravenous ICG with simultaneous
NIRF imaging at the time of partial nephrectomy and demonstrated renal tumors
(both benign and malignant) were not only well demarcated by ICG but surprisingly
hypo-fluorescent as compared to surrounding normal parenchyma (Fig. 2) [128].
The degree of hypo-fluorescence, however, could not be reliably used to differentiate
malignant versus benign tumors according to Manny et al., who found in 100
consecutive patients undergoing robotic partial nephrectomy with NIRF guidance a
positive predictive value of 87%, negative predictive value of 53%, sensitivity of
84%, and specificity of 57% [129]. Although the use of intraoperative fluorescence
during partial nephrectomy appears appealing, at this time the true benefit remains
unclear as pertains to tumor identification and reducing positive margins, especially
in experienced hands where positive surgical margin rates are 1–2%.

7 Conclusion

The diagnosis, evaluation, and management of SRMs have evolved over the past
few decades. Incidental identification of SRMs has become increasingly common
with widespread adoption of cross-sectional imaging. However, despite techno-
logical advances and an overall increase in surgery for SRMs, the survival for
patients with kidney cancer has not changed. The next era of management of SRMs
likely involves renal biopsy and an increased use of surveillance. At some point,
every metastatic cancer must have been an SRM, so as we learn more about the
molecular signature of renal cancer and the mutations that drive progression, we
might eventually manage SRMs differently [121].
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Abstract
The treatment landscape for metastatic renal cell carcinoma has constantly been
in flux. In 2005, with the advent of vascular endothelial growth factor (VEGF)
tyrosine kinase inhibitor (TKI) therapy, the standard of care shifted to agents
such as sunitinib and pazopanib. However, more recently there have been
datasets, suggesting that next-generation TKIs such as cabozantinib may play an
important role in therapy. Furthermore, immunotherapy has had resurgence with
the FDA approval of nivolumab with ipilimumab. In the current chapter, we
attempt to contextualize available frontline therapies for metastatic renal cell
carcinoma with a focus on the CABOSUN and CheckMate 214 clinical trials.
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1 Introduction

The management of metastatic renal cell carcinoma (mRCC) underwent a dramatic
paradigm shift in the mid-2000s. Around this time, targeted therapies that abrogate
signaling through the vascular endothelial growth factor (VEGF) receptor (specif-
ically, sunitinib and sorafenib) were approved [1, 2]. In the years following, a slew
of other targeted therapies were approved that also either targeted the VEGF
receptor (pazopanib and axitinib) [3–5] VEGF ligand (bevacizumab) [6] or
downstream moieties such as the mammalian targeted of rapamycin (mTOR;
temsirolimus and everolimus) [7, 8].

These approvals were accompanied by a steady decrease in utilization of con-
ventional immunotherapeutic agents such as interleukin-2 (IL-2) and interferon
alpha (IFN alpha). While agents such as high-dose IL-2 offered durable remissions
in a small subset of patients (estimated at around 5–7%), there was little gain for the
vast majority of patients [9]. In contrast, targeted therapies offered a greater pro-
portion of patients an opportunity for clinical benefit (response or stabilization of
disease) [10–12].

Over the past 2 years, there has been yet another renaissance in the management
of mRCC. The newest systemic therapies represent the next generation of both
immunotherapy and targeted agents. In the former category are checkpoint inhi-
bitors, agents which inhibit specific pathways that contribute to T cell anergy. In the
latter category are multikinase inhibitors that target not just VEGF receptor but
multiple receptor tyrosine kinases that guide RCC pathogenesis. Multiple existing
manuscripts and chapters outline the clinical data for previous generations of
immunotherapeutic and targeted therapies [12–14]. Similarly, there are copious
publications related to the mechanism of action of the aforementioned novel agents
[15, 16]. In the current chapter, we will review the most recent clinical data which
shapes the paradigm for first-line systemic treatment.

2 CheckMate 214

In the USA, sunitinib and pazopanib represent the most frequently utilized agents in
the first-line setting for patients with mRCC [17]. This is likely to change with
results from recent trials including CABOSUN and CheckMate 214. The Check-
Mate 214 [18] trial randomized 1082 patients with mRCC and clear cell features to
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receive either sunitinib or nivolumab with ipilimumab. Sunitinib was rendered at
the standard dose of 50 mg oral daily, 4 weeks on and 2 weeks off. Nivolumab and
ipilimumab were rendered at 3 and 1 mg/kg, respectively, and given intravenously
every 3 weeks for a total of 12 weeks. Thereafter, nivolumab was continued at the
same dose on a 2-weekly cycle until the time of disease progression or unacceptable
toxicity.

The study used the International mRCC Database Consortium (IMDC) [19]
criteria to risk-stratify patients. These criteria include (1) time from diagnosis to
initiation of systemic therapy, (2) performance status, (3) hemoglobin level,
(4) calcium level, (5) neutrophil level, and (6) platelet count. The study was
designed with 3 primary endpoints (objective response rate [ORR], progression-free
survival [PFS], and overall survival [OS]), each explored within the subset of
patients with intermediate- and poor-risk disease by these criteria. From a statistical
perspective, the study utilized an overall alpha of 0.05, split across the 3 co-primary
endpoints (0.001 for ORR, 0.009 for PFS, and 0.04 for OS).

Ultimately, 847 patients with intermediate- and poor-risk disease were included
for assessment of the primary endpoints. Characteristics of patients on the control
and experimental arms were similar, with 79 and 21% of patients possessing
intermediate- and poor-risk disease, respectively, on each arm. Programmed
death-ligand 1 (PD-L1) expression on tumor cells was quantified using a threshold
of 1%. Roughly one-quarter of patients on both arms had elevated PD-L1
expression (� 1%).

In the intermediate- and poor-risk subset, there was an improvement in RR with
nivolumab/ipilimumab versus sunitinib (42 vs. 27%; P < 0.0001). Among
responders, 9% of patients receiving nivolumab/ipilimumab garnered a complete
response (CR), as compared to just 1% of patients receiving sunitinib. Duration of
response (DOR) was also more prolonged in patients receiving nivolumab/
ipilimumab—the median DOR was not reached in this subset, versus 18.2 months
in patients receiving sunitinib. With the stringent P-value used to evaluate PFS, a
significant difference was not identified, although there was a trend toward benefit
with nivolumab/ipilimumab (11.6 vs. 8.4 months). Finally, OS was significantly
improved in patients receiving nivolumab/ipilimumab, with the median value not
reached in this cohort versus 26.0 months with sunitinib (P < 0.0001).

Several differences were noted with respect to dose intensity and drug discon-
tinuation. In the overall study population, a larger proportion of patients receiving
nivolumab/ipilimumab discontinued therapy on account of toxicity (24 vs. 12%).
Given that patients on the experimental arm received a median of 4 doses of ipili-
mumab, the regimen was likely discontinued in a latent fashion after receipt of the
combination. Furthermore, although grade 3–5 treatment-related adverse events
were more frequent in patients receiving sunitinib as compared to nivolumab/
ipilimumab (63 vs. 46%), there were a higher number of treatment-related deaths on
the nivolumab/ipilimumab arm (7 vs. 4). Multiple immune-related grade 3–4 adverse
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events were also noted with nivolumab/ipilimumab, with the most frequent being
hepatitis, diarrhea/colitis, rash, adrenal insufficiency, and hyopophysitis. Approxi-
mately 60% of patients receiving this regimen required corticosteroids for man-
agement of adverse events, and more intensive agents (e.g., mycophenolate and
infliximab) were rendered in approximately 4% of patients.

Beyond the analysis of the primary endpoint and toxicity data, several subset
analyses are informative in deciphering appropriate populations for receipt of
nivolumab/ipilimumab [20]. Firstly, an analysis of patients with good-risk disease
(excluded from the analysis of primary endpoint) suggests a marked benefit in PFS
with sunitinib versus nivolumab/ipilimumab (25.1 vs. 15.3 months; P < 0.0001).
Similarly, RR was improved with sunitinib in this subset (52 vs. 29%; P = 0.0002).
A second important analysis segregated patients based on PD-L1 status. Recalling
that roughly one-fourth of patients were PD-L1 positive, the largest benefit in OS
was observed in this subset with nivolumab/ipilimumab relative to sunitinib (me-
dian OS not reached vs. 19.6 months; HR 0.45, P < 0.001). A survival benefit was
noted in patients who were PD-L1 negative with nivolumab/ipilimumab versus
sunitinib, but this difference was more subtle (median OS not reached for either
group; HR 0.73, P = 0.0249). Notably, there was no difference in PFS between
nivolumab/ipilimumab and sunitinib in this subset.

3 CABOSUN

Another trial that has had a dramatic impact on the first-line treatment paradigm for
mRCC is CABOSUN [21–23]. This randomized, phase II trial compared sunitinib
and cabozantinib in mRCC patients with no prior therapy and was restricted to
patients with intermediate- and poor-risk disease by IMDC criteria. Patients with
known brain metastases were permitted in this study, provided there was docu-
mented stability for 3 months. Permissible ECOG performance status ranged from
0 to 2. Patients received standard starting doses of sunitinib and cabozantinib at 50
and 60 mg oral daily, respectively. As in CheckMate 214, sunitinib was dosed at
the conventional 4-week on, 2-week off schedule.

The primary endpoint of the study was PFS with secondary endpoints of OS,
objective RR and safety. With a planned enrollment of 140 patients, the study had
85% power to detect a HR of 0.67 with a one-sided type I error of 0.12. The authors
anticipated that this would translate to a PFS of 8 months with sunitinib versus
12 months with cabozantinib. Ultimately, 157 patients were enrolled. Most patients
were ECOG 0-1, although 12.7% of patients enrolled were classified as ECOG 2.
Intermediate-risk disease patients constituted 80.9% of the overall sample. The
study possessed a relatively high frequency of patients with bone metastases,
amounting to 36.3% of patients enrolled. Approximately one-fourth of patients
enrolled had not had nephrectomy.
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The initial assessment of PFS was based solely on investigator review. The study
met its primary endpoint, with an improvement in PFS from 5.6 months with
sunitinib to 8.6 months with cabozantinib (P = 0.012). Cabozantinib was associ-
ated with a significant improvement in RR relative to sunitinib, as well (46 vs.
18%). A trend toward improvement in median OS was observed with cabozantinib
(31.3 months vs. 21.8 months), but this difference was not statistically significant.
With respect to toxicity, the frequency of grade 3 and 4 adverse events was similar
between sunitinib (68%) and cabozantinib (67%). The nature of side effects was
typical for VEGF-directed therapies, with the most common toxicities across both
groups including hypertension, fatigue, and diarrhea. Treatment-related grade 5
events were recorded with both cabozantinib and sunitinib. Among patients
receiving cabozantinib, 3 treatment-related deaths were recorded secondary to acute
kidney injury, sepsis, and jejunal perforation. For patients receiving sunitinib, 3
treatment-related deaths were attributed to sepsis, respiratory failure, and vascular
disorders, respectively.

The encouraging phase II data from cabozantinib led many to question whether
the agent would be granted FDA approval. To appease one of the principal critiques
of the trial, which centered on investigator review of imaging data, the ALLIANCE
cooperative group worked to collect and perform independent review of scans
obtained on CABOSUN [22]. This recently reported review suggested a similar
PFS benefit with cabozantinib (8.6 vs. 5.3 months), now with a two-sided P-value
of 0.0008. This rigorous validation was also applied to assessment of RR. Although
fewer responses were observed on both treatment arms, it is noteworthy that the RR
associated with cabozantinib was double that observed with sunitinib (20 vs. 9%),
akin to the original analysis. These data ultimately led to FDA approval of
cabozantinib for previously untreated mRCC on December 19, 2017.

4 Other First-Line Studies

The results of the CABOSUN and CheckMate 214 trials provide fuel for vigorous
debate regarding first-line standards for mRCC. While these two studies are inde-
pendently practice-changing, it should be noted that there are multiple other regi-
mens that are being aggressively explored in this setting. Table 1 summarizes the
current and ongoing landscape of trials [24]. As can be seen, the preponderance
focuses on the combination of VEGF blockade with PD-1/PD-L1 blockade or other
immunotherapeutic strategies. The only of these studies to report so far is the phase
III ADAPT trial, which evaluated sunitinib with or without the autologous dendritic
cell vaccine AGS-003 in patients receiving cytoreductive nephrectomy. While a
phase II assessment of sunitinib with AGS-003 had shown encouraging clinical
outcomes, the phase III study failed to show any difference in OS (the primary
endpoint).
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The premise for combining VEGF-directed therapies with PD-1/PD-L1 anti-
bodies is predicated on the immunomodulatory effects of both classes of drugs. To
date, the only randomized data comes from IMmotion150, a randomized, phase II
study comparing sunitinib to atezolizumab and to the combination of bevacizumab
with atezolizumab. The study was powered to assess investigator-assessed PFS in
the intention-to-treat and PD-L1-positive study populations. In the PD-L1-positive
population, the study met the primary endpoint with an improvement from
6.8 months with sunitinib to 11.1 months with bevacizumab/atezolizumab. These
data bode well for the phase III IMmotion151 trial, which directly compares
sunitinib and bevacizumab/atezolizumab (the study does not evaluate atezolizumab
monotherapy). Given that bevacizumab is relatively infrequently used in the
metastatic setting, it will be curious to see whether (in the face of positive data) the
agent will be employed in combinations. Several studies are underway which use
different VEGF-tyrosine kinase inhibitors (TKIs) at their base. A phase III study
comparing sunitinib to axitinib with avelumab is bolstered by very encouraging
phase Ib data, suggesting 58.2% response rate in previously untreated patients [25].
Similarly, compelling data is available for the combinations of axitinib with
pembrolizumab [26] and lenvatinib with pembrolizumab [27], each being compared
to sunitinib in separate phase III assessments.

5 Future Management Paradigms for mRCC

As the data in this chapter demonstrate, the paradigm for first-line therapy of mRCC
has evolved once again. Agents such as sunitinib and pazopanib may potentially
find a niche among good-risk patients, given that data from CheckMate 214 sug-
gests that a TKI-based approach may supersede checkpoint inhibition in this set-
ting. However, one might make the argument that a more potent TKI, such as
cabozantinib, could be employed in this setting—there is little reason to think
cabozantinib would not offer superiority to sunitinib in the good-risk population.

In intermediate- and poor-risk patients, many argue that nivolumab/ipilimumab
represents an obvious choice. Certainly, the complete responses observed with this
therapy are compelling. However, several considerations must be kept in mind.
First, the rate of severe immunologic toxicities is non-negligible, and the large
proportion of patients requiring steroids (60%) suggest that this is a pervasive
phenomenon. Second, the studies that have been done to date all utilize a com-
parator arm of sunitinib. While cross-trial comparisons are challenging, it is difficult
to fathom whether a significant difference in RR and OS would have been identified
had nivolumab/ipilimumab been compared to cabozantinib. Finally, cost may
ultimately become a major determinant. Dual checkpoint inhibition takes a sub-
stantial financial toll, and it is unclear whether all healthcare systems are equipped
to bear this burden. For these reasons, a healthy debate should precede the decision
to employ cabozantinib or nivolumab/ipilimumab in the front-line setting.
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Although somewhat cliché, the future of mRCC may ultimately be predicated on
use of biomarkers. Data from the previously cited IMmotion150 trial offers a unique
circumstance in which to compare biomarkers in a TKI-treated cohort and in a
cohort exposed to dual VEGF and checkpoint inhibition. Rich genomic profiling
studies accompanying this effort suggest that there may be an immune profile
predictive of response to checkpoint inhibition and a separate angiogenic profile
predictive of response to VEGF-TKIs [15, 28, 29]. While further validation or
prospective evaluation of these biomarkers is warranted, it hints to the possibility of
a biomarker-based approach in the future. A recently reported collaboration
between Dana Farber, Johns Hopkins, and Memorial Sloan Kettering investigators
pooled together response to patients receiving nivolumab for mRCC and identified
alterations in PBRM1 as potential predictors of response [15]. These biomarkers
may therefore serve to identify ideal candidates for checkpoint inhibition. With the
multitude of ongoing studies and the sea of therapies likely to emerge, a biologi-
cally driven approach to treatment would be most useful.
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Abstract
Optical and cross-sectional imaging plays critical roles in bladder cancer
diagnostics. White light cystoscopy remains the cornerstone for the management
of non-muscle-invasive bladder cancer. In the last decade, significant techno-
logical improvements have been introduced for optical imaging to address the
known shortcomings of white light cystoscopy. Enhanced cystoscopy modalities
such as blue light cystoscopy and narrowband imaging survey a large area of the
urothelium and provide contrast enhancement to detect additional lesions and
decrease cancer recurrence. However, higher false-positive rates accompany the
gain of sensitivity. Optical biopsy technologies, including confocal laser
endomicroscopy and optical coherence tomography, provide cellular resolutions
combined with subsurface imaging, thereby enabling optical-based cancer
characterization, and may lead to real-time cancer grading and staging. Coupling
of fluorescently labeled binding agents with optical imaging devices may
translate into high molecular specificity, thus enabling visualization and
characterization of biological processes at the molecular level. For
cross-sectional imaging, upper urinary tract evaluation and assessment potential
extravesical tumor extension and metastases are currently the primary roles,
particularly for management of muscle-invasive bladder cancer.
Multi-parametric MRI, including dynamic gadolinium-enhanced and
diffusion-weighted sequences, has been investigated for primary bladder tumor
detection. Ultrasmall superparamagnetic particles of iron oxide (USPIO) are a
new class of contrast agents that increased the accuracy of lymph node imaging.
Combination of multi-parametric MRI with positron emission tomography is on
the horizon to improve accuracy rates for primary tumor diagnostics as well as
lymph node evaluation. As these high-resolution optical and cross-sectional
technologies emerge and develop, judicious assessment and validation await for
their clinical integration toward improving the overall management of bladder
cancer.

Keywords
Bladder cancer � Optical imaging � Cross-sectional imaging
Molecular imaging � Enhanced cystoscopy � Optical biopsy

1 Introduction

Imaging plays an integral role in all aspects of bladder cancer management. As the
standard optical imaging modality, white light cystoscopy (WLC) is utilized for
office-based identification of bladder tumors and enables transurethral resection
(TUR) for local staging. Cross-sectional imaging, primarily computed tomography
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(CT), complements WLC to assess the upper urinary tract and potential extravesical
tumor extension and metastases.

Over the past two decades, new optical and cross-sectional imaging technologies
have emerged to complement and augment current standards, particularly in
improving cancer diagnostic accuracy. New technologies provide enhanced spatial
and temporal resolutions and hold the potential to highlight the dynamic cellular
and molecular differences between cancerous and non-cancerous tissues. This
chapter aims to review the current state of the art of new and developing optical and
cross-sectional imaging technologies for bladder cancer.

2 Optical Imaging

In 2017, white light cystoscopy (WLC) remains the standard for evaluation of
bladder urothelium and management of non-muscle-invasive bladder cancer
(NMIBC), both in the office setting with flexible cystoscopy and TUR in the
operating room. Despite its central role, WLC has well-recognized limitations [54,
59]. For papillary lesions, WLC is unreliable for the determination of low- and
high-grade cancer and cannot assess level of invasion [22]. Differentiation of
non-papillary and flat malignant lesions, particularly carcinoma in situ (CIS), from
inflammations can be difficult, with detection rates of CIS as low as 58–68% by
WLC [30, 43, 83]. Furthermore, smaller or satellite tumors can be missed, which
contributes to the up to 40% rate of residual bladder cancer found at the time of
second-look TUR [6, 25]. Finally, indistinct borders and inadequate submucosal
margins during TUR can lead to incomplete tumor resection and understaging [21,
51]. These limitations of WLC contribute to the increased risk of cancer persistence,
recurrence, and in the case of high-grade bladder disease, progression to metastatic
disease [11, 47, 49]. Hence, there is significant interest to develop adjunctive
imaging techniques to augment conventional WLC for more precise diagnostic and
surveillance of bladder cancer.

2.1 Enhanced Cystoscopy Technologies

Adjunctive optical imaging technologies that go beyond WLC may be classified
based on their field of view and spatial resolution. Enhanced cystoscopy tech-
nologies survey a large area of the urothelium and provide contrast enhancement
beyond WLC to distinguish suspicious lesions from benign transformations. Blue
light cystoscopy (BLC) and narrowband imaging (NBI) are approved examples of
this modality.

2.1.1 Blue Light Cystoscopy (BLC)
Also known as photodynamic diagnosis or fluorescence cystoscopy, BLC provides
wide field of view similar to WLC. It requires preoperative intravesical instillation
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of a photosensitizer that is preferentially metabolized by neoplastic cells. Once
taken up by the urothelium, the photosensitizer (i.e., protoporphyrin IX precursor)
accumulates, whereby in neoplastic cells the absorption of blue fluorescent light
(375–440 nm) induces emission of red light, thus allowing visualization of the
neoplastic tissue [14, 64] (Fig. 1). In bladder imaging, two protoporphyrin ana-
logues, 5-aminolevulinic acid (5-ALA), and its ester derivate hexaminolevulinate
(HAL) have been extensively investigated clinically. HAL, which is more lipophilic
with greater local bioavailability and superior fluorescence intensity, is approved for
clinical use.

BLC has been demonstrated to improve detection of papillary lesions and CIS in
numerous multi-institutional randomized studies [53, 76]. In a meta-analysis, the
detection of CIS was significantly higher by the combination of BLC and WLC
compared to WLC alone (87 vs. 75%) [57]. Furthermore, significantly reduced
residual tumor rates were found in patients who underwent BLC-assisted TUR
(relative risk of 2.77-fold higher for WLC compared to BLC) in meta-analyses [45,
86]. A prospective randomized multi-institutional study (n = 300) failed to
demonstrate a significant benefit in tumor recurrence and progression for BLC
compared to WLC after 12-month follow-up [84], while another prospective ran-
domized study (n = 551) found an increased time to recurrence of 16.4 months
with BLC using HAL compared to 9.4 months with WLC (p = 0.04) [38]. In a
meta-analysis of the prospective trials, Burger et al. found significantly lower
overall recurrence rates at 12 months with BLC compared to WLC in 1345 patients
with NMIBC (34.5 vs. 45.4% pooled sensitivity, p = 0.006) [12]. Main limitation
of BLC is the non-cancer-specific fluorescence from inflammatory lesions, previous
biopsies, or pretreatment with bacillus Calmette–Guérin (BCG) [53, 59] leading to

Fig. 1 Blue light cystoscopy facilitates detection of papillary and flat bladder cancer but increases
false-positive rate. Endoscopic images of high-grade pTa, carcinoma in situ (CIS) and
inflammation under white light cystoscopy (WLC), blue light cystoscopy (BLC), and
corresponding hematoxylin and eosin (H&E) histology
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false-positive diagnosis in 10–12% on a per-patient basis [88]. HAL-assisted BLC
is currently not approved for patients within 90 days of intravesical chemotherapy
or BCG instillations. In the 2016 AUA guidelines on NMIBC, HAL-assisted BLC
received moderate recommendation [17].

2.1.2 Narrowband Imaging (NBI)
Narrowband imaging (NBI) was developed in 1999 [35] by Olympus (Tokyo,
Japan) and first applied to gastrointestinal endoscopy [34]. The technology relies on
a light filter that provides narrow (blue, green), instead of broad illumination (blue,
green, and red) as in standard white light, thereby highlighting vascularized lesions
(Fig. 2) [103]. In contrast to BLC, NBI does not need exogenous fluorescent dyes.
A prospective randomized trial in 178 patients with NMIBC showed significantly
lower recurrence rates at 3 and 12 months for patients who underwent NBI-assisted
TUR than patient who underwent standard TUR [62]. At 3-month follow-up, the
recurrence rates were 5.8% in the NBI group compared with 18.5% in the
WLC-only group. At 1-year follow-up, the recurrence rates were 18.6% in the NBI
group compared with 38.04% in the WLC. The recurrence rate of CIS was sig-
nificantly lower in the NBI group (2.3 vs. 14.1%, p < 0.05).

A meta-analysis [100] has shown that compared to WLC alone, NBI increased
NMIBC detection by 9.9%, increased diagnostic sensitivity from 81.6 to 95.8%,
reduced tumor persistence rate at 1 month at re-resection (RR = 0.43), and reduced
recurrence rate at 12 months (RR = 0.81). A recent multi-institutional, prospective,
randomized study of 965 patients with primary diagnosis of NMIBC found a sig-
nificantly higher recurrence rate in patients with low-risk NMIBC treated by
WLC-assisted compared to NBI-assisted TURBT (27.3 vs. 5.6%, p = 0.002) at
12 months [69]. However, no overall difference in recurrence rates was found at
12 months (27.1% WLC vs. 25.4% NBI, p = 0.585). Increasing sensitivity fre-
quently leads to higher false-positive rates, and NBI was shown to have higher
false-positive rates of 21.8–50% per patient compared to WLC [40, 100, 101] even
if a recent study found an increased detection of CIS up to 28% without increased
false-positive rates with NBI [58]. Table 1 summarizes performance of enhanced
cystoscopy technologies compared to WLC alone when analyzing accuracy on the
patient level as well as on the biopsy level.

2.2 Optical Biopsy Technologies

Whereas enhanced cystoscopy technologies improve identification and enumeration
of suspicious bladder lesions, their overall field of view and spatial resolutions are
comparable to standard WLC and hence relatively minimal learning curve. In
contrast, optical biopsy technologies provide cellular resolutions combined with
subsurface imaging, thereby raising the possibility of real-time, optical-based
cancer characterization including grading and staging. For integration into the
clinical workflow, the high-resolution imaging data require real-time interpretation,
thereby increasing the associated learning curve with the technology adaptation.
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Confocal laser endomicroscopy (CLE) and optical coherence tomography
(OCT) are examples of optical biopsy technologies with early stage clinical
experience. Importantly, these technologies complement wide field imaging (i.e.,
WLC, BLC, and NBI) to provide a more comprehensive evaluation of tissue of
interest.

2.2.1 Confocal Laser Endomicroscopy (CLE)
Confocal laser endomicroscopy (CLE) is based on the well-established confocal
microscopy technique commonly used in laboratory settings [67]. Configuration of

Fig. 2 NBI-enhanced cystoscopy facilitates detection of papillary and flat bladder cancer but
increases false-positive rate. a Small papillary tumor (pathology pTa) poorly visualized under
WLC but improved under NBI (b); multi-focal papillary tumors (pathology pTa) under WLC
(c) and NBI (d); e WLC image of CIS and NBI (f); g false-positive lesion near the right orifice
identified by WLC; h same lesion identified by NBI (reactive tissue in pathology). Figures
obtained from [15] with permission
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the technology into probe-based devices compatible with standard endoscopic
instruments has enabled clinical translation and in vivo imaging of cellular and
subcellular structures (2001). The CLE system (Cellvizio®, Mauna Kea Tech-
nologies, France) in clinical use has been coupled with endoscopy of the gas-
trointestinal, respiratory, and urinary tracts. The technology is based on a fiber-optic
imaging probe coupled to a 488-nm laser-scanning unit. The reusable probe has a
1–5lm spatial resolution. Fluorescein is used as the contrast agent and can be
applied either topically via intravesical instillation or systemically via intravenous
injection [95]. Bladder application of CLE has been described in detail [19]. Pilot
studies have shown that CLE can discriminate normal mucosa from benign lesions
(scar, inflammatory lesion) and malignant lesion (CIS, low and high grade) after
training (Fig. 3) [18, 99]. The inter-observer agreement to diagnose cancer was
90% in urologists experienced in using CLE compared with 80% in urologists
not-experienced in CLE after one-hour training session [18]. To assess the learning
curve of CLE image interpretation more broadly, crowdsourcing has been applied
to assess the diagnostic accuracy to distinguish normal urothelium from cancer.
After a shorting training module, of 92% diagnostic accuracy was obtained 1173
ratings from 602 participants [18, 20]. Current limitations of CLE include the lack
of multi-institutional studies in order to validate diagnosis criteria and accuracy.
Additional future directions include combining CLE with molecular imaging

Fig. 3 Optical biopsy of bladder mucosa using probe-based confocal laser endomicroscopy
(CLE). CLE of normal, low-/high-grade papillary bladder cancer, CIS, and inflammation shown
with corresponding white light cystoscopy (WLC) and hematoxylin and eosin (H&E) staining of
the biopsy. Low-grade cancer shows characteristic-organized papillary structure, whereas
high-grade cancer and CIS show pleomorphic cells and distorted micro-architecture. Inflammatory
mucosa shows lymphocytic infiltrates. Figure from [42] with permission
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modalities such as monoclonal antibodies bound to fluorescein-labeled monoclonal
antibodies for targeted binding of cancer-specific antigens.

2.2.2 Optical Coherence Tomography (OCT)
OCT provides real-time high-resolution subsurface imaging of tissue using
near-infrared light with wavelengths between 890 and 1300 nm. Analogous to
B-mode ultrasound, the technique measures the backscatter properties of tissue
layers thus providing a cross-sectional imaging with an image resolution of 10–
20 µm and a depth of penetration of 2 mm [63]. Originally described for imaging of
the retina [56], OCT has been demonstrated in a variety of organ systems including
gastrointestinal, respiratory, and urinary tracts. In cancerous lesions, the anatomic
layers of the urothelium are lost and therefore enable real-time cancer diagnostic.
The reported overall sensitivity for cancer diagnosis is 84–100% and overall
specificity 65–89% [32, 39, 44, 63, 75, 85]. Goh et al. reported 32 patients a 100%
negative predictive value for the detection of muscle invasion [32], whereas another
trial involving 24 patients at high risk for bladder cancer found a positive predictive
value for tumor invasion into the lamina propria of 90% [63]. Schmidbauer and
colleagues investigated combining enhanced cystoscopy (i.e., BLC) with OCT and
found increased specificity in cancer diagnosis compared to BLC alone [82].
Current limitations include availability of clinical systems for bladder applications
and relatively slow image acquisition time. Similar to CLE, further larger scale
prospective studies are needed for OCT to demonstrate clinical utilities.

2.3 Molecular Imaging

Molecular imaging modalities enable visualization and characterization of biolog-
ical processes at the molecular level, which may precede micro- or macroscale
anatomic changes [37, 103]. Coupling of fluorescently labeled binding agents such
as antibodies, peptides, or small molecules with optical imaging devices may
translate into high molecular specificity. Urinary bladder, as an easily accessible
hollow organ, is amenable to intravesical applications of therapeutic or imaging
agents. The ideal molecular imaging agent has good safety profile, high sensitivity
and specificity for cancer detection, suitable pharmacokinetics, and excellent
in vivo stability.

Surface antigens are ideal targets for fluorescently labeled antibodies. Epidermal
growth factor (EGFR) and prostate stem cell antigen (PSCA) show differential
distribution and expression patterns in benign urothelium and bladder cancer [2, 13,
55, 65, 73]. Their relatively low expression rate in bladder cancer, however, makes
them suboptimal targets for cancer molecular imaging. A recently described
promising target is CD47, a cell surface protein involved in immune functions
including neutrophil migration and T-cell co-stimulation, and a negative regulator
of phagocytosis. Binding of CD47 on target cells with the native ligand SIRP-a on
macrophages inhibits macrophage activation and phagocytosis. Blocking the
CD47-SIRP-a interaction with an anti-CD47 antibody promotes phagocytosis of
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the CD47 expressing cells and prevents metastasis in mouse xenograft models
[16, 98]. CD47 expression is upregulated in bladder cancer, and it is expressed in
more than 80% of bladder cancer cells and absent on the luminal cell layer of
normal urothelium [16, 72]. In an ex vivo study to validate CD47 as an imaging
target, fluorescently labeled anti-CD47 was instilled in 25 fresh radical cystectomy
specimens followed by endoscopic fluorescence imaging of the intact bladders
(Fig. 4) [72]. CLE and BLC were used as the imaging modalities and fluorescently
labeled mouse monoclonal anti-CD47 as the targeting agent. Using the combination
with BLC and anti-CD47 conjugated to a quantum dot (Qdot626) with matching
spectra, an overall diagnostic sensitivity of 82.9% and a specificity of 90.5% were
found for CD47-targeted imaging of bladder cancer.

pH low insertion peptides (pHLIPs) are a class of membrane-binding peptides
that preferentially target acidic cells by inserting across cellular membranes at low
extracellular pH [3, 97]. Due to increased metabolic activities, a wide variety of
cancer cells exhibit acidic pH, thereby providing a versatile strategy for tumor
targeting [8]. A recent study used a pHLIP conjugated to indocyanine green
(ICG) for ex vivo imaging of bladder tumors from radical cystectomy specimen of
22 patients using a clinical grade near-infrared fluorescence (NIRF) imaging system
(Firefly™) (Fig. 4). Sensitivity of targeting cancerous tissue versus normal
urothelium was 97%, and specificity was 100% irrespective of urothelial tumor
subtype. However, considering necrotic and previously treated tissues as false
positives, the specificity was decreased to 80%. In vivo, studies and results par-
ticularly low-grade tumors are pending. While molecular imaging may represent the
future given the improved cancer specificity, biosafety and regulatory hurdles
remain to be overcome for clinical translation.

Fig. 4 Molecular imaging of human bladder tumors. Ex vivo molecular imaging of human
bladder using anti-CD47-Qdot625 (anti-CD47) imaged with BLC and indocyanine green with pH
low insertion peptide (pHLIP) agent imaged with da Vinci Si NIRF imaging system. The
respective imaging systems for the two molecular imaging strategies are capable of detecting both
a papillary tumors and b CIS with high sensitivity and specificity. Anti-CD47 images from [72]
and pHLIP images obtained from [33] with permission
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2.4 Other Early Stage Optical Imaging Technologies

Raman Spectroscopy. Raman spectroscopy (RS) provides optical diagnostics
through generation of tissue-specific spectra (i.e., molecular fingerprinting) without
the need for exogenous contrast agents. RS is based on the Raman effect, a phe-
nomenon of inelastic scattering of photons that occurs when the incident light is
deflected by molecules [74]. These scattered photons are detected to generate
spectra specific to the sample (i.e., cancer vs. non-cancer) [28]. For bladder cancer,
ex vivo RS studies have demonstrated differentiation of normal urothelial layers,
identification of low- and high-grade bladder cancer, and assessment of tumor
invasiveness [23, 26]. In a pilot in vivo study of 62 suspicious lesions, an increase
in the intensity of specific amino acid peaks and possibly in the DNA-specific peaks
demonstrated sensitivity and specificity of 85 and 79%, respectively, for bladder
cancer detection [26]. To further increase in sensitivity and specificity,
surface-enhanced Raman spectroscopy (SERS), through coupling of molecular
targeting nanoparticles, can significantly increase the overall signal-to-noise ratio
and enable multiplexed detection of several molecular targets [94].

Ultraviolet Autofluorescence. Differences in tissue autofluorescence, derived
from endogenous fluorophores and variations in tissue metabolism and cell types,
have been investigated for optical diagnosis of bladder cancer using an ultraviolet
(UV) laser [4, 81]. In a pilot in vivo feasibility study of 14 patients with bladder
tumors, a UV imaging probe (360 and 450 nm excitation) was inserted in the
working channel of a standard rigid cystoscope and placed in close proximity of
suspicious bladder lesions. Compared to normal urothelium, decrease in overall
fluorescence intensity was observed in bladder cancer, regardless of tumor stage
and grade. The fluorescence signal was converted to an intensity ratio of the emitted
light at abovementioned wavelengths and color coded, thus facilitating real-time
interpretation [81].

Three-Dimensional (3D) bladder reconstruction. While cystoscopy video
sequences contain a large volume of data, their documentations are generally
suboptimal using non-standardized medical recordkeeping. A more precise strategy
to document bladder tumors and suspicious mucosal changes may improve TUR
surgical planning, tumor surveillance, trainee education and reduce inter-observer
variance. Toward that goal, a variety of hardware and software-based approaches
have been investigated. An ‘image stitching’ algorithm has been described based on
an ultrathin preclinical endoscope called scanning fiber endoscope [87]. Using
ex vivo pig bladders, full-surface mosaics were generated with a projection error of
1.66 pixels on average and covered 99.6% of the bladder surface area. In another
study using TUR videos derived from human subjects, the software algorithm
successfully created panoramic images with a resolution of 4096 � 2048 pixel in
10 out of 12 cases [52]. Notable drawbacks include decreased illustration of the
anterior bladder wall as well as low image quality in patients with significant gross
hematuria. More recently, a Stanford group described a complete software-based
strategy for high-resolution 3D reconstruction of the bladder using standard WLC
videos using standard clinical hardware with only a minor modification to the
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standard clinical scan pattern. The images were processed through a customized
software algorithm called structure from motion (SfM) to generate a 3D point
cloud, followed by mesh and texture generation (Fig. 5). The authors reported that
successful reconstruction was achieved for 66.7% of the datasets, whereat the
definition of successful was that at least 25% of the camera poses could be com-
puted [60, 61] making this technique broadly applicable to endoscopy and thus may
represent a significant advance in cancer surveillance opportunities for big data
cancer research.

3 Cross-Sectional Imaging

Current roles for cross-sectional imaging in bladder cancer include evaluation of the
upper urinary tract (UUT) and assessment potential extravesical tumor extension
and metastases in patients with MIBC. For primary bladder tumor, cross-sectional
imaging currently does not have the spatial resolution to replace cystoscopy, par-
ticularly for detection of small and flat urothelial lesions. For staging,
cross-sectional imaging complements tissue diagnosis obtained via TUR under
WLC and other optical imaging technologies. CT, and to a lesser extent magnetic
resonance imaging (MRI), is the standard for staging.

Fig. 5 Software-based 3D bladder reconstruction from WLC videos. Output from individual
steps of the reconstruction pipeline from a clinical dataset of human bladder: a a representative,
original WLC image, b point cloud from the structure-from-motion step before outlier removal,
c mesh from the mesh-generation step, d labeled texture (faces with the same color are labeled
with the same input image), and e–f textured mesh from texture-generation steps. The green box
shows a similar region between subfigures d–f indicating clear continuity of vessels despite the use
of multiple input images to construct this region. The green box is approximately the size of a
single WLC image. Black arrows in a and f indicate similar regions of the bladder. From [61] with
permission
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CT staging of the primary tumor has been reported both overstage and under-
stage in 23.4 and 24.7% of patients, respectively, and accuracy in predicting
pathological tumor stage was 49% [92]. Furthermore, up to 25% of bladder cancer
patients who were initially staged with clinical N0 disease preoperatively by
cross-sectional imaging were found to have lymph node (LN) metastases in the final
pathologic specimen [5]. Research on new cross-sectional imaging technologies,
including new imaging agents and multimodal imaging, is progressing and poised
for clinical translation in the near future.

3.1 Primary Bladder Cancer Diagnosis Using CT or MRI

CT urography (CTU) represents the cornerstone of urologic imaging for hematuria
work-up. Sensitivity and specificity of CTU to correctly diagnose the source of
hematuria showed large variations and are reported between 78 and 95% and 83
and 99%, respectively [10, 80, 93]. However, CTU shows inadequate accuracy in
diagnosing small and flat lesions (i.e., CIS) [96]. Furthermore, cross-sectional
imaging performed right after a TUR further decreases diagnostic accuracy to 60%
[41]. Thus, CTU for primary bladder cancer diagnostics is clearly inferior to optical
imaging of the bladder.

Newer MRI sequences, including dynamic gadolinium-enhanced MRI
(DGE-MRI) and diffusion-weighted MRI, have been investigated for primary
bladder tumor. In a prospective study in 122 patients with bladder cancer who were
scheduled for a radical cystectomy, Daneshmand et al. investigated the diagnostic
accuracy of preoperative DGE-MRI to predict final pathological staging [24]. The
authors report an overall accuracy of 74%, sensitivity of 87.5%, and specificity of
47.6% to correctly diagnosing organ-confined disease. The authors concluded that
this technology still lacks significant predictive power.

Another group investigated diagnostic accuracy of diffusion-weighted MRI in
bladder cancer to differentiate between NMIBC and MIBC (Fig. 6). DW-MRI is an
imaging sequence that analyzes tissue diffusion properties, which provides infor-
mation on the microstructure of the underlying tissue, without the need for
exogenous contrast agent. The authors report a diagnostic accuracy between 78.8
and 81.7% within two different radiologists [50]. In a study comparing WLC to
CTU or MRI, respectively, and CTU to MRI, the authors conclude that
cross-sectional imaging (either by CTU or MRI) is not able to replace WLC and
that MRI showed better accuracy rates compared to CTU (sensitivity 76.9 vs.
61.5%, specificity 93.4 vs. 94.9%, respectively) [31].

3.2 Lymph Node Imaging Using MRI or CT

CT and MRI are the standard for preoperative detection of LN metastases in
patients with invasive bladder cancer. These conventional imaging techniques rely
mainly on morphologic criteria including LN size, shape, and morphological
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features including LN-calcification or necrosis. However, the size of non-metastatic
LNs varies widely and may overlap with the size of LN containing metastases.
A lack of consensus regarding the normal size limit diagnostic of pelvic LN
metastases is another shortcoming [66]. Using the short-axis diameter of the LN,
which is generally used as criterion for metastases, the sensitivity and specificity
vary between 78 and 97%, respectively, with a 6 mm cutoff [71] to 86 and 78%,
respectively, with a 5 mm cutoff [66].

Small metastases often remain undetected, and enlarged LNs due to reactive
hyperplasia may be misinterpreted as metastatic LNs [89]. Accordingly, upstaging
in pelvic urologic malignancies of clinical N0 to pathological N + is frequently
found despite the fact that negative preoperative imaging and diagnostic accuracy
are low [7, 29]. Importantly, accuracy of LN imaging may only be drawn if a
meticulous PLND has been performed and reported. Otherwise, the true rate of
positive and negative LNs, and thus the accuracy of the imaging, remains unknown.
A meticulous PLND depends on more than just the number of removed LNs.
However, the reported number of removed LNs may represent a surrogate if a
complete PLND was aimed and the benchmark imaging technique compared to.

Fig. 6 Cross-sectional imaging of primary bladder tumor using multi-parametric MRI. (1) A large
papillary NMIBC (pathology low-grade Ta) on T2 W-MRI (a) and DW-MRI sequences (b).
DW-MRI shows a high-intensity area; (2) MIBC showing focal disruption of the muscle layer
under T2 W-MRI (c) and a high-intensity area without submucosal components on transverse
DW-MRI (d); (3) MIBC with perivesical fat invasion in T2 W-MRI (e) and DW-MRI (f), showing
a high-intensity area with an irregular margin on transverse DW-MRI. Modified from [50] with
permission. NMIBC = non-muscle-invasive bladder cancer; MIBC = muscle-invasive bladder
cancer; T2 W = T2 weighted; DWI = diffusion weighted
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3.3 Diffusion-Weighted MRI (DW-MRI)

In a prospective study to evaluate the diagnostic performance of DW-MRI for LN
staging, 120 patients with bladder or prostate cancer and normal-sized LNs on
conventional imaging techniques (CT and/or MRI) were evaluated with DW-MRI
[91]. The authors found a sensitivity and specificity ranging between the three
different radiologists who independently evaluated the images and were blinded for
the pathological results from 64 to 79% and 79 to 85%, respectively, on a
per-patient basis. This study shows that detection of small LN metastases in
normal-sized LNs that would have been missed with conventional imaging
modalities is enabled with DW-MRI alone. Currently, DW-MRI cannot replace a
meticulous PLND in terms of accuracy because of the possibility of obtaining
false-negative results with DW-MRI.

3.4 Ultrasmall Superparamagnetic Particles of Iron Oxide
(USPIO) with MRI

USPIOs (e.g., ferumoxtran-10) are iron oxide nanoparticles with a diameter <50 nm
which can be used for MR contrast-enhanced imaging [70]. The iron oxide crys-
talline core of the USPIO produces strong susceptibility leading to a signal decrease
in T2-weighted images. USPIOs are transported through the vascular endothelium
into the interstitial space after intravenous injection. Subsequently, the particles are
taken up by macrophages and transported into LNs. Therefore, lymphotropic
USPIO can be used as MRI contrast agent for detection of metastases in
normal-sized pelvic LNs. Non-malignant LNs, which contain significant amounts
of USPIO within the macrophages, appear hypointense. Malignant LNs, in contrast,
have fewer macrophages and show a total or partial lack of USPIO uptake, thus not
showing a change in signal intensity after USPIO injection. The lack of USPIO
uptake in metastatic LNs, therefore, is indicative of metastatic LNs, highlighting
and potentially facilitating the identification of metastases in normal-sized LNs [9].

An initial study using ferumoxtran-10 as USPIO for preoperative staging in BC
reports about sensitivity and specificity of 96 and 95% [27]. Although the numbers
are very encouraging, no backup PLND was performed in this study and thus the
true false-negative rate remains unknown even more because PLND was mostly
limited to enlarged (which would have been detected by conventional MRI as well)
or suspicious LNs in selected patients.

A Swiss group combined USPIO and diffusion-weighted DW-MRI for the
detection of metastases in normal-sized pelvic LNs of patients with BC or PC and
clinically staged N0 [9]. Combining those two techniques enables characterization
of metastatic LNs according to a high signal intensity on DW-MRI and a lack of
signal decrease after USPIO injection. After an extended PLND (median 39 LNs
removed per patient), pathologically confirmed LN metastases were found in 20
patients and the long-axis diameter of the LN metastases was � 5 mm in 83 and
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� 3 mm in 50%. On a per-patient basis, sensitivity and specificity ranged from 65
to 75% and 93 to 96%, respectively, between the three different radiologists who
independently evaluated the images and were blinded for the pathological results.
Thus, the combination of USPIO and DW-MRI improved the detection rate of LN
metastases in normal-sized LNs. Nevertheless, 25–35% of the LN-positive patients
were incorrectly staged as LN negative, which remains too high. Furthermore, two
MRI examinations are needed and USPIOs are not without side effects and have
limited commercial availability [48].

3.5 Positron Emission Tomography (PET)

The diagnostic efficiency of PET does not depend on traditional parameters such as
size or shape, but on the increased metabolic rate of specific tissues and their
volume. As an intravenous imaging agent, 18F-fluorodeoxyglucose (FDG) high-
lights anatomic regions of increased metabolic activity. In bladder cancer,
FDG-PET is predominantly used for detection of LN metastases. In a small 2010
prospective study, 51 bladder cancer patients received a FDG-PET/CT scan before
radical cystectomy and pelvic LN dissection (a mean of 16 LN per patient removed)
and the authors described a sensitivity and specificity in the detection of pelvic LN
metastases of 46 and 97%, respectively [90]. Thus, the false-negative rate was over
50%, and even in some enlarged metastatic LNs up to 25 mm in size, no abnormal
FDG uptake was found. Recently, another trial [1] compared preoperative
FDG-PET/CT and conventional CT with pathological results in 54 patients who
underwent radical cystectomy and PLND (a mean of 28 LNs removed per patient),
and the same low sensitivity for both imaging techniques (41 vs. 41%) in the
detection of regional LN metastases was reported. In line with these results is
another study comparing preoperative CT scan with FDG-PET/CT in 207 patients
with BC who underwent radical cystectomy and PLND (a mean of 17 LNs removed
per patient) [36]. Although an increased sensitivity detecting LN metastases from
45% using CT alone to 69% with FDG-PET/CT was found, the additional diag-
nostic yield of 5% on a per-patient basis was small. Thus, FDG-PET/CT provides
no or only minimal additional benefit in the loco-regional LN staging in BC (as the
authors of this study claim). Other trials, however, have reported an increased
detection rate of metastases using FDG-PET/CT for preoperative LN staging. The
sensitivity rates in these trials varied from 50 to 70% [46, 79]. Only one of these
trials [79], however, reports a median of 12 resected LNs per patient; the others did
not perform (or did not report) a backup PLND. So, the true rate of false-negative
LN metastases remains unknown. In summary, for patients with BC, currently
available FDG-PET/CT techniques offer no substantial diagnostic benefit for the
detection of pelvic LN metastases [48].

Recently, FDG-PET in combination with MRI has been investigated prospec-
tively in a small pilot study of bladder cancer patients [78]. In a series of 22 patients

154 B. Kiss et al.



with known bladder cancer, Rosenkrantz et al. report increased accuracy of primary
tumor detection from 77 to 86%, increased accuracy of detection of metastatic
pelvic lymph nodes from 76 to 95%, and increased accuracy of detection of
non-nodal pelvic malignancy from 91 to 100% when combining 18F FDG-PET with
MRI compared to MRI alone (Fig. 7). The combination of multi-parametric MRI
which offers high-contrast resolution with 18F FDG-PET which offers metabolic
information seems to be a promising technology allowing to increase accuracy rates
significantly. However, the sample size is small and a pathologic evaluation of the
LNs has not been done in all cases. Therefore, final conclusions on the real
advantages of this new combination of technologies are much too premature.

Fig. 7 Cross-sectional imaging the example of 18F-FDG-PET/MRI in pre-TURBT setting.
(1) Tumor detection: A 68-year-old man with muscle-invasive high-grade bladder cancer on prior
biopsy, undergoing simultaneous 18F-FDG-PET/MRI. a and b, Axial T2-weighted images show
regions of mild nonspecific mural thickening (arrow, b) that was considered equivocal for the
presence of tumor. (2) Lymph node detection: A 62-year-old man with prior biopsy showing
high-grade non-muscle-invasive bladder cancer, undergoing simultaneous 18F-FDG-PET/MRI.
c On postcontrast axial T1-weighted image of the pelvis, potential pelvic lymph nodes are difficult
to differentiate from surrounding vessels and bowel loops. d Fused 18F-FDG-PET/MR image
shows marked increased activity within numerous pelvic lymph nodes (arrows), which raised
suspicion for nodal metastases. The nodes decreased in size following treatment with systemic
chemotherapy. (3) Non-nodal malignancy: An 82-year-old man with prior biopsy showing
high-grade non-muscle-invasive bladder cancer, undergoing simultaneous 18F-FDG-PET/MRI.
e Axial T2-weighted image shows a left acetabular lesion (arrow) that was considered possibly
degenerative, given its proximity to the hip joint, and equivocal for bone metastasis. f Fused
PET/MR image shows corresponding marked increased metabolic activity (arrow), raising
suspicion that the lesion represents a bone metastasis. Subsequent bone biopsy demonstrated
metastatic urothelial carcinoma. From [78] with permission
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4 Conclusion

Judicious applications of optical and cross-sectional imaging technologies play a
paramount role in the management of patients with bladder cancer. Over the past
20 years, significant advances have taken place in both areas to improve their
diagnostic yield for patients with NMIBC and MIBC. Level 1 evidence exists that
enhanced cystoscopy such as BLC and NBI improves tumor detection and resection
and reduces recurrence. However, in case of repeated intravesical chemotherapy
instillations or post-BCG results are not that expedient and further validation in this
setting has to be undertaken. To improve preoperative planning and standardize
documentation at the same time, computer-assisted diagnostic algorithm (e.g., 3D
reconstruction, machine learning) to enhance image processing will be increasingly
studied. Numerous other emerging technologies (e.g., CLE, OCT) are promising
and hold the potential to find their way into clinic to complement the currently
available optical imaging technologies in the future, but at this time they still lack
clinical efficacy data. Diagnostic accuracy, however, might be taken to another level
in the future through molecular targeted imaging.

In cross-sectional imaging, while new contrast agents (e.g., USPIO) improve the
detection of micro-metastatic disease and multimodal imaging (PET-CT and
PET-MRI) provides superb anatomic and functional information, for local staging
TUR with tissue diagnosis remains the standard for the foreseeable future. How-
ever, as resolution of MRI technology continues to improve and with integration of
molecular tracers, noninvasive cross-sectional imaging may play an important
adjunctive role in the future for the diagnosis of primary tumor. In terms of lymph
node staging accuracy, none of the currently used cross-sectional imaging tech-
nologies have the potential to substitute pelvic lymph node dissection. Thus, similar
to optical imaging, molecular targeting agents in combination with high-resolution
cross-sectional imaging modalities might be anticipated to increase diagnostic
accuracy.
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Clinical outcomes for patients with bladder cancer have largely remained
unchanged over the last three decades despite improvements in surgical
techniques, perioperative therapies, and postoperative management. Current
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management still heavily relies on pathologic staging that does not always reflect
an individual patient’s risk. The genesis and progression of bladder cancer is
now increasingly recognized as being a result of alterations in several pathways
that affect the cell cycle, apoptosis, cellular signaling, gene regulation, immune
modulation, angiogenesis, and tumor cell invasion. Multiplexed assessment of
biomarkers associated with alterations in these pathways offers novel insights
into tumor behavior while identifying panels that are capable of reproducibly
predicting patient outcomes. Future management of bladder cancer will likely
incorporate such prognostic molecular models for risk stratification and
treatment personalization.

Keywords
Urinary bladder neoplasms � Cellular pathways � Immunohistochemistry
Expression profiling � Multimarker analysis � Prognosis � Risk stratification
Therapeutic targeting

1 Introduction

There have been several advances in the management of bladder cancer over the
last decade. Improvements in detection and visualization modalities now allow for
more detailed localization of tumors within the bladder [1, 2], and novel methods of
urine-based cancer detection offer the opportunity for precise and noninvasive
surveillance [3, 4]. Neoadjuvant chemotherapy has shown some oncologic benefit
[5], and improved perioperative management protocols have enhanced patient
recovery after surgery without significantly increasing hospital readmissions [6].
Despite such developments, survival outcomes for patients undergoing radical
surgery for bladder cancer have, however, remained unchanged over the last
30 years [7]. Cancer of the urinary bladder remains the sixth-most common
malignancy in the USA and the eight-most frequent cause of cancer-related deaths
[8]. Worldwide, the disease accounts for over 165,000 deaths annually [9].

Several risk factors have been attributed to the genesis and progression of
bladder cancer, and some of them have been linked to distinct molecular alterations
[10]. While the use of molecular correlates as a guide to treatment has become
mainstay in several other cancer types, management of urothelial carcinoma of the
bladder (UCB) is still largely based on tumor stage and other histopathological
parameters. Extensive research has now shown that molecular alterations in UCB
dictate the rate of tumor progression and may therefore help substratify patients into
risk groups based on the aggressiveness of their disease [11].
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2 Molecular Pathways of Bladder Cancer Development
and Progression

UCB can present as a noninvasive phenotype where malignant cells are restricted to
the urothelial layer and an invasive phenotype wherein tumor cells breach the
basement membrane and may invade the subepithelial connective tissue and
underlying muscle [12]. Development and progression of UCB involves alterations
is several cellular pathways that normally maintain tissue homeostasis. Noninva-
sive UCB may present as two distinct forms: Papillary (Ta) tumors are generally
exophytic, tend to recur locally, but rarely invade the basement membrane or
metastasize. However, the flat carcinoma in situ (CIS) is a lesion with high
propensity for invasion and metastasis if left untreated. Patients with only CIS
lesions in their urinary tract may also have synchronous and/or develop meta-
chronous tumors [13]. Ta tumors potentially develop due to molecular aberrations
that are distinct from CIS and invasive (T1–T4) cancers, although these pathways
may not always be mutually exclusive [14, 15]. Low-grade papillary tumors often
have a constitutively active receptor tyrosine kinase–Ras pathway, with activating
mutations in HRAS and fibroblast growth factor receptor 3 (FGFR3) genes [16–18].
High-grade Ta tumors may be characterized by homozygous deletion of p16INK4a

[19]. CIS and invasive tumors may often show alterations in the TP53 and
retinoblastoma (RB) genes and pathways [20]. While loss of heterozygosity of
chromosome 9q is more frequently noted in low-grade Ta tumors, some investi-
gators have found chromosome 9 deletions in both dysplastic urothelium and CIS
lesions [21, 22]. When the occasional papillary tumor does transform to an invasive
phenotype, it is often due to accumulation of additional p53 pathway alterations.
p16 alterations have also been identified in invasive tumors [23]. Muscle-invasive
(T2–T4) tumors are characterized by alterations in cadherins, matrix metallo-
proteinases (MMPs), vascular endothelial growth factors (VEGFs), and
thrombospondin-1 (TSP-1), which remodel the extracellular matrix and promote
tumor angiogenesis and nodal metastasis [14]. Post-cystectomy tumor recurrence
rates are higher for patients with muscle-invasive cancers than those with
non-muscle-invasive tumors, and prognosis following such recurrence is generally
poor [24].

3 Prognostic Impact of Molecular Alterations
in Bladder Cancer

Bladder tumorigenesis involves alterations in multiple homeostatic pathways with
profound deregulations within a complex molecular circuitry. Distinct molecular
alterations have been documented in noninvasive and invasive UCB. Investigations
by The Cancer Genome Atlas (TCGA) project and other groups have greatly
advanced our understanding of the complex molecular circuitry associated with
UCB development; these efforts are further highlighted in a latter chapter [25, 26].
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Alterations in cellular signaling and their associated receptors can cause profound
aberrations in cell-cycle regulation and inhibition of apoptotic mechanisms. This
can lead to uncontrolled urothelial cell proliferation that leads to the genesis of
UCB. Additional modulations of the immune system and promotion of angiogen-
esis can result in tumor cell invasion of the stroma that ultimately contributes
toward disease progression (Fig. 1). The net effect of such deregulations on key
cellular processes establishes the ultimate fate of the tumor (Table 1). These
alterations therefore often serve as predictors of outcome and may also act as
therapeutic targets [27–29].

3.1 Alterations in Cell-Cycle Regulation

The most extensively characterized cellular process in UCB involves the pathways
that control cell-cycle progression [30]. The cell cycle is primarily controlled by the
p53 and Rb pathways, which closely interact with mediators of apoptosis, signal
transduction, and gene regulation.

Encoded by TP53 located on chromosome 17p13.1, the p53 tumor-suppressor
protein inhibits cell-cycle progression at the G1-S transition by transcriptionally
activating p21WAF1/CIP1 [31]. While UCB generally exhibits loss of a single 17p
allele, mutation in the remaining allele can lead to TP53 inactivation and loss of its
tumor-suppressor function [32]. Loss of heterozygosity on chromosome 17 gen-
erally occurs in advanced UCB and is associated with an aggressive phenotype.
Wild-type p53 has a half-life of <30 min, which prevents its accumulation in the
cell nucleus [33]. However, TP53 mutations result in an altered protein that is
resistant to normal ubiquitin-mediated degradation. This causes increased intranu-
clear p53 accumulation that can be detected by immunohistochemistry.

Fig. 1 Model for urothelial tumorigenesis and progression. Aberrations resulting from a extrinsic
and intrinsic cues through cell receptors and signaling mechanisms get transmitted intracellularly
resulting in b alterations in cell-cycle regulation and c inhibition of apoptosis. Tumor progression
may also involve d modulation of the body’s immune response, e facilitation of direct tumor cell
invasion, and f tumor-mediated angiogenesis
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Retrospective studies have reported that p53 nuclear accumulation is prognostic
in UCB, especially in patients treated with radical cystectomy [34–39]. The rate of
altered p53 expression in tumors has been shown to increase progressively from
normal urothelium to non-muscle-invasive UCB, to muscle-invasive disease and
metastatic lymph nodes [40–42]. An analysis of high-grade muscle-invasive UCB
specimens by TCGA Research Network identified TP53 mutations in nearly half of
the samples, which were mutually exclusive in their relationship with amplification
and overexpression of MDM2; hence, TP53 function was noted to be inactivated in
76% of samples [25]. However, at this time, the use of p53 as a prognostic marker
in UCB is still not clinically established despite over 100 studies evaluating its
utility. Indeed, discordance in p53 nuclear accumulation and TP53 mutations has
been documented [43]. A meta-analysis of the role of p53 in UCB that examined
data from 117 studies noted that observational discrepancies may be related to the
choice of p53 antibody used in immunohistochemical assays, variability in inter-
pretation and stratification criteria, and other technical and specimen handling
inconsistencies [44]. A phase III trial designed to evaluate the benefit of stratifying
organ-confined invasive UCB patients based on their p53 status for adjuvant
cisplatin-containing chemotherapy could not confirm the prognostic value of the
protein alteration or any association with chemotherapeutic response [45]. How-
ever, this trial had several limitations including high patient refusal rate, lower than
expected event rate, and failures to receive assigned therapy that compromised the
study’s power.

The p21WAF1/CIP1 gene encodes for the p21 cyclin-dependent kinase inhibitor
(CDKI). This is transcriptionally regulated by p53, and loss of p21 expression is a
potential mechanism by which p53 alterations influence tumor progression [20].
Loss of p21 expression has been reported to be an independent predictor of UCB
progression, and maintenance of its expression can abrogate the deleterious effects
of altered p53 [46]. In patients with muscle-invasive UCB, p21 is an independent
predictor of recurrence and cancer-specific mortality [42]. The prognostic value of
p21 may be most useful in patients with pT2-3N0 disease, especially in combi-
nation with other markers [40].

Mdm2 is involved in an autoregulatory feedback loop with p53, thereby con-
trolling its activity. Increased levels of p53 upregulate MDM2 by transactivating its
promoter, and the translated protein mediates proteasomal degradation of p53. The
resultant lowered p53 levels then reduce the levels of Mdm2. MDM2 amplification
has been observed in UCB, and its frequency increases with increasing tumor stage
and grade [47]. MDM2 is transcriptionally inhibited by p14. The protein is encoded
by p14ARF, one of the two splice variants derived from the CDKN2A locus that is
situated on chromosome 9p21. p14ARF is induced by the E2F transcription factor,
thereby making it the molecular link between the Rb and p53 pathways [48].
p14ARF may be inactivated by homozygous deletion or by varying degrees of
methylation of the promoter region [27]. The other splice variant, p16INK4a, encodes
for p16 that is a CDKI. Reports suggest that homozygous p16INK4a deletions in
non-muscle-invasive UCB have higher recurrence rates, but deletions that affect
both p16 and p14, which deregulate both Rb and p53 pathways, correlate with the
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worst outcomes [19]. Hemizygous and homozygous deletions of the CDKN2A
locus have been found in 40–60% and 10–30% of cases, respectively [49].

Encoded on chromosome 13q14, the Rb protein interacts with regulatory pro-
teins involved in the G1-S transition of the cell cycle. Dephosphorylated Rb
sequesters the transcription factor E2F. Upon phosphorylation of Rb by
cyclin-dependent kinases, E2F is released leading to transcription of genes required
for DNA synthesis. Inactivating RB mutations resulting in loss of protein expression
have been noted in UCB [50]. In conjunction with other cell-cycle regulatory
proteins, Rb has also been shown to be prognostic in UCB [37, 38]. Rb phos-
phorylation is facilitated by cyclin/cyclin-dependent kinase complexes. Negative
regulation of cyclin-dependent kinases is achieved by CDKIs such as p21, p16, and
p27, which act as tumor suppressors. Low p27 levels have been associated with
advanced stage bladder adenocarcinomas [51]. p27 alterations have also been
linked with shortened disease-free and overall survival in UCB [52]. In patients
with pT1 tumors treated with radical cystectomy, p27 alterations in combination
with other immunohistochemical markers improved the predictive value of a
nomogram based on standard clinicopathological variables [53]. Combined
immunohistochemical assessment of p53, p21, Rb, cyclin E1, and p27 has been
shown to yield predictive accuracies superior to that of any single molecular marker
in patients with UCB treated with radical cystectomy and can improve risk strati-
fication [54, 55].

3.2 Alterations in Apoptotic Pathways

Apoptosis is a complex and highly regulated process that involves a series of
coordinated steps throughout normal development and in response to a variety of
initiation stimuli resulting in programmed cell death. Apoptosis can be initiated by
two pathways. The extrinsic pathway involves activation of cell-surface death
receptors, whereas the intrinsic pathway is mediated by mitochondria. Both path-
ways activate caspases that cleave cellular substrates and lead to the characteristic
apoptotic changes. In vitro tumor-specific caspase-8 expression has been shown to
induce apoptosis in urothelial carcinoma cell lines [56]. Decreased caspase-3
expression has also been associated with a higher probability of disease recurrence
and cancer-specific mortality [57]. Survivin is a member of the inhibitor of apop-
tosis family, and inhibits the process, at least partly, by blocking downstream
caspase activity. Survivin overexpression was present in 64% of cases and was
associated with higher probability of disease recurrence and cancer-specific mor-
tality in 226 bladder cancer patients [57]. Further, the proportion of specimens with
survivin overexpression increased progressively from non-muscle-invasive to
muscle-invasive disease and to metastatic lymph nodes [58]. In a multicenter val-
idation study, addition of survivin improved the accuracy of standard clinico-
pathologic features for prediction of disease recurrence and cancer-specific survival
in a subgroup of patients with pT1-3N0M0 disease [59].
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The Bcl-2 family of proteins is involved in the intrinsic apoptotic pathway; it
includes antiapoptotic members such as Bcl-2 as well as proapoptotic members
such as Bax and Bad. Bcl-2 overexpression has been associated with poor prog-
nosis in UCB patients treated with radiotherapy or synchronous chemoradiotherapy
[60, 61]. Bcl-2 may also serve as a marker in patients with advanced UCB
undergoing radiotherapy who may benefit from neoadjuvant chemotherapy [62].
However, other findings have suggested that Bcl-2 overexpression confers worse
all-cause survival and lower response rates to chemotherapy [63]. Bcl-2 expression
has been associated with decreased tumor-free survival in high-grade T1 disease
and may serve as a good prognostic indicator in non-muscle-invasive disease in
combination with p53 [64, 65]. A prognostic index that included Mdm2, p53, and
Bcl-2 has been proposed where aberrations in all three markers corresponded to the
worst survival probability in UCB [66]. On the other hand, Bax expression is an
independent predictor of a more favorable prognosis in invasive UCB [65, 67, 68].
Bax mediates its proapoptotic role through the activation of Apaf-1 [69]. Decreased
Apaf-1 expression has been associated with higher mortality in UCB [70].

3.3 Alterations in Cell Signaling and Gene Regulation
Mechanisms

Several cell-surface receptors modulate signals from external cues and transmit
them via transduction pathways to the nuclei of urothelial cells. Aberrations in these
receptors and/or the transmitted signals can lead to abnormal regulation of genes,
thereby causing uncontrolled cellular proliferation and tumor formation.

Of the FGFR family members, activating mutations of FGFR3 are the most
extensively studied alterations in UCB. Nearly 60–70% of low-grade papillary Ta
tumors harbor FGFR3 mutations [71, 72]. FGFR3 activation results in downstream
signaling through the Ras–mitogen-activated protein kinase (MAPK) pathway.
FGFR3 and Ras mutations may be mutually exclusive; nearly 82% of grade 1
tumors and Ta tumors have mutations in either a Ras gene or FGFR3, suggesting
that MAPK pathway activation may be an obligate event in most of these cases
[73]. HRAS expression has also been associated with noninvasive UCB recurrence
at initial presentation [74].

Epidermal growth factor receptor (EGFR) family members include ErbB-1 and
ErbB-2 (Her2/neu), which are overexpressed in invasive UCB [75–77]. ErbB-1
overexpression has been associated with higher probability of progression and
mortality [78, 79]. ErbB-2 overexpression has also been associated with aggressive
UCB and poor disease-specific survival [80–83]. However, other reports have
indicated that ErbB-2 expression is not correlated with prognosis [84, 85]. While
the combined expression profile of ErbB-1 and ErbB-2 has been suggested to be a
better outcome predictor than each marker alone, this finding has also not been
corroborated [86, 87].

Variable expression of sex steroid hormone receptors has been postulated as a
potential cause for differential behavior of UCB between genders, although direct
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evidence to this effect is lacking [88]. Across both genders, decreased estrogen
receptor-b expression has been associated with better progression-free survival rates
in patients with noninvasive UCB [89]. A meta-analysis of 2,049 patients with
bladder cancer showed that estrogen receptor-b positive rates were significantly
higher in high-grade and muscle-invasive tumors [90]. Androgen receptor (AR) is a
nuclear receptor and ligand-dependent transcription factor that mediates biologic
effects of androgens. Its expression is inversely correlated with pathological stage; a
study noted that 75 and 21.4% of non-muscle-invasive and muscle-invasive UCB,
respectively, expressed AR [91]. Another study noted that loss of AR expression
was associated with higher-grade and invasive tumors; however, no association was
found with patient outcomes [89]. In contrast, a study of 472 UCB patients failed to
find any association between AR expression and disease stage, grade, or outcomes
[92].

Janus kinase (JAK) constitutes a family of tyrosine kinases that is activated by
cytokine and growth receptors and mediates multiple signaling pathways. Fol-
lowing JAK activation, the most well-characterized molecular events include
activation of the signal transducer and activator of transcription (STAT) pathway,
which control transcription of several important genes. STAT1 can reduce Bcl-2
expression, and STAT3 has the opposite effect [93]. In combination with other
markers, STAT3 expression can predict risk of recurrence and survival in patients
with UCB [94].

MRE11 is a nuclear protein with exo- and endonuclease activity that is
responsible for telomere length maintenance and DNA double-strand break repair in
conjunction with a DNA ligase. MRE11 underexpression in primary tumors has
been associated with worse cancer-specific survival; high MRE11 expression in
patients undergoing radical radiotherapy for muscle-invasive UCB has been asso-
ciated with better outcomes [95, 96]. This predictive effect has been postulated to be
under the control of post-transcriptional regulatory mechanisms [97]. Certain
germline MRE11 variants have also been identified as markers of radiotherapy
outcomes in muscle-invasive UCB [98]. However, the prognostic impact of MRE11
on post-radiotherapy outcomes has not been validated by other studies [99].

3.4 Inflammation and Immune Modulation

Modulation of the host’s immune mechanisms is an important way by which
bladder cancer progresses. Interleukin-6 (IL-6) is a cytokine that modulates the
immune system presumably via increased JAK signaling, leading to proliferation
and activation of cytotoxic T cells, proliferation and differentiation of B cells, and
production of acute-phase proteins. IL-6 signaling is initiated when it binds to its
non-signaling receptor IL-6R, which also exists in soluble form (IL-6sR). Elevated
IL-6 and IL-6sR levels were associated with advanced pathological stage, lym-
phovascular invasion, and nodal metastases in UCB patients [100]. Both
biomarkers were also independent predictors of disease recurrence, and
cancer-specific mortality after adjusting for stage and grade.

Molecular Prognostication in Bladder Cancer 175



NF-jB is another important transcription factor that plays an important role in
inflammation, autoimmune response, cell proliferation, and apoptosis by regulating
the expression of genes involved in these processes. Bacillus Calmette–Guér-
in-induced IL-6 expression by UCB occurs as an immediate–early gene pathway
that requires NF-jB [101]. A study examining a functional insertion/deletion
polymorphism in the promoter region of NFKB1 showed that non-muscle-invasive
UCB patients with the homozygous deletion had a higher risk of recurrence than
those with the homozygous insertion [102]. NFKBIA, a gene encoding for a
member of the NF-jB inhibitor family, was one of the key markers identified by a
machine-learning algorithm that could predict recurrence in patients with
non-muscle-invasive UCB at first presentation [103].

C-reactive protein (CRP) is an acute-phase protein of hepatic origin that
increases following IL-6 secretion by macrophages and T cells. As the most widely
studied serum marker for inflammation in bladder cancer, elevated CRP levels have
been associated with adverse outcome [104]. Although variables for adjustment
have varied among studies, CRP has been shown to be an independent prognostic
factor for cancer-specific and overall mortality [105–109]

3.5 Modulation of Tumor Angiogenesis

Angiogenesis involves production tumor cell-derived factors that interact with
stromal elements to recruit endothelial cells to the site of malignancy and establish a
vascular supply, which provides the required nutrients for growth of the cancer
cells. Angiogenesis is histologically measured by microvessel density, which may
be associated with disease-free and overall survival in UCB [110]. Microvessel
density quantification may also provide additional prognostic information in UCB
patients with p53-altered tumors [111]. While the prognostic association of
microvessel density has not been confirmed by other studies, it has been shown to
be higher in patients with lymph node metastasis [112, 113].

VEGFs are strong angiogenesis-promoting signaling proteins that stimulate nitric
oxide synthase, which in turn stimulates nitric oxide formation and tumor vascu-
larization. In a study of 204 patients treated with radical cystectomy and bilateral
pelvic lymphadenectomy, VEGF was overexpressed in 86% of patients, supporting
its role in bladder tumorigenesis and identifying it as a potential target for therapy
[113]. Increased expression of VEGF in non-muscle-invasive UCB is associated
with early recurrence and progression [114]. High serum levels of VEGF are
associated with advanced UCB stage and grade, vascular invasion, CIS, metastases,
and poor disease-free survival [115]. VEGF overexpression in primary tumors has
been associated with advanced stage and grade, lymphovascular invasion, nodal
metastasis, disease recurrence, and shorter disease-free survival [116, 117].

VEGF stimulates cellular responses by binding to its corresponding receptors
(VEGFRs). VEGFR2 (KDR/Flk-1) mediates most of the known cellular responses
to VEGF. VEGFR2 expression has been associated with advanced bladder cancer
stage and muscle invasion [118]. Another study has also shown that VEGFR2
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expression may be an important determinant for nodal metastasis in UCB patients
[119].

VEGF also induces the formation of urokinase-type plasminogen activator
(uPA), which degrades the extracellular matrix, thereby facilitating endothelial cell
migration and invasion. uPA generates plasmin that stimulates production of basic
and acidic fibroblast growth factors (bFGF and aFGF, respectively). Preoperative
plasma uPA levels have been associated with lymphovascular invasion, nodal
metastasis, disease progression, and death from UCB [120]. The proangiogenic
bFGF has been associated with established features of biologically aggressive
disease including higher pathologic stage, lymphovascular invasion, lymph node
metastasis, and disease recurrence [113]. Urine bFGF levels have been correlated
with UCB stage and local disease recurrence [121, 122]. Urinary aFGF levels in
invasive UCB patients also show correlation with disease stage [123].

In addition to regulating the cell cycle, p53 plays an important role in angio-
genesis by upregulating TSP-1, a potent inhibitor of angiogenesis. Tumors with p53
alterations are associated with decreased TSP-1 expression, and such tumors
demonstrate higher microvessel density [124]. TSP-1 underexpression has been
associated with lower probabilities of recurrence-free and overall survival in UCB.
A combination of angiogenesis-related biomarkers including VEGF, bFGF, and
TSP-1 has also been associated with established clinicopathologic features of
biologically aggressive disease in patients who underwent radical cystectomy for
muscle-invasive UCB [113]. On multivariable analyses that adjusted for standard
pathological features, bFGF and TSP-1 were identified as independent predictors of
disease recurrence and cancer-specific mortality.

3.6 Regulation of Tumor Cell Invasion

The ability of urothelial carcinoma cells to invade the vasculature and lymphatics
determines their potential to spread to adjacent structures and metastasize to distant
sites. Ubiquitous to all tissues, cadherins are prime mediators of intercellular
adhesion. E-cadherin is the prototypic member of the cadherin family, and it plays a
critical role in epithelial cell–cell adhesion. Decreased E-cadherin expression has
been significantly correlated with higher risk of tumor recurrence and progression,
as well as with shorter survival in UCB patients [70, 125–128]. A whole tran-
scriptome analysis of 199 patients with invasive UCB who underwent radical
cystectomy with extended pelvic lymphadenectomy identified protocadherin 19
(PCDH19), which encodes for a member of the cadherin superfamily, as one of the
most important members of a 51-feature classifier for predicting lymph node
metastasis [129].

A tumor’s ability to degrade the matrix and invade the basement membrane is
facilitated by the actions of several protease families including uPAs and MMPs.
Expression levels of transcripts encoding thymidine phosphorylase, an enzyme that
promotes MMP production, is 33-fold higher in muscle-invasive UCB than in
non-muscle-invasive tumors, and 260-fold higher than in normal bladder [130].
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The corresponding protein levels in muscle-invasive tumors are eightfold higher
than in non-muscle-invasive tumors and 15-fold higher than in normal bladder
tissue [131]. Increased nuclear reactivity of thymidine phosphorylase has been
associated with a higher risk of non-muscle-invasive UCB recurrence [132, 133].
Increased MMP-2 and MMP-9 expression have been associated with higher UCB
stage and grade [134, 135]. MMP-2 overexpression can also predict poor
relapse-free and disease-specific survival [136]. The MMP-9/E-cadherin ratio is
also reportedly prognostic for disease-specific survival in UCB patients [137].
Increased MMP-9 serum levels have been found in patients with advanced stage
and grade, and distant metastasis [138]. Elevated serum MMP-7 levels have also
been associated with metastatic disease and are predictors of metastasis-free,
disease-specific, and overall survival in bladder cancer [139]. These findings have
been validated in an independent cohort [140].

Integrins are transmembrane glycoproteins which, when altered, can promote
tumor progression, invasion, and metastasis. They are receptors for proteins such as
adhesion molecules and collagen. Intercellular adhesion molecule 1 (ICAM1) is a
member of the immunoglobulin superfamily that binds to certain integrin classes.
Immunohistochemical studies in UCB have shown that ICAM1 expression is
closely associated with an infiltrative histological phenotype [141]. Serum ICAM1
levels have also been correlated with the presence, grade, and size of bladder
tumors [142]. ICAM1 is a member of multimarker models that can predict nodal
status in patients with UCB [143]. In normal urothelial cells, the a6b4 integrin is in
close relationship with collagen VII, and it restricts cell migration. Loss of polarity
of a6b4 expression has been noted in non-muscle-invasive UCB, and
muscle-invasive tumors show either a loss of a6b4 and/or collagen VII expression
or a lack of colocalization of the two proteins [144]. Patients with tumors that show
weak a6b4 immunoreactivity have better outcomes than those with either no
expression or strong overexpression [145].

CA 19-9, a member of the carbohydrate antigen family, is a common tumor
marker for pancreatic cancer. Carcinoembryonic antigen (CEA) describes a set of
highly related glycoproteins involved in cell adhesion. Elevated precystectomy
serum levels of CA 19-9 and CEA have been shown to be independent predictors of
worse overall survival in patients with bladder cancer [146]. Elevated serum CA
19-9 levels have also been associated with poor recurrence-free survival and can
potentially identify patients who may respond to neoadjuvant chemotherapy [147].
Overall, molecular markers of invasion are therefore relatively reliable predictors of
patient outcome in UCB.

4 Prognostic Value of Multimarker Assessment

Alterations in several molecular pathways can, in tandem, influence the patho-
genesis of bladder tumors and their ultimate clinical behavior. Analyzing these
alterations in combination may therefore provide deeper insight into the

178 A. P. Mitra and S. Daneshmand



pathobiology of the disease, while also generating marker panels that may be able
to better predict patient outcome and treatment response. Such panels can be
generated across all strata of functional cellular processing—at the epigenetic,
genetic, transcriptomic, proteomic, and metabolomic levels.

Gene-level profiling and transcriptome-level profiling are the most commonly
used approaches in UCB, and these have been used to identify markers that
characterize various subsets of patients with bladder cancer [148]. The advent of
technologies that can assess multiple markers in a reliable, efficient, and
cost-effective way have led to their adoption for development of prognostic panels.
Several studies have assessed carefully selected molecular targets across several
UCB-associated cellular pathways in an attempt to define prognostic signatures
[149].

This strategy was used to develop an objective method for predicting recurrence
and progression in patients with noninvasive tumors at first presentation to
potentially allow for treatment individualization [74]. A 24-gene panel spanning
across relevant cancer pathways was used to profile patients who initially presented
with Ta grade 2–3 tumors who belonged to one of three outcome-based groups:
those with no recurrence, recurrence, or progression within 5 years of follow-up.
A multivariable model based on CCND3 expression showed 97% sensitivity and
63% specificity for identifying patients who recurred. A similar model based on
HRAS, VEGFR2, and VEGF identified patients who progressed with 81% sensi-
tivity and 94% specificity.

This approach was also used to identify molecular alterations associated with
disease progression across all UCB stages, which could potentially supplement
traditional staging in predicting outcomes [94]. The expressions of 69 genes
involved in different cancer pathways were assessed on primary UCB specimens to
identify a panel of four markers (JUN, MAP2K6, STAT3, and ICAM1) that were
associated with disease recurrence and overall survival. Differences in 5-year
probabilities for recurrence and survival based on a favorable versus unfavorable
profile using this panel were 41 versus 88% and 61 versus 5%, respectively (both,
P < 0.001). The prognostic potential of this panel was confirmed on an independent
external dataset (disease-specific survival, P = 0.039).

Efforts to profile the entire coding region of the bladder cancer genome by
interrogating thousands of genes using high-throughput array-based technologies
have led to deeper understanding of the molecular alterations that are associated
with the disease. In one effort, 105 bladder tumors were analyzed using oligonu-
cleotide arrays, and support vector machine algorithms were used to test the
prognostic abilities of the profiled genes [150]. For predicting overall survival,
resulting accuracies were 82 and 90% when considering all UCB patients or only
those with muscle-invasive disease, respectively. A 174-probe signature was also
attributed to patients with node-positive disease and poor survival.

Investigators from Chungbuk National University (Chungbuk, South Korea)
have also employed high-throughput profiling strategies to identify several markers
associated with progression of non-muscle-invasive bladder cancer. The group
initially identified an eight-gene signature (comprising S100A8, CELSR3, PFKFB4,
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HMOX1, MTAP, MGC17624, KIF1A, and COCH) that was associated with disease
progression in this patient subgroup [151]. Interestingly, S100A8 in combination
with IL1B, S100A9, and EGFR was also identified as important mediators of pro-
gression for muscle-invasive bladder cancer in a separate analysis [152]. The group
also identified an expression signature of S100A8-correlated genes as being a strong
predictor of progression in patients with non-muscle-invasive disease [153].
A multivariable Cox regression model using a subset of three genes from the
original signature (CELSR3, KIF1A, and COCH) was also shown to be an inde-
pendent predictor of non-muscle-invasive bladder cancer progression [154].
Decreased MGC17624 expression was correlated with disease progression in the
original analysis, and its association with RUNX3 promoter methylation was shown
to be associated with poor prognosis in patients with non-muscle-invasive tumors
[155]. Hypermethylation of three other genes (HOXA9, ISL1, and ALDH1A3) was
also shown to be an independent predictor of non-muscle-invasive disease recur-
rence and progression [156].

Examination of methylation profiles of other markers have also resulted in
identification of prognostic panels. An investigation of the methylation status of 20
cancer-associated genes in microdissected tumor samples from 105 patients with
non-muscle-invasive UCB resulted in a panel of six genes, where methylation was
associated with disease recurrence [157]. TIMP-3 methylation was noted to be
associated with prolonged recurrence-free survival. Another study looked at
methylation levels of six markers in 368 urine sediment samples collected from 90
patients with noninvasive UCB [158]. This identified a panel of three markers
(SOX1, IRAK3, and L1-MET) that discriminated between patients with and without
recurrence with sensitivity and specificity of 80 and 97%, respectively, in the
validation set.

Decision models based on clinicopathologic metrics can provide reasonable
prognostic value to influence patient management [159, 160]. Recent studies have
focused on combining such clinical models with biomarkers to improve prognostic
performance. When employed with microarray technology that can interrogate the
entire coding region of the human genome while also accounting for splice variants
and non-protein-coding transcripts, the resulting combination has the potential to
greatly broaden the realm of transcriptomic profiling in UCB [161]. A large effort to
discover and validate a prognostic genomic signature for clinically high-risk
bladder cancer used transcriptome-wide profiling of patients with muscle-invasive
and/or node-positive UCB, resulting in the identification of a 15-feature genomic
classifier that had a prognostic value of 77% on blinded independent validation
[162]. The genomic classifier also uniquely reported on the prognostic potential of
certain non-protein-coding transcripts, which have recently been shown to play
important regulatory roles in cancer development [163]. While the prognostic
accuracy of a model that comprised clinical variables alone was 78% in the vali-
dation set, it improved to 86% when the genomic classifier was added (Fig. 2).
Performance of the 15-feature genomic classifier was also validated on four inde-
pendent datasets that confirmed its prognostic potential.
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Another study has further examined the prognostic importance of a
nine-biomarker panel across all UCB stages [70]. In this study, the addition of
smoking history to a clinical model improved its prognostic accuracy from 76 to
81%. The prognostic accuracy increased to 85% when information from the bio-
marker panel was added, which was significantly higher than the clinical model
alone (P < 0.001) or when combined with clinical and patient smoking variables
(P = 0.018). Subsequent studies have confirmed that combining smoking infor-
mation with molecular markers can improve prognostication in UCB patients [164].

Fig. 2 Comparative performance of a clinical classifier model (CC), a 15-feature genomic
classifier (GC), and both in combination (G-CC) for predicting recurrence in a validation set of
patients who underwent radical cystectomy for bladder cancer. a Receiver operating characteristic
curves show that G-CC had higher area under curve (AUC) compared with CC. AUCs and
associated 95% confidence intervals are shown at the bottom right of the panel. b Survival AUCs
plotted over a range of time points following cystectomy show that G-CC has superior
performance compared with GC and CC. c Cumulative incidence plot for recurrence-free survival
indicates significantly elevated recurrence probabilities for patients with high G-CC scores.
d Decision curve analysis indicates higher net benefit of G-CC over CC over a wide range of
decision-to-treat thresholds Adapted and reproduced with permission from Mitra et al. [162]

Molecular Prognostication in Bladder Cancer 181



Using primary tumor gene expression datasets, novel UCB subtypes have also
been proposed by Volkmer et al. based on molecular determinants of tumor dif-
ferentiation states: basal, intermediate, and differentiated [165]. This study noted
that each subtype harbored a unique tumor-initiating population, and keratin 14
(KRT14) marked the most primitive differentiation state that preceded KRT5 and
KRT20 expression. The basal UCB differentiation subtype was associated with
significantly worse overall survival compared with intermediate and differentiated
subtypes. Using whole genome mRNA expression profiling, Choi et al. docu-
mented three unique molecular subtypes of muscle-invasive UCB that shared some
genetic features with established subtypes of breast cancer [166]. The study des-
ignated these subtypes as basal, luminal, and p53-like muscle-invasive tumors.
Although this basal subset had a distinct molecular signature from that described by
Volkmer et al., both these subsets were characterized by increased expression of
high molecular weight keratins (KRT14 and KRT5). In addition, the basal subset of
muscle-invasive bladder tumors described by Choi et al. shared biomarkers with
basal breast cancers and was characterized by p63 activation and more aggressive
disease at presentation. Tumors in the luminal subset contained features of active
PPARc and estrogen receptor transcription and were enriched with activating
FGFR3 mutations and potential FGFR inhibitor sensitivity. This subtype also
exhibited KRT20 upregulation that was associated with the differentiated subtype
described by Volkmer et al. The p53-like tumors were consistently resistant to
neoadjuvant methotrexate, vinblastine, doxorubicin, and cisplatin chemotherapy,
and all chemoresistant tumors adopted a p53-like phenotype after therapy.

The above data suggest that high-throughput assessment can yield robust and
validated prognostic biomarker panels that can identify UCB patient subsets with
varying outcomes. Their performance may be enhanced in combination with clin-
ical and epidemiologic variables, thereby identifying candidates who may need
more aggressive management.

5 Conclusions

Bladder cancer is now being recognized as a disease that cannot be treated
exclusively on the basis of pathologic staging; therapeutic strategies need to also
account for the molecular alterations in individual tumors. The availability of
sophisticated profiling strategies has allowed for increased understanding of the
molecular events that lead to urothelial tumorigenesis and progression. Future UCB
management will employ consensus marker panels that can provide accurate pre-
dictions of prognosis and therapeutic response in individual patients. Recent efforts
toward characterizing the bladder cancer genome have laid the roadmap toward
identifying the potential therapeutic roles for several targeted agents [167]. How-
ever, the use of prognostic markers in clinical decision-making algorithms has thus
far not gained universal traction in UCB management. Barriers to incorporation of
biomarkers in clinical practice include inadequate independent validation, lack of
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consensus on reference standards, limited evidence of analytic and clinical validity
of standardized assays, and limited validation in prospective randomized trials.
Efforts are now underway to define best practice standards for prognostic and
therapeutic biomarker reporting, and development of quality systems for theranostic
implementation [168–170]. Risk-stratifying patients based on validated standard-
ized prognostic marker panels followed by optimal surgical treatment and inter-
rupting crucial pathway checkpoints through employment of therapeutic agents that
target multiple molecular pathways will be crucial toward effective management of
this disease.
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Abstract
Non-muscle-invasive bladder cancer accounts for the majority of incident
bladder cancers but is a heterogeneous disease with variation in clinical
presentation, course, and outcomes. Risk stratification techniques have attempted
to identify those at highest risk of cancer recurrence and progression to help
personalize and individualize treatment options. Radical cystectomy during the
optimal window of curability could improve cancer outcomes; however,
identifying the disease and patient characteristics as well as the correct timing
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to intervene remains difficult. We review the natural history of non-muscle-
invasive bladder cancer, discuss different risk-stratification techniques and how
they can help identify those most likely to benefit from radical treatment, and
examine the evidence supporting the benefit of timely cystectomy.

Keywords
Non-muscle-invasive bladder cancer � Timely cystectomy � Early cystectomy
Micropapillary bladder cancer � High-risk bladder cancer

1 Introduction

Urothelial carcinoma of the bladder (UCB) is a common, costly, and complex
disease and is the 6th most commonly diagnosed malignancy in the USA with more
than 79,000 new diagnoses expected in 2017 [120]. Bladder cancer has the highest
lifetime treatment cost of all cancers [106] and cost approximately $4 billion to treat
in 2010 [80]. A large portion of this cost is due to necessary prolonged surveillance,
as the natural history of UCB is marked by high rates of recurrence and progression.
At the time of diagnosis, approximately 75% of UCB are non-muscle-invasive
bladder cancer (NMIBC) [90] and up to 70% of patients with NMIBC will recur
within the first year after transurethral resection of the bladder tumor (TURBT). Ten
to twenty percent of patients eventually experience progression to muscle-invasive
bladder cancer (MIBC) [134].

In the USA, the historical accepted standard therapy for MIBC has been radical
cystectomy and lymph node dissection [128]; neoadjuvant chemotherapy more
recently has become integrated [103, 110]. However, the relative benefit of radical
cystectomy for NMIBC, especially for those who are considered at high risk for
progression or recurrence, has not been well characterized or adopted. In one
survey, 80% of American urologists would not recommend cystectomy for patients
with NMIBC that was refractory to two courses of intravesical Bacillus Calmette–
Guerin (BCG) [66]; these patients have an approximately 80% risk of treatment
failure or progression with continued intravesical therapy [18, 42]. Radical cys-
tectomy for patients with NMIBC has often been termed “early,” “immediate,” or
“up-front” cystectomy, with the implication that extirpative surgery is offered and
performed before evidence of muscle invasion or shortly after development of
muscle invasion. However, with evidence highlighting the risk of underestimating
disease status and tools to help improve prediction of high-risk features in NMIBC,
we consider the description and terminology of a “timely cystectomy” during the
window of curability, rather than waiting for pathologic and/or radiologic evidence
of muscle invasion, as the most appropriate course [19, 21].
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In this review, we characterize the role of radical cystectomy in the management
of high-risk NMIBC. We examine recent strategies in risk stratification, including
molecular and genomic subclassification, discuss the natural history of high-risk
NMIBC and the prognostic impact of variant histology, and compare the evidence
for a “timely” cystectomy versus a “delayed” cystectomy.

2 Risk Stratification

The clinical course and treatment outcomes with NMIBC are often variable and
reflect biological and genetic diversity [37]. With this inherent heterogeneity, the
identification of predictive and prognostic clinical and biological parameters is
crucial to identify patients who can be safely managed with local therapy (e.g.,
TURBT with intravesical therapy) versus patients who would benefit and need
timely radical cystectomy. Accurate risk stratification is essential to maximize
benefits and minimize potential treatment harms. This is especially important for
bladder cancer, as radical cystectomy is associated with potentially significant risks
of postoperative complications [26, 73, 126, 128, 129], mortality rates up to 10%
[34, 109, 129], and significant impact on quality of life [139, 152]. Current risk
stratification relies on pathological features from a TURBT [20], where the presence
of any of the following usually confers a high risk of progression or recurrence:
lamina propria invasion (i.e., cT1), multifocality, tumor size >3 cm, any recurrent
high-grade Ta disease, any CIS, any lymphovascular invasion (LVI), high-grade
prostatic urethral involvement, any BCG failure with high-grade disease, or any
variant histology [20, 31] (Table 1).

Table 1 AUA risk stratification for non-muscle-invasive bladder cancer

Low risk Low-grade solitary Ta <3 cm

Papillary urothelial neoplasm of low malignant potential

Intermediate risk Recurrence within 1 year, low-grade Ta

Solitary low-grade Ta >3 cm

Low-grade Ta, multifocal

High-grade Ta, <3 cm

Low-grade T1

High risk High-grade T1

Any recurrent, high-grade Ta

Any high-grade Ta, >3 cm (or multifocal)

Any CIS

Any BCG failure in high-grade case

Any variant histology

Any LVI

Any high-grade prostatic urethral involvement

*Adapted from AUA/SUO guidelines, Chang et al. [20]
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2.1 Predictive Models

In an effort to improve risk stratification, several prognostic tools have been
developed. The European Organization for Research and Treatment of Cancer
(EORTC) risk calculator was created from a pooled analysis of 7 EORTC trials of
2596 patients with NMIBC [134]. A separate risk-stratification tool was developed
by the Club Urologico Espanol de Tratamiento Oncologico (CUETO) that included
1062 patients from 4 trials who underwent BCG treatment for NMIBC [42, 43].
Both the EORTC and CUETO risk calculators can improve risk stratification by
utilizing different clinical and pathological features to calculate the probability of
recurrence and progression at one and five years. These efforts should be lauded;
however, several important limitations should be considered. The cohorts used to
construct the prognostic models inevitably do not reflect contemporary practices
and limit the clinical application. In the EORTC prognostic model, less than 10%
received BCG treatment, 10% received single-dose postoperative mitomycin C,
re-staging TURBT were not routinely performed, and certain pathological features
that have been found to be closely associated with recurrence and progression, such
as LVI or variant histology, were not captured [134]. In comparison, the CUETO
model included patients who underwent BCG; however, about a third of the
patients received 9 or fewer instillations, only 10% of the patients had CIS,
re-staging TURBT was not performed, and LVI or variant histology status were not
captured [42]. With the utilization of these historical cohorts to construct the pre-
dictive models, the value of both tools may be limited for today’s patient. In a
multi-institutional external validation study, both the EORTC and CUETO risk
calculators had poor discrimination for disease recurrence and progression (c-index
0.52–0.66), low positive predictive value (21–24%), and overestimated the risk of
disease progression in high-risk NMIBC [151]. A recent update of the EORTC
prognostic model attempted to address the lack of maintenance BCG in the cohort;
however, the utility of the updated model is again limited by the absence of patients
with CIS and lack of routine re-resection [16].

2.2 Pathological Substaging and Lymphovascular Invasion

Over the past two decades, pathological subclassification of T1 NMIBC according
to the depth of invasion relative to the muscularis mucosa-vascular plexus has been
proposed as an approach to improve risk stratification. These subclassifications
would separate T1 tumors into T1a, T1b, or T1c tumors depending on the depth of
invasion above, into, and beyond the muscularis mucosa, respectively. Several
studies support the depth of invasion as an adverse prognostic risk factor and is
significantly associated with progression and cancer-specific survival [6, 9, 40, 58,
81, 92, 108, 155]. In a large meta-analysis of 15,215 patients with NMIBC from 73
studies, the depth of invasion into the lamina propria (T1b/c) had the highest impact
on progression and cancer-specific survival (HR 3.3 and 2.2, respectively) com-
pared to other pathological risk factors [81].
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However, the detection of the muscularis mucosa within the lamina propria is
extremely inconsistent. The muscularis mucosa is often scattered and discontinuous
in about 90% of TURBT specimens and is not detectable in 6–75% of cases [9,
107]. There may also be a significant learning curve in the detection rate of the
muscularis mucosa, as some have found an approximately 30% increase in the
detection rate after 8 years [92]. One way to utilize the prognostic information of
the depth of invasion without depending on the presence of muscularis mucosa is to
measure the depth of invasion and dichotomize the substaging system into
microinvasive (i.e., depth � 0.5 mm) or extensive (depth > 0.5 mm). Utilization
of this substaging system was found to be superior to the EORTC risk calculator in
predicting progression [142]. Because of the uneven thickness of the lamina pro-
pria, many pathologists consider the 0.5-mm margin to be an unreliable cut-off [22,
96]. More recent investigations utilizing different invasion depth cut-off (1 mm)
have found a more reliable association with progression-free survival [96].
Pathologic substaging techniques may therefore help improve existing
risk-stratification techniques, but have not been widely adopted.

2.3 Lymphovascular Invasion

Lymphovascular invasion (LVI) has the potential to be an important prognostic
indicator for NMIBC. The association of LVI with outcomes in MIBC has been
established and has been associated with adverse pathological features such as
increased T stage, tumor grade, and lymph node metastasis [7, 8, 83, 124, 125].
Patients with LVI had twice the odds of extravesical bladder cancer (pT3-4 or node
positive) [8], and the presence of LVI in the TURBT specimen can predict the
presence of extravesical disease at cystectomy [50, 150]. LVI has also been found
to be associated with recurrence-free survival, cancer-specific survival, and overall
survival [7, 8, 83, 124, 125]. The association between LVI and outcomes in
NMIBC has not been as consistent. In smaller series, there was no association
between LVI and progression or recurrence in NMIBC [12, 86, 114]; however, in
larger multi-institutional cohorts, there has been a significant association between
LVI and recurrence-free survival, progression-free survival, and cancer-specific
survival [23, 46, 91, 138]. In a meta-analysis of over 3900 patients, LVI in the
TURBT specimens was associated with recurrence-free survival (pooled HR 2.3)
and progression-free survival (pooled HR 2.3) [72].

Despite its prognostic ability, there are several limitations to the utilization of
LVI in clinical decision-making for NMIBC. Artifacts such as tissue retraction can
mimic vascular invasion, the TURBT specimens may only represent a small sample
of the actual tumor burden, and distinguishing between lymphatics and blood ves-
sels can be difficult [114, 136]. With these factors influencing the sampling ability of
TURBT for LVI, it is not surprising that the concordance in LVI presence between
TURBT and cystectomy specimens can be variable, with sensitivity rates that range
from 18 to 79% and a negative predictive value around 50–70% [47, 76, 105, 130].
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In one study, among the patients with no evidence of LVI at TURBT, more than
30% of the patients had subsequent LVI at radical cystectomy [105].

2.4 Presence of Carcinoma In Situ

Carcinoma in situ (CIS) is a distinct form of NMIBC that can present in isolation or
synchronously with UCB, but the presence of CIS increases the risk of recurrence
and progression of UCB [17]. The risk of upstaging and occult disease in CIS is
high; detection of occult nodal micrometastasis is around 6% in most studies [137],
and synchronous presence of CIS with high-grade T1 disease led to a pathological
upstaging in 55% of the patients, compared to an upstaging of 6% with high-grade
T1 alone [82]. CIS also portends a high risk of progression, as about 40–80% of
NMIBC with CIS will progress to muscle-invasive disease [3, 27, 41, 60, 101]. In a
study of patients with only pathological CIS at the time of cystectomy, 4% were
found with positive nodes, and about 12% developed metastases over a mean
follow-up of 3 years [54]. In addition, the presence of CIS increases the risk of
extravesical recurrences of urothelial carcinoma, especially in the upper tracts [27].
In their guidelines statement for NMIBC management [20], the American Uro-
logical Association and Society for Urologic Oncology created a risk-stratification
table and treatment algorithm to help clinicians determine the appropriate
evidence-based management according to risk strata based on pathologic criteria as
described but also included how patients responded to therapy.

2.5 Molecular Markers

In light of the limitations of current risk-stratification tools and techniques, there has
been a growing effort to identify clinically relevant molecular and genomic clas-
sifications in bladder cancer. The presence of certain biomarkers such as p53, pRB,
and Ki-67 have been found to have a significant association with increased
recurrence and decreased survival after radical cystectomy [116, 141]. The addition
of these biomarkers to previously used prognostic nomograms improved the pre-
dictive accuracy of recurrence and survival rates after cystectomy [115].
In NMIBC, however, the utility of biomarkers has been inconsistent. Numerous
biomarkers have been investigated with conflicting results [28, 38, 74, 95, 114,
127]. Subsequent multi-institutional studies that investigated multiple biomarkers
and gene expression signatures found no association with recurrence and did not
improve the predictive ability of existing risk prognostication models [39, 94, 95].

In contrast, a wide variety of molecular alterations, such as oncogene activation,
chromosomal alterations, tumor suppressor loss, and changes to cell-cycle regula-
tors, have been found to be associated with tumor progression [11, 45, 74, 112, 113,
127, 143, 144, 153] and show promise as prognostic indicators. Mutations or
overexpression of p53, the most commonly studied biomarker in bladder
cancer, have been found to be associated with tumor progression in most studies
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[49, 78, 87, 113, 143], but not consistently in all studies [48, 117]. Another
commonly studied mutation in NMIBC, fibroblast growth factor receptor 3
(FGFR3), appears to be associated with a lower rate of progression [14, 59, 144]
and has been found in up to 90% of low-grade Ta lesions compared to about 20% of
high-grade T1 tumors [143].

Given the biological heterogeneity of NMIBC, several studies have attempted to
investigate whether certain panels or combinations of molecular markers can be
used to improve risk stratification for NMIBC. Combining FGFR3 mutation status
with Ki-67 expression to form a molecular grade was found to be significantly
associated with progression [14] and, when added to the EORTC risk models for
progression, was able to significantly improve the accuracy and discrimination
[144]. Two separate biomarker studies using tissue microarrays, one investigating
p53, pRB, p21, and p27 [113], with the other studying cyclin D1, MCM7, TRIM29,
and UBE2C [45], reported significant associations between not only between the
presence of the biomarker and the risk of tumor progression, but the number of
alterations in these panels with progression [113].

Improvements in genetic sequencing technology have improved our under-
standing of bladder tumor biology and the potential for classifying NMIBC into
risk-stratified molecular subclasses. Genomic classifiers were independently asso-
ciated with progression [39] and able to improve on the accuracy of predictive
models for progression. Epigenetic alterations have also been found to be associated
with progression-free survival and cancer-specific survival in high-grade T1 tumors
[4] and progression in Ta tumors [70]. Although these molecular and genomic
markers have promise in risk prognostication and individualizing patient care, none
of these markers are routinely available at the point of care currently.

Combining gene expression and molecular markers has allowed for the identi-
fication of distinct molecular subtypes within NMIBC into basal or luminal sub-
types [2, 24, 30, 84, 88, 97, 104, 121]. Luminal bladder cancers tend to have
papillary features and mutations common to NMIBC such as FGFR3, whereas basal
subtypes are enriched with squamous and sarcomatoid features, express biomarkers
that are associated with epithelial to mesenchymal transition, and are often meta-
static at diagnosis [24, 30, 88]. These subtypes have differential responses to var-
ious agents and can help provide improved prognostic information and help tailor
individualized management strategies [24, 51, 98]. For example, basal bladder
cancers are enriched with programmed death ligand 1 (PD-L1) T cells, epidermal
growth factor receptor (EGFR), and hypoxia-inducible factor 1, with early evidence
suggesting a good response with atezolizumab [100], EGFR inhibitors [104], and
bevacizumab in combination with cisplatin-based chemotherapy [85]. The
basal-like subtypes are significantly associated with the risk of progression, and the
use of the combined molecular and genomic subtypes accurately identified more
than 80% of the patients who progressed within 3 years. There are several markers
and molecular subclassifications that have the potential to be valuable to improve
the risk stratification and predictive ability of these prognostic models for NMIBC.
However, continued investigations are necessary to validate the utilization of these
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markers and refine how pathological and molecular information is combined to
individualize patient management.

2.6 Variant Histology

Bladder cancer can undergo divergent differentiation resulting in a wide variety of
histologic variants [148] that is often under-recognized; one study found that up to
44% of variant histology was missed by community pathologists [111]. A large
bladder cancer registry of about 30,000 people in the Netherlands found that about
8% had variant histology, of whom only about a quarter of those with variant
histology presented with NMIBC [99]. Although each divergent histology repre-
sents a different tumor biology, they are currently considered a high-risk group in
NMIBC for progression [20]. A key factor in managing NMIBC with variant
histology is the increased risk of understaging compared to those with pure
urothelial histology, as up to 30–60% of patients with NMIBC and variant his-
tology were then upstaged on subsequent cystectomy [69, 146]. In addition,
patients with variant histology has also been associated with higher rates of locally
advanced disease at presentation [149], and higher rates of occult metastatic dis-
ease, as up to 30% of micropapillary bladder cancer was found to have occult nodal
disease at cystectomy [68], and has been independently associated with nodal
metastasis and decreased survival [36, 71]. These findings indicate that even with
non-muscle-invasive disease, variant histology may be associated with high rates of
occult metastatic disease that could be understaged at the point of treatment deci-
sion. The American Urological Association (AUA) and Society of Urologic
Oncology (SUO) guidelines recommend cystectomy for these histologic variants
such as micropapillary, plasmacytoid, or sarcomatoid that have been found to be
aggressive, have higher rates of upstaging and occult metastatic disease, and have
unclear responses to intravesical therapy [20]. The one major exception is small cell
carcinoma of the bladder, which is often metastatic at presentation, and is usually
treated with chemotherapy with agents such as etoposide and cisplatin, or a com-
bination of chemoradiation [25].

3 Treatment Strategies by Risk Stratification

For low-risk NMIBC, a single immediate instillation of intravesical chemotherapy,
such as mitomycin, epirubicin, or gemcitabine, is recommended within 24 h of a
TURBT [20]. A meta-analysis of the randomized trials showed a 35% decreased
risk of recurrence in patients with low- or intermediate-risk NMIBC receiving
intravesical chemotherapy [132]. For intermediate-risk NMIBC, another
meta-analysis of randomized trials showed that a 1-year course of intravesical
chemotherapy after TURBT also showed a 44% decreased risk of recurrence [64].
For high-risk NMIBC, multiple randomized controlled trials and meta-analyses
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have supported the effectiveness of BCG over TUR alone or TUR with mitomycin
C in reducing progression and recurrence in NMIBC [15, 53, 79, 118, 119, 133].
Use of BCG has been shown to reduce recurrence by about 39–70% and pro-
gression by 27–34% in NMIBC [15, 53, 79, 118, 119, 133]. However, about 20–
50% of patients with NMIBC will still progress to muscle-invasive disease despite
intravesical therapy [27, 140], with a long-term disease-specific survival of 63%
(median 15-year follow-up) [27].

3.1 BCG Failure

Instances of progression or recurrence on intravesical BCG therapy can now be
stratified into BCG responsive or non-responsive [65]. Patients with evidence of a
rapid recurrence, recurrence despite adequate BCG treatment, or signs of worsening
and progressive disease have a high likelihood of invasive or metastatic disease [18,
62, 77], and significant delays in radical cystectomy have been associated with
worse survival outcomes [63].

4 Evidence for Timely Cystectomy

With all high-risk NMIBC, a balance must be made between the risks of
overtreatment with radical cystectomy versus the risks of treatment delay and
disease progression with TURBT and intravesical therapies. There have been no
randomized trials comparing radical cystectomy versus bladder preservation
strategies with intravesical therapies, and most of the retrospective studies com-
paring the treatment modalities suffer from selection bias. However, evidence from
multiple studies has provided support for a timely cystectomy.

First, patients with high-risk NMIBC have improved survival with a timely,
early cystectomy compared to a deferred cystectomy after progression of disease or
failure of BCG intravesical therapy [33, 35, 56, 63, 67, 131, 135] (see Table 2).
Although the definitions of “early” and “deferred” cystectomy were different for
each trial, the cancer-specific survival rates for almost all the studies were signif-
icantly higher for those who had an immediate cystectomy (10-year rates around
80%) compared to those who had deferred cystectomy (10-year rates around
51–61%) [33, 35, 56, 63, 67, 131, 135]. The two studies that did not find a
significant survival advantage to a timely cystectomy [33, 135] compared those
who had an immediate cystectomy after diagnosis to those who had intravesical
treatment. The intravesical treatment arm included those who responded to BCG
maintenance therapy and not just those who progressed and required cystectomy,
which likely explains why these studies found no difference in cancer-specific
survival. In addition, local rates of recurrence and progression were relatively high
at around 30%, with a higher progression rate than in those who underwent
immediate cystectomy [135]. Despite the differences in time points in the studies,
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the importance of avoiding lengthy delays to cystectomy in high-risk NMIBC can
be clearly seen; in the study by Herr et al. [63], the 15-year cancer-specific survival
was significantly higher when the delayed cystectomy occurred after 1 year (34%)
compared to 2 years after the initial BCG treatment (26%). In a follow-up study
comparing the same historical cohort of NMIBC, where cystectomy was reserved
for evidence of progression to muscle-invasive disease, to a more contemporary
cohort, where immediate cystectomy occurred in about 50% of the patients that had
recurrence with cT1 disease, Raj et al. [102] found that the 5-year cancer-specific
survival was significantly higher (69%) in the contemporary cohort compared to
52% in the historical cohort. Likewise, those who were upstaged from NMIBC to
pathological T2 disease had significantly worse 5-year recurrence-free survival rates
(61%) than those who were accurately staged as muscle-invasive (74%) and pro-
ceeded to a radical cystectomy [52]. Furthermore, in a retrospective review of 46
patients with high-risk NMIBC that was refractory to intravesical therapy, the
progression-free survival rate was only 54% at an average of about 5-year
follow-up and no different from patients undergoing cystectomy for
muscle-invasive bladder cancer [123]. Therefore, the timing of cystectomy is
essential before the development of non-organ-confined disease that could develop
during local treatment.

The second reason for a timely cystectomy in NMIBC is the ability to stage
accurately and evaluate the extent of disease. An inherent problem in the diagnosis
and staging of UCB is the inability to identify muscle invasion. Anywhere from 20
to 60% of clinical T1 (cT1) bladder tumors are incorrectly staged [5, 44, 93, 122,
128, 154]; among patients with presumed cT1 NMIBC who undergo a cystectomy,
25–50% are found to have MIBC on pathology [13, 21, 128], and up to 15% are
found with micro-metastatic disease to the lymph nodes [10, 89, 123, 128, 147,
154]. Re-staging TURBT is essential to mitigate the risk of understaging [61];
however, it does not eliminate it. A retrospective single institutional review of 84
patients who underwent immediate cystectomy after a re-staging TURBT confirmed
NMIBC found that 20% of the patients were upstaged to MIBC [29].

This is particularly important for NMIBC with variant histology, such as
micropapillary disease, where understaging and occult metastatic disease can be
more frequent [69, 146]. Many of these variants including pure squamous cell [1],
sarcomatoid [145], plasmacytoid [32], and micropapillary [68] will present with
advanced staged, local progression, or distant metastasis at presentation. Because of
their aggressive nature, if a histologic variant is noninvasive at TURBT, a timely
cystectomy during the window of opportunity for cure would be strongly recom-
mended [20]. In a single-institution review of patients with non-muscle-invasive
micropapillary bladder cancer, Kamat et al. [69] found that 22% of the patients
initially treated with BCG developed metastases, and that those treated with an
immediate cystectomy had a 10-year disease-specific survival of 72%, compared to
a median disease-specific survival of approximately 5 years for those who had
delayed cystectomy (10-year disease-specific survival rate of 0%).
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Table 2 Comparison of early and delayed cystectomy

Early
cystectomy

Delayed
cystectomy

p-value

Author Ref N Cohort Definitions Cancer-specific
survival

Cancer-specific
survival

Herr and
Sogani
[63]

121 90 High-risk
NMIBC
who
underwent
at least one
course of
BCG

Early RC: within
2 years of initial
BCG

15 yr: 69% 15 yr: 26% 0.001

Delayed RC:
after 2 years of
initial BCG

Early RC: within
1 year of initial
BCG

15 yr: 75% 15 yr: 34% 0.001

Delayed RC:
after 1 year of
initial BCG

Denzinger
et al. [35]

122 105 High-grade
T1

Early RC:
average 4 weeks
after initial
TURBT

1o yr: 78% 10 yr: 51% <0.01

Delayed RC:
after induction
BCG, on average
11 months after
initial TURBT

Hautmann
et al. [56]

123 223 High-grade
T1

Early RC: within
90 days of initial
TURBT

10 yr: 79% 10 yr: 65% NA

Delayed RC: if
progression after
induction BCG

De
Berardinis
et al. [33]

124 152 High-risk
NMIBC

Early RC: within
60 days of
re-TURBT

10 yr: 78% 10 yr: 78%* 0.98

Delayed RC:
after induction
and maintenance
BCG, with signs
of progression

Stöckle
et al. [131]

125 73 High-grade
T1

Early RC:
immediately
following initial
TURBT

5 yr: 90% 5 yr: 62% 0.001

Delayed RC:
after recurrence

(continued)
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A third reason for a timely cystectomy for high-risk NMIBC is the excellent
cancer outcomes associated with radical cystectomy. For all patients undergoing
cystectomy for high-grade T1 disease at TURBT, the 5-year cancer-specific sur-
vival rates are almost 90% [81], with 5-year overall survival for organ-confined
disease on pathological review around 80% [128]. In addition, the increasing uti-
lization of orthotopic continent diversions have led to improvements in the quality
of life outcomes with cystectomies; one study found that the well-being and quality
of life outcomes of patients who underwent a cystectomy with orthotopic diversion
were similar to a matched control population [57]. The ability to offer an orthotopic
diversion may reduce the reluctance of physicians to recommend a cystectomy,
especially to younger patients, and therefore help decrease the time to surgery. In
one study, Hautmann et al. [55] found that orthotopic diversions were performed
much sooner after diagnosis than ileal conduits (4 vs. 15 months) and that patients
with the orthotopic diversions had higher cancer-specific survival rates even after
adjusting for stage (77% vs. 28%). Likewise, in a modeling study of patients with
high-risk NMIBC, Kulkarni et al. [75] found that young patients had a
higher-quality adjusted life expectancy with immediate cystectomy compared to
conservative therapy with repeated cystoscopies and BCG treatments. Furthermore,
improvements in surgical technique and innovations in perioperative management,

Table 2 (continued)

Early
cystectomy

Delayed
cystectomy

p-value

Author Ref N Cohort Definitions Cancer-specific
survival

Cancer-specific
survival

Jäger et al.
[67]

126 278 High-grade
T1

Early RC: within
5–12 months of
initial TURBT

10 yr: 79% 10 yr: 61% NA

Delayed RC:
after 12 months
of initial TURBT

Thalmann
et al. [135]

121 High-grade
T1

Early RC: within
3 months of
initial TURBT

5 yr: 69% 5 yr: 80%* 0.3

Delayed RC:
after induction
BCG, with signs
of recurrence,
median time to
RC of 13 months

*Comparison of early cystectomy versus those treated with BCG (deferred cystectomy and including
those who did not progress)
Abbreviations: RC radical cystectomy, TURBT transurethral resection of bladder tumor, BCG Bacillus
Calmette–Guerin

204 D. J. Lee and S. S. Chang



such as the use of enhanced recovery after surgery protocols [139], have helped
improve the postoperative outcomes and length of stay after a cystectomy [26].

5 Conclusion

The accurate identification of high-risk disease and delivery of timely treatment are
essential components of individualized care for NMIBC. Current strategies for risk
stratification and treatment are not optimal. However, improvements in prognostic
models, pathological staging techniques, and tumor markers will continue to refine
and personalize risk stratification strategies. Patients with high-risk NMIBC should
be counseled early in their presentation about the risks of progression and possible
benefit of a cystectomy in a timely fashion. Continued engagement of patients in
understanding the risks and possible benefits involved in the decision-making
process may help avoid any potential delays in treatment and help improve out-
comes with NMIBC.
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Abstract
Even with advances in perioperative medical care, anesthetic management, and
surgical techniques, radical cystectomy (RC) continues to be associated with a
high morbidity rate as well as a prolonged length of hospital stay. In recent years,
there has been great interest in identifying multimodal and interdisciplinary
strategies that help accelerate postoperative convalescence by reducing variation
in perioperative care of patients undergoing complex surgeries. Enhanced
recovery after surgery (ERAS) attempts to evaluate and incorporate scientific
evidence for modifying as many of the factors contributing to the morbidity of RC
as possible, and optimize how patients are cared for before and after surgery. In
this chapter, we review the preoperative, intraoperative and postoperative
elements of using an ERAS protocol for RC.

Keywords
Enhanced recovery after surgery � Radical cystectomy � Bladder cancer

1 Introduction

Bladder cancer is currently the fourth most common cancer and the eighth leading
cause of cancer death among men in the USA [1]. It is predominantly a disease of
the aging population, with a peaking incidence in the seventh decade when
comorbid conditions are frequently present [1–3]. The overwhelming majority of
bladder carcinomas (90%) are urothelial carcinomas, with 20% of this group pre-
senting with muscle-invasive disease [4]. The gold standard treatment for
muscle-invasive bladder cancer as well as high-risk non-muscle-invasive bladder
cancers is radical cystectomy (RC).
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Every year, approximately 10,000 RC operations are performed across the USA,
[5]. The procedure along with pelvic lymph node dissection (PLND) and intestinal
urinary diversion is among the most complex urological operations with many
potential complications including postoperative cardiorespiratory failure, deep vein
thrombosis, ileus, and metabolic derangement. Although advances in perioperative
medical care, anesthetic management, and surgical techniques have lowered mor-
tality to less than 3%, postoperative complications occur in 30–64% of patients and
readmission are necessary in up to 30% of patients after RC [6–10]. Greater
mortality and morbidity are observed in the elderly [11, 12]. Further, patients who
undergo such a radical intervention are often admitted for long hospital stays as RC
continues to be associated with a length of stay (LOS) of 8–11 days [7, 13]. Given
the prolonged LOS, the high complication and readmission rates, there is much
room for improvement in current RC care.

In recent years, there has been great interest in identifying multimodal and
interdisciplinary strategies that help accelerate postoperative convalescence by
reducing variation in perioperative care of patients undergoing complex surgeries.
In the literature, multiple terms have been used to describe this concept: enhanced
recovery after surgery (ERAS), enhanced recovery program (ERP), enhanced
recovery after cystectomy (ERAC), fast-track surgery, accelerated recovery path-
way, and care coordination pathway. However, common to all these approaches is
the attempt to evaluate and incorporate scientific evidence for modifying as many of
the factors contributing to the morbidity of RC as possible and optimize how
patients are cared for before and after surgery [14].

Originating in the 1990s, the concept of fast-track surgery was created by Danish
surgeon Henrik Kehlet, who studied the physiological stress response after col-
orectal surgery to determine if patients could easily be discharged much earlier than
was traditionally practiced [15]. A separate group formally coined the term ERAS,
describing it as a multimodal, perioperative approach that applies evidence-based
interventions (including elimination of unnecessary measures) to modify the sur-
gical stress response and shorten patient recovery time [16, 17]. Delivered by a
team of professionals—anesthesia, surgeons, physiotherapists, and nurses—the
concept has since been rolled out across many surgical specialties, creating pro-
cedure specific protocols in the fields of colorectal, urological, gynecological,
vascular, and orthopedic surgery. The four keys to any ERAS protocol include:
(1) appropriate preoperative assessment, patient identification and preparation prior
to admission, (2) reducing physical stress of the operation—through a series of
modifications to surgical and anesthesia intraoperative care, (3) a structured
approach to the immediate postoperative care, including pain relief and nutrition,
and (4) early mobilization.

Within the urologic literature, ERAS for RC has faced criticism for overreliance
on retrospective evidence, use of higher level but not necessarily applicable col-
orectal data, and inconsistent application of enhanced recovery principles across
protocols [14]. Most studies examining enhanced recovery for RC have been
nonrandomized, small, and retrospective. In this chapter, we review the current
evidence for using an enhanced recovery protocol for RC.
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2 Preoperative ERAS Elements

At the core of any ERAS protocol is good communication between the patient,
urologist, urology stoma nurse specialist, anesthetist, and general practitioner.
Before proceeding with RC with any patient, it is important to identify patients at
high risk of postoperative morbidity, as it helps guide the risk versus benefit ratio of
operative intervention and furthermore determine their postoperative care require-
ments. One should perform a thorough history and identify preexisting cardio-
vascular and respiratory disease by simple self-assessment questionnaires. These
can be used to measure a patient’s functional capacity and get a rough estimate of a
patient’s peak oxygen uptake. One metabolic equivalent (MET) represents the
oxygen consumption of an adult at rest (i.e., 3.5 ml/kg/min), and varying degrees of
exercise are designated a number of METs. Patients being considered for major
surgery should be able to perform >4 METs, which is roughly the equivalent
exertion of climbing one flight of stairs [18] (Table 1).

2.1 Preoperative Counseling and Education

There is no evidence that preoperative patient information and counseling improves
outcomes after RC [17]. However, detailed information given to patients

Table 1 Preoperative
aspects of ERAS for radical
cystectomy

Preoperative ERAS elements

Patient counseling and education
∙ Provide leaflets or multimedia information
∙ Set expectations
∙ Discharge planning
∙ Stoma education

Preoperative medical optimization
∙ Optimize medical diseases
∙ Encourage smoking and alcohol cessation
∙ Physical conditioning (prehab)
∙ Improve nutritional status

Avoid mechanical bowel preparation

Avoid fasting

Carbohydrate loading

Alvimopan administration

Pre-anesthetic medication
∙ Avoid long active sedatives

Thromboembolic prophylaxis
∙ Low-molecular weight or unfragmented heparin
∙ Compression stockings and intermittent pneumatic
compression devices
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preoperatively may diminish fear and anxiety and enhance postoperative recovery
and accelerate hospital discharge [19, 20]. Personal counseling, leaflets, or multi-
media information containing explanations of the procedure along with tasks that
the patient should be encouraged to fulfill may improve perioperative feeding, early
postoperative mobilization, pain control, and respiratory physiotherapy [21–24]. In
the colorectal literature, lack of adequate preoperative stoma education has been
shown to be an independent risk factor for delayed discharge in patients on ERAS
pathways [25]. Additionally, the patient should be actively engaged by preopera-
tively meeting members of the entire surgical team [26].

2.2 Preoperative Medical Optimization

Optimization of medical diseases (diabetes, hypertension, and anemia) along with
physical exercise and cessation of smoking, drugs, or alcohol are preoperative
conditioning measures that have been identified as reducing post RC complication
[12, 27]. Alcohol abusers have a two-to-threefold increase in postoperative mor-
bidity with the most frequent complications being bleeding, wound complications,
and cardiopulmonary complications. One month of preoperative abstinence reduces
postoperative morbidity by improving organ function [28, 29]. Another patient
factor that has a negative influence on recovery is smoking. Current smokers have
an increased risk for postoperative pulmonary and wound complications [30]. One
month of abstinence from smoking is required to reduce the incidence of compli-
cations [30, 31]. However, aside from a retrospective cohort analysis identifying
most of these risk factors, there is no other available evidence in urologic literature
showing that their correction improves outcome [12, 17].

Physical conditioning (prehab) and muscle training may improve recovery rates.
Several randomized controlled trials across various surgical fields (general
abdominal surgery, cardiothoracic surgery, and orthopedic surgery) have investi-
gated the role of preoperative physical conditioning on surgical outcomes [32–38].
Although there were varying degrees of improvement in physiological function and
surgical recovery, only one study found improvement in physiological function that
correlated with improved surgical recovery [24].

Studies have also demonstrated correlation between markers of malnutrition and
adverse outcomes in RC [39]. In a dataset of patients undergoing gastrointestinal
cancer surgery, poor nutritional status was directly correlated with extended LOS
and increased risk of complications [40]. In RC patients, Gregg et al. reported
nutritional deficiencies in almost 20% of patients and suggested severely mal-
nourished patients should be treated for 10–14 days prior to surgery in order to
decrease complications, even if surgical delay is implied [39]. Treatment to improve
preoperative nutrition status includes nutritional supplements and
immune-enhancing nutritional supplements (arginine, glutamine, nucleic acid,
omega-3 fatty acids, antioxidants), which allow for the up-regulation of pro- and
anti-inflammatory compounds. Bertrand and colleagues demonstrated that seven
days of oral immune nutritional support intake preoperatively reduced postoperative
complications, LOS, postoperative ileus, and pyelonephritis in RC patients [41].
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2.3 Oral Mechanical Bowel Preparation

In colonic surgery, mechanical bowel preparation can dehydrate patients and cause
electrolyte imbalance, physiological stress, and prolonged ileus. A meta-analysis
including 5000 patients undergoing elective colorectal surgery identified no benefits
for performing mechanical bowel preparation, concluding mechanical bowel
preparation may be associated with greater morbidity, particularly anastomotic
leakage and wound complications [42].

In the urologic literature, Tahibi and colleagues prospectively found no differ-
ence in morbidity or LOS when comparing 32 RC without bowel prep to 30
patients that had undergone standard 3-day mechanical bowel prep [43]. Similarly,
Xu et al. found no statistical difference in morbidity, LOS, or time to first bowel
movement by randomizing 86 patients [44]. Other randomized controlled trials in
urologic literature have shown no differences in recovery of bowel function, time to
discharge, or overall complication rates despite differences in design and hetero-
geneity of the “no bowel prep” arm (no bowel prep versus limited bowel versus
enema only) [45, 46]. Currently, there is a lack of evidence from large randomized
controlled trials to support using bowel preparation in RC patients.

2.4 Preoperative Fasting

Fasting from midnight has been standard practice in the belief that this secures an
empty stomach and thereby reduces the risk of pulmonary aspiration in elective
surgery. However, there has never been any scientific evidence behind this dogma.
A Cochrane review of 22 RCTs showed that fasting from midnight neither reduce
gastric content nor raises the pH of gastric fluid compared with patients allowed free
intake of clear fluids until 2 h before anesthesia for surgery [47]. Equally, intake of
clear fluids >2 h before surgery does not increase the prevalence of complications.
Based on available evidence, the European Anesthesia Guidelines state that clear
fluids are permitted up to 2 h and solids foods up to 6 h before the induction of
anesthesia [48].

2.5 Preoperative Carbohydrate Loading

While there is no study evaluating carbohydrate loading in RC patients, it has been
shown that such preoperative loading decreases thirst, reduces insulin resistance,
and helps maintain lean body mass and muscle strength in colorectal surgery [27].
A meta-analysis of preoperative liquid carbohydrate treatment in open abdominal
surgery patients revealed a significant reduction in LOS compared with controls
[49]. In a double-blinded randomized controlled trial, Hausel and colleagues
demonstrated reduced incidence of postoperative nausea and vomiting in patients
receiving carbohydrate loading [50]. In summary, carbohydrate loading is a
standard-of-care technique in ERAS programs that is safe in diabetic populations
and can be given up to 2 h before surgery [51].
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2.6 Preoperative Alvimopan Administration

As the most common complication following RC, postoperative ileus is a particular
focus of ERAS protocols. Postoperative ileus can impair a patient’s nutritional
status, increase the probability of morbidity, and increase LOS as well as costs [6, 7,
12, 52, 53]. The use of alvimopan has been associated with a reduced LOS and
faster recovery of bowel function after abdominal surgery and RC [54, 55]. In the
urologic literature, one of the few randomized controlled trials evaluating an
individual component of enhanced recovery following cystectomy was recently
published by Lee et al. regarding the use of alvimopan (a peripherally acting
l-opioid receptor antagonist) and its impact on bowel recovery [55]. In this mul-
ticenter randomized controlled trial, the alvimopan cohort had a shorter LOS (7.4
vs. 10.1 days), passed a bowel movement more quickly (5.5 vs. 6.8 days), and had
20% fewer episodes of postoperative ileus-related morbidity (nasogastric tube
reinsertion, prolonged stay, or readmission due to ileus). It should be noted that the
study included a high proportion of patients who underwent open RC, as minimally
invasive surgery using multimodal analgesia has shown lower morphine require-
ments than open surgery [56, 57]. However, positive effects of alvimopan admin-
istration in minimally invasive surgery have also been demonstrated. In a series of
117 patients undergoing robotic RC, Tobis and colleagues showed alvimopan
administration appeared to reduce the time to return of bowel function (5 vs.
6 days) and initiation of diet (6 vs. 7 days) following robotic RC [58].

2.7 Pre-anesthetic Medication

A large proportion of patients are undergoing RC experience perioperative psy-
chological distress [59]. Preoperative education can reduce patient anxiety to an
acceptable level without the need for anxiolytic medication. However if
pre-medication with anxiolytics is required, long-acting sedative pre-medication
should be avoided, especially in elderly patients, for up to 4 h post-surgery as it
affects immediate postoperative recovery by impairing mobility and oral intake [17,
27]. Short-acting benzodiazepines such as midazolam are preferred, if necessary, to
reduce anxiety and facilitate patient positioning [17, 27].

2.8 Thromboembolic Prophylaxis

Currently, no randomized control trial or prospective study has compared com-
plication rates with and without deep vein thrombosis prophylaxis in RC patients.
However, as the incidence of clinically significant deep vein thrombosis after
cystectomy is estimated at 4%, thromboembolic prophylaxis using low-molecular
weight or unfragmented heparin should be used to reduce the risk of symptomatic
thrombosis [60]. Additionally, compressive stockings and intermittent pneumatic
compression devices can further decrease this risk.
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Regarding the duration of thromboembolic prophylaxis in the postoperative
setting, Bergqvist and colleagues observed a significant decrease in the
post-hospitalization venous thromboembolism rate among abdominal and pelvic
surgical oncology cases in which low-molecular-weight heparin prophylaxis was
continued for 19–21 days after a standard in-house anticoagulation regimen com-
pared with placebo [61].

3 Intraoperative ERAS Elements

The intraoperative period is a critical time in the ERAS pathway, with specific
considerations from both the anesthetic and surgical perspectives (Table 2).

3.1 Antimicrobial Prophylaxis and Skin Preparation

As cystectomy is considered a “clean-contaminated” surgery, antibiotic prophylaxis
for patients undergoing RC should cover against aerobic and anaerobic organisms.
The European Association of Urology guidelines suggest that antibiotics should be
administered no earlier than 1 h before surgery and continued for up to 24 h and
extending to 72 h for patients with specific infection risk factors or prolonged
operations (>3 h). The National Surgical Infection Prevention Project also advised
that antibiotics should be administered before skin incision and less than 1 h before
surgery [62]. Although the best antibiotic regimen is unclear and likely depends on
local antibiotic-resistance profiles, the American Urological Association guidelines
recommend a second-generation or third-generation cephalosporin or a combination
of gentamicin and metronidazole for 24 h perioperatively if there are no patient risk
factors.

Regarding the optimal skin preparation, several ERAS guidelines recommend
skin preparation prior to surgery using a chlorhexidine–alcohol scrub to prevent
surgical site infections (SSIs) [17, 27]. A study comparing different types of skin

Table 2 Intraoperative
aspects of ERAS for radical
cystectomy

Intraoperative ERAS elements

Antibiotic prophylaxis and skin preparation

Anesthetic protocols
∙ Use of thoracic epidural
∙ Neural blockade
∙ Minimal opioid use
∙ Prevention of intraoperative hypothermia
∙ Individualized goal-directed fluid therapy

Minimize incision (minimally invasive approach)

Drain strategy
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cleansing showed that the overall prevalence of surgical site infection was 40%
lower in a concentrated chlorhexidine–alcohol group than in a povidone-iodine
group [63]. However, there is a risk of fire-based injuries and burn injuries if
diathermy is used in the presence of alcohol-based skin solutions [64].

3.2 Anesthetic Protocols

Evidence from colorectal and RC studies suggest that ERAS anesthetic protocols
should encompass the use of thoracic epidural (T9-11), minimal opioid use,
replacing it with fentanyl-based short-acting opioids, and strategies for prevention
of hypothermia, hypoxemia, and hypovolemia [65].

No prospective single-intervention study has been conducted to assess epidural
analgesia in the perioperative management of RC; however, there has been strong
evidence shown in open colorectal surgery that epidural analgesia reduces the stress
response to surgery, provides superior pain relief, reduces postoperative compli-
cations, and accelerates functional recovery [66]. In colorectal surgery, the
administration of thoracic epidural anesthesia is widely recommended to reduce
LOS and postoperative ileus compared with patient-controlled analgesia [27]
(Table 3).

Recent ERAS society cystectomy recommendations strongly encourage the use
of a thoracic epidural for 72 h after surgery, as the benefits listed are key com-
ponents in delivering an effective ERAS protocol [17]. Epidural analgesia in
combination with paracetamol and nonsteroidal anti-inflammatories (where there
are no contraindications) reduces and often removes the need for systemic opioid
analgesia, and its associated side effects of bowel dysfunction, respiratory depres-
sion, and nausea [18]. In open RC, various studies have demonstrated the successful
use of epidural anesthesia or patient-controlled analgesia and rectus sheath cathe-
ters; however, no prospective studies have compared these anesthetic protocols in
RC surgeries [26, 67–69].

Table 3 Postoperative
aspects of ERAS for radical
cystectomy

Postoperative ERAS elements

Avoid postoperative nasogastric intubation

Early oral intake

Early mobilization

Ureteral stenting

Gum chewing

Multimodal opioid-sparing analgesia combined with regional or
local anesthesia

Discharge planning
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3.3 Prevention of Intraoperative Hypothermia

Perioperative hypothermia (core body temperature of less than 36 °C), which is
common during major surgery, may promote surgical wound infection by triggering
thermoregulatory vasoconstriction [70]. This subsequently decreases subcutaneous
oxygen tension and reduces the strength of the healing wound by reducing the
deposition of collagen. Hypothermia also directly impairs immune function. In
colorectal surgery, avoiding intraoperative hypothermia has shown to decrease the
incidence of infectious complications, help protect against perioperative coagu-
lopathy, and reduce LOS [26, 70]. Given the similar physiopathology resulting in
impaired thermoregulation in cystectomy procedures, maintaining normothermia is
strongly warranted [17]. The most effective warming strategies are forced-air
warming blankets and warmed IV fluids [70].

3.4 Perioperative Fluid Management

Fluid management in patients undergoing RC can be challenging as urine output is
often not measurable intraoperatively. Both fluid excess and hypovolemia can
provoke splanchnic hypoperfusion, which can then result in ileus, increased mor-
bidity and longer LOS [71]. Primary research efforts in perioperative care have
focused on determination of what constitutes optimal fluid management during
surgery.

Goal-directed fluid therapy (GDFT) using cardiac output monitors, such as a
transesophageal Doppler device to guide fluid and inotropic therapy, is one such
strategy. Used in conjunction with invasive arterial pressure monitoring and central
mixed venous oxygen saturation from a central venous pressure line, intraoperative
individualized fluid therapy aims to optimize cardiac output, and therefore tissue
perfusion and oxygenation. By optimizing blood flow to tissues, GDFT aims to
improve gut perfusion thereby reducing the incidence of hypoperfusion and
therefore occult bowel ischemia and postoperative ileus and allows the anesthetists
a better guide as to how the patient is responding to the significant fluid shifts that
occur during major surgery [71].

In colorectal surgery, GDFT has been shown to improve outcomes and reduce
complication rates and LOS [71, 72]. However, these studies evaluated GDFT
against standard fluid management techniques, and the comparison groups often
had fluid overload or unwarranted restrictions [71, 72]. In a small randomized
controlled trial, Pillai and colleagues investigated the effects of GDFT in RC
patients and concluded that patients who underwent GDFT had a reduced incidence
of ileus and of nausea and vomiting at 24 and 48 h [73]. Large prospective studies
are needed in urology to compare restricted, balanced, and GDFT in patients
undergoing RC. However, it is reasonable to assume that patients undergoing major
or high-risk surgery need a dedicated, individualized goal-directed fluid manage-
ment run by an experienced anesthetist to ensure adequate tissue perfusion, and a
Doppler-guided strategy may prove a valuable adjunct in these cases [17].
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3.5 Minimally Invasive Approach

Another factor contributing to the morbidity of RC is the complexity of the pro-
cedure itself. It involves multiple surgeries in one: deep pelvic dissection to remove
the bladder, lymphadenectomy, and extensive bowel manipulation for the urinary
diversion. With the majority of RC being performed by high-volume surgeons,
innovation in surgical performance has focused on operative approach (robotic
versus open). By offering a minimally invasive surgery over an open approach, the
hope is to decrease the patients’ inflammatory response and reduce the risk of
postoperative ileus, complications, and duration of hospital stay. Robotic surgery,
however, is not without its physiological challenges. It requires a prolonged period
of steep Trendelenburg position, together with pneumoperitoneum, and can pro-
duce dramatic physiological derangement, particularly in the elderly populations
with multiple comorbidities who present for RC.

First reported in 2003 as a feasible approach, robotic RC requires smaller
incisions, reduces analgesic use, reduces bowel handling, and decreases blood loss
[57, 74]. A recent meta-analysis comparing open to robotic RC found robotic RC
was associated with less blood loss and shorter LOS [75]. However, open RC
demonstrated a clear advantage to robotic RC in terms of reduced operating time.
The International Robotic Cystectomy Consortium reported on over 1000 patients
and demonstrated 30-day complication rate of 41% (61% were low-grade com-
plications) with similar oncological outcomes to the open approach and dependent
on surgeon’s experience [76]. Three randomized trials have been published com-
paring open RC with robotic RC, with strikingly similar results to each other [57,
77, 78]. Robotic RC has been shown to improve some perioperative parameters
such as estimated blood loss and LOS, but in all three studies no significant dif-
ferences were found in complication rates. A systematic review comparing RARC
with ORC similarly concluded that although RARC can be performed safely,
complication rates remain significant [79].

When looking at oncologic outcomes of the minimally invasive approach, Yuh
and colleagues performed a systematic review of over 100 papers and found 5-year
oncologic outcomes similar between robotic RC and open RC [80]. Additionally,
Snow-Lisy and colleagues reported on a cohort of 120 patients with 10-year
follow-up and proved no differences in overall survival, cancer-specific survival,
and recurrence-free survival when comparing the minimally invasive RC approach
to the open approach [81].

Another variable often thought to contribute to complications and readmissions
of RC is the type of urinary diversion the patients receives. Choice of urinary
diversion depends largely on oncological eligibility, patient comorbidities, surgeon
preference, and patient preference. Nazmy and colleagues stratified complications
by urinary diversion type in robotic RC patients, and despite the selection of a more
comorbid population for ileal conduit diversion, patients with ileal conduit diver-
sion had a decreased likelihood of complications compared to patients with Indiana
pouch and orthotopic bladder substitute diversion [82]. However, other studies have
shown comparable rates of 90-day complication rates between ileal conduits and
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neobladders, suggesting the choice of diversion may contribute less to the mor-
bidity of the procedure than previously thought [83–85]. However, the impact of
the choice of urinary diversion remains to be completely defined.

It aims to further reduce the invasiveness of the procedure, intracorporeal urinary
diversion (ICUD) has been performed in certain centers. Early, small studies
comparing ICUD with extracorporeal urinary diversion have it to be safe and
suggest less gastrointestinal complications and less overall 90-day complications
[86]. However, the consortium paper had notable limitations including its retro-
spective, non-uniform data collection; lack of complication/readmission data in 118
patients (12.6%); and that the majority of ICUDs were ileal conduits which may
have confounded results with regard to gastrointestinal and overall complications.
Overall, ICUD remains a challenging aspect of the robotic RC procedure and
should remain in the hands of a few very high-volume centers.

Despite the inclusion of the minimally invasive approach in the ERAS Society
guidelines published by Cerantola and colleagues [17], the superiority of robotic
versus open cystectomy remains to be demonstrated definitively. Future
high-quality, high-volume randomized, controlled studies such as the prospective
randomized open versus robotic cystectomy (RAZOR) trial examining this question
is accruing and should help in reaching definitive conclusions on the role of robotic
RC [87].

3.6 Resection Site Drainage

Regardless of the surgical approach, the use of intraabdominal drains continues to
be debated. In colorectal surgery, meta-analyses have concluded that intraabdom-
inal drains confer no benefits in terms of anastomotic dehiscence, wound infection,
reoperation, extra-abdominal complications, or mortality [88]. For RC and urinary
reconstruction, even though observational studies have shown no detriment to
omission or early removal of the drain, or to shortening the drain into a stoma bag
[4, 89, 90], the subject remains controversial given the risk of urinary leakage
within the peritoneal cavity.

4 Postoperative ERAS Elements

Historically, RC patients were kept nothing by mouth, with a nasogastric tube
(NGT), bedbound, and had a prolonged hospital stay. However, with ERAS, almost
the direct opposite has become the standard of care, owing to the consideration of a
number of postoperative factors.
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4.1 Urinary Drainage

In a small randomized controlled trial, Mattei and colleagues investigated the effect
of time-to-stent removal in ileal bladder substitute and ileal conduit patients [91].
The study compared patients whose stents were removed directly following ure-
teroileal anastomosis with those whose stents were removed 5–10 days after sur-
gery. Stenting was associated with improved upper tract drainage, lower
postoperative ileus, and reduced rate of metabolic acidosis [91]. However, the best
time for removal of a ureteric drain/stent after RC has not been clearly established
[26].

4.2 Nasogastric Intubation

Many centers now remove NGTs at the end of surgery in RC cases, to avoid
delayed gastric emptying, nausea, and vomiting that would otherwise delay patient
mobilization and therefore participation in an ERAS protocol. Extrapolation is
possible from level 1a evidence relating to colorectal surgery to show NGTs are not
only unnecessary, but also detrimental. In a meta-analysis of 33 randomized con-
trolled trials including 5240 patients on the use of NGT decompression after
abdominal surgery, patients not having routine NGT use had an earlier return of
bowel function (p < 0.00001) and decrease in pulmonary complications (p = 0.01).
[92] Although most data are associated with colorectal surgery, numerous reports
suggest relevance to urological procedures [93, 94].

4.3 Prevention of Postoperative Ileus

With respect to the prevention of postoperative ileus, specific treatments such as
preoperative alvimopan, fluid monitoring, performing a minimally invasive
approach, and ureteral stenting have already been discussed in this review. Gum
chewing is a form of sham feeding that has been studied specifically in the context
of open and robotic RC in two trials that showed a significantly decreased time to
flatus and first bowel motion in both open and robotic groups with gum chewing
[95, 96]. Despite these findings, there was no significant difference in LOS and
postoperative complications. Nonetheless, gum chewing should be started on
postoperative day 1 and continued through the hospital course in order to reduce
postoperative ileus.

Prokinetic agents, such as erythromycin and metoclopramide, have shown no
benefit in decreasing time to flatus or first bowel movement [97, 98]. However, in
light of this evidence, metoclopramide was removed from one of the most estab-
lished ERAS protocols for RC, resulting in a significant increase in postoperative
nausea and vomiting and prompting its reinstitution to facilitate tolerance of early
enteral intake [99, 100].
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Prophylactic oral laxatives have been recommended after surgery, as they are
associated with an earlier return to normal bowel function and a reduction in time to
defecation [17, 27, 101]. However, no prospective studies have systematically
evaluated the benefits of oral laxatives in colorectal or urological surgery with or
without the use of ERAS pathways [26].

4.4 Early Feeding

Contrary to conventional surgical dogma that feeding should begin only after the
return of bowel function (passage of flatus or stool), early feeding can reduce insulin
resistance, with beneficial effects on muscle function, wound healing, and sepsis
[102]. Although no evidence supporting an early oral diet exists for RC specifically,
Behrns and colleagues found that beginning an oral diet with clear liquids on
postoperative day 2 and progressing quickly to a regular diet decreased LOS
without increasing postoperative morbidity in elective intestinal surgery [103].
Similarly, Fearon and colleagues used a multimodal approach, including early oral
feeding postoperatively, carbohydrate and fluid loading preoperatively, and
decreased LOS from 10 days to 7 days in patients undergoing elective colorectal
surgery [104]. Additionally, a meta-analysis of major abdominal surgery (not
including RC) concluded that pneumonia, anastomotic dehiscence, wound infec-
tion, and mortality were all less likely with early feeding. Secondary end points,
including time to flatus, time to bowel motion, and LOS, were all also improved by
early feeding [105]. Given the evidence presented above, prevalence of malnutrition
in patients undergoing RC, and lack of evidence against it, early oral feeding should
be encouraged postoperatively. However, a risk of early postoperative oral intake is
vomiting, and active interventions, such as scheduled anti-emetics, chewing gum,
cholinergic stimulants, laxatives, prokinetic agents, and limitations on narcotic
administration, must be instituted alongside early oral intake to prevent postoper-
ative nausea and vomiting.

In addition to early feeding, postoperatively intravenous fluid should be mini-
mized to prevent fluid overload and bowel edema [100]. If normovolemic
hypotension is seen with thoracic epidural anesthesia, it should be corrected with
vasopressors instead of intravenous fluid [106]. However, if parenteral fluids are
needed, balanced crystalloid such as Ringer’s lactate solution should be used
instead of normal saline to protect against electrolyte disruption (i.e., hyper-
chloremic metabolic acidosis) [107].

4.5 Postoperative Analgesia

With the aim of providing effective pain relief and minimizing adverse effects,
especially those that are associated with opioids, multimodal opioid-sparing anal-
gesia combined with regional or local anesthesia is a key component of ERAS. The
use of thoracic epidural analgesia with wound infiltration or rectus sheath cannulas
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is recommended for 24–72 h post-surgery [108]. Ventham and colleagues reported
that subfascial wound catheter placement significantly improved analgesia and
diminished opioid requirements [109].

The use of regular intravenous or oral paracetamol as well as nonsteroid
anti-inflammatories (NSAIDs) have been a well-documented aspect of many
RC ERAS protocols [67–69]. Specifically, the NSAID ketorolac, when used in
conjunction with morphine, has been found to decrease the rate of postoperative
ileus by over fivefold in a series of colorectal surgery patients [104]. However,
concerns exist regarding the cardiac toxicity and anastomotic dehiscence with
NSAID use [110, 111].

Overall, few studies (and no prospective studies) have examined the adaptation
of multimodal opioid-sparing analgesia to RC, and in the future, randomized
controlled trials are needed to compare the effects of these pain medications on RC
patients.

4.6 Early Mobility

Appropriate analgesia facilitates early postoperative mobility, which in turn may
counteract insulin resistance, reduce thromboembolic events and chest infection
rates, increase muscle strength, and possibly reduce ileus [27, 112]. In an ERAS
series of laparoscopic colorectal surgery patients, it was shown that early mobi-
lization was associated with improved outcomes and lack of adherence to early
mobilization protocols was associated with longer LOS [113]. Recently, Jensen and
colleagues showed that in a population of 57 RC patients, increased mobilization
can improve the ability of patients to perform activities of daily living [114].
However, no ERAS studies on exclusively RC patients suggest that early mobi-
lization plays a role in decreased morbidity or LOS following surgery. Nonetheless,
early ambulation is widely practiced in established RC ERAS protocols. In a review
of 10 single-center studies, early mobilization was the only intervention unani-
mously used by the reviewed centers [14].

4.7 Discharge Criteria

ERAS programs recommend that discharge should only occur when patients have
resumed adequate oral intake and normal bowel function with effective oral pain
management and when no other clinical or biochemical concerns remain, including
stoma or neobladder competency [26]. In regard to stoma care, nurse specialists
play a key role in engaging patient participation in the initial perioperative period.
One center reported that early visits, from day one, ensure patients feel supported in
coming to terms with the appearance of their stoma, and from day two, patients are
encouraged to engage in their stoma care, for example changing the stoma pouch

Enhanced Recovery After Surgery for Radical Cystectomy 229



[115]. After discharge, patients should feel well supported and routine telephone
consultation, as well as the provision of an emergency patient hotline, has been
suggested as a standard of care [89, 90].

4.8 Quality of Life

Quality of life measures have not always been documented with conventional care.
Within ERAS protocols, some have evaluated their impact on quality of life [116,
117]. In a systematic review of various abdominal surgeries (not including cys-
tectomy), Stowers et al. observed no improvements in quality of life, between
ERAS and standard of care [116]. However, Karl and colleagues randomized
patients to conventional care or ERAS for RC patients and assessed outcomes
according to European Organization for Research and Treatment of Cancer
(EORTC) quality of life (QLQ-30) questionnaires [117]. When analyzing the
emotional functioning score exclusively, they found a stable score during hospi-
talization in the conventional care group, whereas continuous improvement was
found in the ERAS group. In RC patients, this study was the first of its kind
demonstrating an emotional benefit for patients undergoing an ERAS protocol
[117].

5 Future Considerations for ERAS

As previously mentioned, ERAS for RC has faced criticism for overreliance on
retrospective evidence, use of higher level but not necessarily applicable colorectal
data, and inconsistent application of enhanced recovery principles across protocols
[14]. In a summary of the current evidence behind ERAS for RC, Cerantola and
colleagues proposed 22 core ERAS elements, and of those 22 elements, the highest
quality evidence came from the colorectal literature [17]. Given the oncological,
procedural (prolonged extent and duration of spillage of urine as well bowel con-
tents within the peritoneal cavity), and morbidity differences between colorectal and
cystectomy surgery, there is an urgent need to evaluate ERAS pathways in patients
undergoing urological surgery, specifically RC.

Several groups have published the results of their proposed ERAS protocols in
RC (Table 4) [4, 52, 69, 90, 99, 117–126]. Although most demonstrate improved
postoperative recovery for patients, the ERAS protocols themselves are quite varied
with only a small portion of series implementing more than 50% of the 22 rec-
ommended ERAS principles. The inconsistency in enhanced recovery protocols in
urology has led to some confusion as to which elements of these protocols are truly
necessary and which make the biggest difference for patients’ recoveries after RC.
Nonetheless, the interventions used most frequently (in >50% of studies) in most
published series includes the circumvention of mechanical bowel preparation and
routine NGT placement, preoperative carbohydrates loading, the use of epidural
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analgesia, thromboembolic and antimicrobial prophylaxis, opioid-sparing analgesia,
judicious fluid management, prevention of intraoperative hypothermia, early
mobilization and early oral feeding. In addition, several protocols require a fair
measure of coordination on the part of the clinical care team to ensure compliance.
For example, Daneshmand and colleagues were able to decrease LOS from 8 to
4 days without impacting complication rates (65% vs. 64%) or readmissions (21%
vs. 18%) in a series of 126 ERAS patients after RC. However, the protocol involved
measures such as paraincisional subfascial catheters for continuous local anesthesia,
and coordination for patients to receive 1 L intravenous fluid every other day after
hospital discharge to preempt dehydration (a common cause for readmission after
RC). Such elements may be difficult to reproduce with 100% compliance.

Table 4 Recent publications on enhanced recovery after surgery (ERAS) protocols for radical
cystectomy (RC)

Series Year Study type Comparative
control group
included

Number of
ERAS
patients

Robotic
RC
included

Number
of ERAS
items

Maffezzini et al.
[52]

2007 Retrospective No 68 No 9

Arumainayagam
et al. [119]

2008 Retrospective Yes 56 No 9

Pruthi et al. [100] 2010 Retrospective No 100 No 8

Saar et al. [120] 2013 Prospective Yes 31 Yes 9

Mukhtar et al. [4] 2013 Prospective Yes 51 No 14

Daneshmand
et al. [69]

2014 Prospective Yes (Historical) 110 No 11

Dutton et al. [90] 2014 Retrospective No 165 No 19

Guan et al. [121] 2014 Retrospective Yes 60 No 7

Karl et al. [118] 2014 Prospective Yes (RCT) 62 No 7

Smith et al. [91] 2014 Retrospective Yes 64 No 7

Cerruto et al.
[122]

2014 Prospective No 31 No 17

Persson et al.
[123]

2015 Retrospective Yes 31 No 13

Koupparis et al.
[124]

2015 Retrospective Yes 102 Yes 10

Xu et al. [125] 2015 Retrospective Yes 124 No 17

Collins et al.
[126]

2016 Prospective Yes 135 Yes 20

Chipollini et al.
[127]

2017 Retrospective Yes 112 No 11

RCT—randomized controlled trial
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ERAS protocols have been adopted in many surgical specialties, particularly
colorectal surgery, with improvements in mortality and morbidity. However,
urologists have been slower to embrace ERAS than other surgical subspecialties.
A survey was sent to Society of Urologic Oncology members with a self-identified
special interest in bladder cancer, asking whether they consider themselves ERAS
adapters and inquiring specifically about adherence to seven components of vir-
tually all ERAS protocols (comprehensive preoperative education, bowel prepara-
tion avoidance, NGT avoidance, intraoperative normothermia, opioid avoidance,
early ambulation, and early feeding) [127]. While nearly half of the bladder cancer
surgeons contacted responded to the survey, and 64% of respondents considered
themselves to adhere to ERAS principles for RC, only 20% practiced all 7 inter-
ventions. The most commonly cited reasons for non-adopting ERAS protocols were
the lack of convincing evidence, the belief that ERAS does not work, and lack of
institutional support. With the exception of specific medications whose availability
or ease of use may differ by hospital, adopting ERAS principles (like omitting a
bowel preparation or avoiding opioid analgesics) requires a change in practice
patterns. The successful implementation of an ERAS program requires full com-
mitment and support of the involved parties and to convince urologists to change
their long-established ways for taking care of some of their sickest patients. There
will need to be a high-quality, prospective study to provide convincing evidence of
the utility of ERAS for RC [14].

6 Conclusion

In summary, even with the limitations of ERAS regarding the generalizability of
urologic evidence, a tipping point is being reached where it is hard to deny the
growing evidence showing that ERAS protocols have a positive impact on patient
recovery. However, it remains to be determined exactly which elements of ERAS
have the most substantial impact. In the future, high-quality prospective, random-
ized controlled multicenter studies where components can be isolated or added
sequentially are needed to validate the different elements of ERAS protocols.
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Abstract
Harnessing the host immune system to combat genitourinary cancers has key
theoretical advantages over other anticancer strategies including specificity and
memory which should translate to favorable tolerability and response durability
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in the clinic. Indeed, key examples of the potential for immunotherapeutic
treatment of solid tumors are derived from data in genitourinary cancers
including Bacillus Calmette–Guerin for urothelial cancer, sipuleucel-T for
prostate cancer, and interleukin-2 for renal cancer. Despite these successes,
developing effective immunotherapeutic strategies for the treatment of cancer
has largely been hampered by an incomplete understanding of tumor immuno-
biology and mechanisms of immune resistance. In just a few years since entering
the clinic, immune checkpoint blockade has dramatically changed the
landscaped of treatment for genitourinary cancer and has secured a place as a
standard pillar of treatment. Further iterative bench-bedside-bench research is
anticipated to extend the benefits of immunotherapeutic-based approaches to
additional patients.

Keywords
Urothelial cancer � Prostate cancer � Renal cancer � Immunotherapy
Immune checkpoint blockade � PD-1 � PD-L1

1 Introduction

Exploiting the immune system for cancer treatment likely dates back as early as the
1890s when Dr. William Coley, after observing spontaneous remissions of cancer
in patients with severe infections, began to inject a mixture of bacteria and bacterial
lysates directly into tumors as a treatment strategy [1, 2]. While the mechanistic
basis for some of the treatment successes described by Coley was not know at the
time, and remains incompletely defined, Coley’s approach likely resulted in the
injected pathogen-associated molecular patterns stimulating activation and matu-
ration of tumor-antigen-loaded dendritic cells. Coley’s Toxins were used to treat
various cancers from the 1890s until the 1960s. As a result of increased regulatory
scrutiny of medicinal products, Coley’s Toxins were assigned “new drug” status by
the United States Food and Drug Administration (US FDA) in the 1960s, restricting
the use of this product to clinical trials. Small clinical trials demonstrated mixed
results and use of Coley’s Toxins subsequently fell by the wayside.

The experience with Coley’s Toxins highlighted that in specific scenarios, the
immune system could be modulated effectively to induce clinical regressions of
cancer. Other immunomodulatory approaches were introduced over the years,
similarly based on a hint of mechanistic rationale and a large amount of empiricism,
leading to a much greater impact such as intravesical BCG for non-muscle-invasive
bladder cancer. However, decades of clinical trials attempting to induce anti-tumor
T cell responses were largely disappointing often attributed to poor antigen selec-
tion, suboptimal adjuvants, and inappropriate clinical disease states for investiga-
tion. It was not until a basic understanding of regulators of T cell function was
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elucidated that these clinical disappointments were placed in appropriate context.
That is, in many patients, the lack of development of an anti-tumor immune
response may not be “the problem,” but rather the inability of the immune response
to “complete the job” due to diverse mechanisms of tumor-related immune
resistance.

The immune system has developed a set of checks and balances to control the
amplitude and duration of a given immune response. Central to this system are
positive and negative co-stimulatory molecules that govern whether a T cell will
activate and proliferate or whether the T cell response will be attenuated; these
negative signals are mediated by receptors commonly referred to as immune
checkpoints. Among the two most well-characterized immune checkpoints are
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and program death
1/programmed death ligand 1 (PD-1/PD-L1). Proof of concept in model systems for
blocking immune checkpoints as a potential anticancer strategy was initially
demonstrated in 1996 when Leach et al. demonstrated that antibodies to CTLA-4
resulted in the rejection of tumors, including pre-established tumors. The clinical
development of antibodies directed first against CLTA-4, and later against
PD-1/PD-L1, followed demonstrating durable disease control in a subset of patients
across a large number of different tumor types harkening an entirely new era in
cancer immunotherapy. In this chapter, we review the clinical development of
immune checkpoint antibodies for the treatment of genitourinary cancers.

2 Adverse Events with Immune Checkpoint Blockade:
General Considerations

While the anticancer activity of immune checkpoint blockade has varied across
tumor types, the adverse event profile of this treatment class has been relatively
consistent across patient populations. Therefore, given the unique, and potentially
life-threatening, adverse events that can occur with immune checkpoint blockade,
these considerations are discussed first followed by a discussion of the clinical
activity of immune checkpoint blockade in specific genitourinary cancers.

The key adverse events associated with immune checkpoint blockade are
commonly referred to as immune-related adverse events. These side effects are
manifestations of inflammatory responses that occur in various tissue compart-
ments, the pathophysiology of which are poorly understood. Notably, such events
mimic the full range of autoimmune diseases and can involve virtually any organ,
though certain events are more common than others. Furthermore, while there is
overlap between the immune-related adverse events that occur with CTLA-4 versus
PD-1/PD-L1 blockade, there are adverse events that occur more and less commonly
with drugs directed against each of these targets. For example, colitis is more much
common with CTLA-4 blockade whereas pneumonitis is more common with PD-1
blockade. Combination of CTLA-4 blockade plus PD-1/PD-L1 blockade is asso-
ciated with a higher frequency of adverse events compared with single-agent
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PD-1/PD-L1 blockade. The management of specific immune-related adverse events
is based on the organ system involved, the severity, and generally follows algo-
rithms that have been developed based on the extensive clinical experience amassed
with these therapies. Management commonly includes holding treatment for less
severe side effects and initiation of corticosteroids for more severe side effects, and
even anti-tumor necrosis factor (TNF) therapies for steroid-non-responsive events;
some adverse events based on the nature and severity require discontinuation of
treatment.

To put the potential side effects of PD-1/PD-L1 blockade into perspective, the
randomized phase III trials comparing chemotherapy with PD-1/PD-L1 blockade
provide some context. In the Keynote-045 study of chemotherapy versus pem-
brolizumab in patients with metastatic urothelial cancer, 49.4% of patients devel-
oped a grade 3–5 adverse event with chemotherapy compared with 15% of patients
treated with pembrolizumab [3]. With respect to specific immune-related side
effects in patients randomized to pembrolizumab, any grade thyroid abnormalities
occurred in 9.4%, pneumonitis in 4.1%, colitis in 2.3%, and adrenal insufficiency in
0.4%. Despite the generally favorable safety profile of single-agent PD-1/PD-L1
blockade, a small subset of patients develop severe immune-related adverse events
that can be life-threatening. Early recognition and treatment of immune-related
adverse events has become the widely accept dogma in the era of immune
checkpoint blockade in an effort to minimize treatment-related morbidity with these
agents. As noted, with the combination of PD-1/PD-L1 blockade plus CTLA-4
blockade, the overall safety profile is similar with respect to the types of
immune-related events encountered though the incidence of such events is gener-
ally much higher than with single-agent therapy.

3 Kidney Cancer

Renal cell carcinoma (RCC) accounts for 3% of adult malignancies and is the
eighth leading cause of cancer in the USA [4]. Up to 30% of patients diagnosed
with RCC present with synchronous metastases, and recurrence is seen in 30% of
patients after complete resection of the primary tumor [5–7]. Patients who present
with distant metastases have a dismal 5-year survival rate of less than 10%, and at
least half of patients with RCC will eventually require systemic therapy [5, 6, 8].
RCC is generally considered resistant to conventional cytotoxic chemotherapy and
radiotherapy but has classically been regarded as an immunogenic tumor as evi-
denced by occasional spontaneous regressions and mild to moderate success with
prior immunotherapeutic approaches [9].

Prior to 2005, the only approved treatment for metastatic RCC (mRCC) was
high-dose interleukin-2 (HD IL-2) which exhibited durable responses in approxi-
mately 5–10% of patients at the cost of severe acute toxicities as a result of the
pro-inflammatory cytokine storm induced by treatment [10]. Low-dose subcuta-
neous interferon was commonly utilized instead, given its somewhat better safety
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profile, though durable responses were uncommon. After 2005, the treatment
landscape for mRCC shifted from immunotherapeutic approaches to approaches
directed at growth factors overexpressed in RCC downstream of altered von Hippel
Lindau function, particularly vascular endothelial growth factor (VEGF). Several
multitargeted tyrosine kinase inhibitors with activity against the VEGF receptor,
antibodies directed against VEGF, and small molecule inhibitors of mammalian
target of rapamycin (mTOR) were explored in mRCC leading to FDA approval and
integration as standard therapies. Despite the plethora of such therapies introduced
to treat mRCC, and the convenience of oral administration offered by many of these
drugs, chronic administration is required, adverse effects can substantially impact
quality of life, and the vast majority of patients ultimately experience disease
progression despite treatment [11].

Ipilimumab, a monoclonal antibody directed at CTLA-4, was investigated in a
phase II study of 61 patients with metastatic clear cell RCC treated with two dosing
regimens [12]. One patient of the 21 patients treated at a lower dose achieved a
partial response compared with 5 out of 40 patients achieving a partial response in
the higher-dose cohort. A relationship between anti-tumor activity and the devel-
opment of immune-related adverse events was observed; patients who experienced
grade 3 or 4 toxicities experienced an objective response rate of 30% compared to
no patients responding to treatment who did not experience immune-related adverse
events.

While the clinical experience with single-agent CTLA-4 blockade in RCC was
somewhat disappointing, the proof of concept established led to rapid exploration
of PD-1/PD-L1 blockade in the clinic in RCC. Approximately 25% of clear cell
RCCs express PD-L1, and upwards of 50% of tumor-infiltrating lymphocytes in
RCC express PD-L1, which have been correlated with cancer-specific death, and
distant metastatic relapse and poor survival, respectively [13].

Nivolumab is a fully humanized immunoglobulin G4 isotype monoclonal anti-
body. In the initial phase Ib clinical trial investigating nivolumab as monotherapy,
34 heavily pre-treated patients with metastatic clear cell RCC were enrolled in
addition to patients with a variety of other tumor types [14]. Nivolumab was
administered intravenously every 2 weeks and doses of 1–10 mg/kg were explored.
Remarkably, the objective response rate in patients with metastatic clear cell RCC
was 27% at a minimum follow-up of 50.5 months, with 40% of responses ongoing
at the time of data lock. The majority of responses were partial responses although
one patient did achieve a complete response. These data led to the initiation of a
large phase II trial of nivolumab in patients with metastatic clear cell RCC who had
progressed despite prior VEGF-targeted therapies [15]. One hundred and
sixty-eight patients were randomly assigned to 0.3, 2, or 10 mg/kg of nivolumab
administered intravenously once every three weeks. The objective response rate
was 20–22% across dose levels, and there was no dose response relationship
observed for response rate, progression-free survival, or overall survival. Impor-
tantly, responses were generally durable with a median duration of response of
22 months and responses of >24 months in 14 out of 35 responders.
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In parallel with the large phase II trial of nivolumab, a “biomarker trial” was
initiated to generate insights regarding mechanisms of response and resistance to
treatment. In this study, patients underwent a baseline and on-treatment biopsy.
A response rate was observed to be 22% in patients with PD-L1-positive tumors
(using a � 5% cutoff for PD-L1 as assessed by immunohistochemistry (IHC) in
tumor cells) and 8% in patients with PD-L1 “negative” tumors. There were no
consistent changes in PD-L1 expression from baseline to on-treatment biopsies;
however, post-treatment increases in CD3, CD4, and CD8 cells as assessed by IHC
were observed. Transcriptional changes were observed in tumors on nivolumab
treatment including an increase in genes associated with innate immunity as well as
an increase in genes linked with T cell function.

With both evidence of activity from single-arm studies and some putative pre-
dictive biomarkers identified, the CheckMate 025 trial was launched, a phase III
trial comparing nivolumab with everolimus in patients with advanced RCC who
received one or two prior VEGF-directed therapies [16]. Eight hundred and
twenty-one patients were randomized to receive 3 mg/kg of nivolumab adminis-
tered intravenously every two weeks or everolimus 10 mg orally daily. Treatment
with nivolumab was associated with a significantly longer overall survival (median
overall survival 25 months versus 19.6 months; hazard ratio (HR) 0.73, p = 0.002)
and fewer grade 3 or 4 adverse events (19% vs. 37%). Treatment with nivolumab
did not lead to an improvement in progression-free survival compared with ever-
olimus, a phenomenon that has been observed across trials with immune checkpoint
blockade likely related to a combination of both overall response proportions and
response kinetics. Based on these data, nivolumab was approved by the US FDA in
November 2015 for the treatment of advanced RCC in patients who received prior
anti-angiogenic therapy.

VEGF receptor tyrosine kinase inhibitors (VEGFR TKIs) have served as stan-
dard treatments for metastatic RCC in several different lines of therapy since 2004.
Preclinical models suggest that targeting the VEGF pathway may antagonize
RCC-induced immunosuppression and has provided rationale for strategies com-
bining VEGFR TKIs and immune checkpoint blockade [17]. Several clinical trials
combining these therapeutic classes have been conducted revealing generally
high-response proportions (Table 1). A randomized phase II study evaluated the
PD-L1 antibody atezolizumab with or without the VEGF antibody bevacizumab
versus sunitinib in treatment-naïve patients with metastatic RCC [18]. The com-
bination of atezolizumab plus bevacizumab demonstrated an encouraging response
rate and survival compared with sunitinib. Ultimately, the role of targeting VEGF
signaling plus immune checkpoint blockade in the treatment of metastatic RCC
remains to be defined in ongoing randomized phase III trials.

Combining different classes of immunotherapies is also supported by data
in model systems and clinical data generated in other malignancies such as meta-
static melanoma. The phase I CheckMate 016 trial evaluated nivolumab in com-
bination with the CTLA-4 inhibitor ipilimumab, or the VEGFR TKIs sunitinib or
pazopanib [19]. Patients with metastatic RCC were randomized to three dosing
strategies with nivolumab plus ipilimumab: nivolumab at 3 mg/kg plus ipilimumab
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at 1 mg/kg (N3I1 group, n = 47), nivolumab at 1 mg/kg plus ipilimumab at
3 mg/kg (N1I3 group, n = 47), or nivolumab at 3 mg/kg plus ipilimumab at
3 mg/kg (N3I3 group, n = 6) and two nivolumab plus VEGFR TKI groups. All six
patients in the N3I3 arm experienced severe toxicities. At approximately two years
of follow-up, the overall response rate in both N3I1 and N1I3 arms was 40.4%.
Of the 38 responders in both treatment arms, 39.5% (n = 15) had an ongoing
response at the time of the data lock, with a median duration of response of
20.4 months (95% confidence interval (CI) 8.54—NE) in the N3I1 arm and
19.7 months (95% CI 8.08—NE) in the N1I3 arm. The overall survival rate at
12 months was 81% and 85% for N3I1 arm and N1I3 arm, respectively, and at
24 months was 67% and 70%, respectively.

Given the promising results with CheckMate 016, the CheckMate 214 trial was
initiated. CheckMate 214 randomized 1096 patients with treatment-naïve metastatic
clear cell RCC to treatment with nivolumab (3 mg/kg) plus ipilimumab
(1 mg/kg) � 4 cycles followed by single-agent nivolumab 3 mg/kg every 2 weeks
versus sunitinib 50 mg daily for 4 weeks of every 6 week cycle [20]. The ran-
domization was stratified based on the International Metastatic RCC Database
Consortium prognostic score and region. The study employed co-primary endpoints
of response rate, progression-free survival, and overall survival in intermediate- and
poor-risk patients. In intermediate-/poor-risk patients, treatment with ipilimumab
plus nivolumab compared to sunitinib was associated with a significantly higher
objective response rate (43% vs. 27%, p < 0.0001) and longer progression-free
survival [HR 0.82 (0.64–1.05), p = 0.03] and overall survival [HR 0.63 (0.44–0.89),
p = 0.00003]. Importantly, grade 3–5 treatment-related adverse events occurred in
46% of patients on ipilimumab plus nivolumab versus 63% of patients on sunitinib.
These compelling data have the potential to change the landscape of first-line
treatment for patients with metastatic intermediate-/poor-risk RCC.

Table 1 Select clinical trials of combination immune checkpoint blockade and anti-angiogenic
agents in metastatic RCC

Citation Intervention Setting Phase N Objective
response rate

Rini et al.
[60]

Tremelimumab + sunitinib � 1 prior
systemic
treatment

Phase I 28 43%

Amin et al.
[61]

Nivolumab + sunitinib or
pazopanib

� 1 prior
systemic
treatment

Phase I 33 Sunitinib:
52%
Pazopanib
45%

Chowdhury
et al. [62]

Pembrolizumab + pazopanib No prior systemic
treatment

Phase I 20 40%

Choueiri
et al. [63]

Avelumab + axitinib No prior systemic
treatment

Phase Ib 55 54.5%

Atkins et al.
[64]

Pembrolizumab + axitinib No prior systemic
treatment

Phase Ib 11 55%
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4 Prostate Cancer

While prostate cancer has not traditionally been considered an immunogenic
malignancy like RCC, there have been several characteristics of prostate cancer that
have led to extensive studies exploring immunotherapeutic approaches in this
disease including the availability of several organ-restricted antigens for immu-
nization (e.g., prostatic acid phosphatase) and a relatively indolent pattern of pro-
gression in certain clinical disease states. Indeed, the active cellular immune therapy
sipuleucel-T, was shown to improve survival in two randomized trials in men with
metastatic castration-resistant prostate cancer (CRPC) representing the only
approved “vaccine” to treat patients with an advanced solid tumor [21].

Based on data in model systems suggesting that the abscopal effect is
immune-mediated and that CTLA-4 blockade combined with radiation therapy
might yield synergistic anticancer activity [22–26] a phase I/II trial examined
ipilimumab as monotherapy and in combination with radiotherapy delivered to a
site of bone metastasis in patients with CRPC [27]. Post-treatment declines in PSA
were observed in 16% of patients treated with ipilimumab +/− radiation, and one
patient achieved a complete response. Immune-related adverse events were similar
to other trials exploring CTLA-4 blockade and included rash/pruritus, diarrhea,
colitis, and hepatitis.

Two phase III trials were subsequently designed to test the efficacy of ipili-
mumab in patients with metastatic CRPC, one study in patients who had progressed
despite docetaxel treatment and the other in chemotherapy-naïve patients. In the
post-docetaxel trial [28], men were randomized to radiation therapy to a bone
metastasis followed by either ipilimumab or placebo. Compared with placebo,
ipilimumab did not yield an improvement in survival, the primary endpoint of the
study. However, ipiliumab was associated with a significantly longer
progression-free survival (secondary endpoint) and more frequent PSA reductions
(exploratory endpoint). A post hoc subgroup analysis demonstrated that ipilimumab
offered an overall survival benefit to patients with favorable baseline characteristics,
including an alkaline phosphatase <1.5 times the upper limit of normal, hemo-
globin >11.0 g/dL, and no visceral metastases. The pre-chemotherapy phase III
trial randomized 602 men with CRPC to ipilimumab versus placebo [29]. Again, no
significant improvement in overall survival was observed with ipilimumab though
anti-tumor activity was observed as evidenced by a modestly longer
progression-free survival (5.6 vs. 3.8 months) and a higher PSA response rate (23%
vs. 8%). Given the lack of survival benefit with ipilimumab in the context of the
adverse event profile, single-agent ipilimumab has not been integrated into standard
treatment for CRPC; however, the clear activity in a subset of patients highlights the
critical need for predictive biomarkers to identify patients most likely to benefit.

The CLTA-4 antibody tremelimumab has also been explored in patients with
prostate cancer. In a phase I trial, tremelimumab was administered to men with
castration-naïve non-metastatic biochemically recurrent prostate cancer despite
prior local therapy [30]. While no changes in on-treatment versus pre-treatment
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PSA doubling time was observed in this small study, 3 patients experienced a
marked slowing of PSA rise after completion of treatment highlighting the potential
for unusual response kinetics with CTLA-4 blockade as has been seen in other
tumor types such as melanoma.

As CTLA-4 blockade yields anticancer activity in only a small subset of patients
with CRPC, combination regimens with cancer vaccines have been developed in an
attempt to augment these responses [31–34]. Phase I trials have shown that such
combinations are feasible, though larger definitive studies have not yet been
completed to determine whether combination therapy leads to clinical benefit
compared to ipilimumab alone [32, 34].

Given the anticancer activity observed in a subset of patients with prostate
cancer treated with CTLA-4 blockade, patients with CRPC were integrated early in
the clinical development of the anti-PD-1 antibody nivolumab. Unfortunately, in
the phase I trial of nivolumab, no responses were seen in 17 patients with metastatic
CRPC limiting enthusiasm for further clinical trials with PD-1/PD-L1 blockade in
CRPC for several years in favor of other malignancies [35]. A renewed interest in
PD-1/PD-L1 blockade in CRPC emerged based on preliminary data from a phase II
trial with the anti-PD-1 antibody pembrolizumab, given in combination with
enzalutamide in patients with CRPC progressing despite prior enzalutamide [36].
This study design was based, at least in part, on data suggesting that PD-L1
expression is increased on prostate cancer cells at the time of enzalutamide resis-
tance. Notably, 3 of the initial 10 patients enrolled experienced major
post-treatment declines in PSA, 2 of which had regression of measurable disease.
Genomic sequencing of archival tumor specimens was possible in a subset of these
responding patients indicating that DNA mismatch repair gene
alterations/microsatellite instability, a rare finding in prostate cancer, may have been
underlying several of these responses. The contribution of continuation of enza-
lutamide to the activity of this combination regimen is unclear and worthy of further
investigation.

Several large phase II and even phase III studies have subsequently been initi-
ated to explore PD-1/PD-L1 blockade in CRPC with results pending. In addition,
several combination strategies are being pursued including combinations with
androgen deprivation, chemotherapy, and other immunotherapeutic agents. These
data are eagerly awaited to determine whether there is a potential role for
PD-1/PD-L1-based therapies in the standard management of CRPC.

5 Urothelial Cancer

Translational studies have explored the potential role of immune checkpoints in
urothelial cancer dating back to the early appreciation of the role of these molecules
in the pathogenesis of cancer. Using IHC testing of frozen tissue from 65 patients
who underwent surgical resection of urothelial cancer (bladder and upper tract),
Nikinishi et al. correlated expression of PD-L1 with higher grade and stage [37].

Current Role of Checkpoint Inhibitors in Urologic Cancers 249



Patients with tumors expressing high levels of PD-L1 were also found to have
worse overall and recurrence-free survival. Boorjian et al. identified the expression
of B7-H3, PD-L1, and PD-1 in 314 radical cystectomy specimens and identified
B7-H3 expression in more than 70% of samples and PD-L1 expression in
approximately 12% PD-L1 [38]. Clinically, PD-L1 expression was associated with
advanced tumor stage and worse all-cause mortality in patients with organ-confined
disease. PD-1 expression was identified in 95% of the tumor-infiltrating immune
cells and was associated with higher pathologic stage (p = 0.012). Subsequent to
these two initial studies, further work has been performed to analyze the landscape
of immune checkpoint proteins across the continuum of bladder cancer stages.
PD-L1 expression has been shown to increase with stage; for example, in one series
PD-L1 expression was detected in 7, 16, 23, 30, and 45% of specimens from Ta,
T1, T2, T3/4, and CIS tumors, respectively [39]. In a series of 302 consecutive
patients treated with radical cystectomy and lymphadenectomy, Xylias et al. ana-
lyzed B7-H3, B7-H1 (PD-L1), and PD-1 protein expression by IHC in the primary
tumor, 117 matched lymph nodes and 50 adjacent normal urothelium samples.
These investigators identified a high degree of correlation between the primary
tumor and nodal metastasis with a concordance of 90, 86, and 78% for B7-H3,
B7-H1, and PD-1, respectively [40]. In a series of 160 patients, of which 23
(14.4%) were non-invasive tumors, analysis of PD-L1 expression in
tumor-infiltrating mononuclear cells using IHC identified no difference in PD-L1
expression between non-invasive and invasive tumors [41].

Ipilimumab was the first-immune checkpoint inhibitor to be explored and was
initially approved for the treatment of metastatic melanoma by the US FDA. In
urothelial carcinoma, anti-CTL-4 antibiodies were explored in murine model sys-
tems of bladder cancer with favorable activity [42]. Despite the intriguing findings
in vivo, there have been very few completed clinical trials exploring CLTA-4
blockade in urothelial cancer. A “window of opportunity” study treating patients
with invasive bladder cancer was performed [43]. In this study, patients were
treated with ipilimumab prior to cystectomy, and pharmacodynamic assessments
were performed on the post-treatment tumor specimen. This study revealed that
ipilimumab treatment led to a robust infiltration of T cells into the post-treatment
tumor specimen compared to the pre-treatment specimen. Given this evidence of
pharmacodynamic activity, a phase II study was performed in which patients with
chemotherapy-naïve metastatic urothelial cancer were treated with two cycles of
gemcitabine plus cisplatin followed by four cycles of gemcitabine, cisplatin, plus
ipilimumab [44]. Though the overall outcomes of patients treated on this study were
similar to historical patients treated with gemcitabine plus cisplatin alone, on
landmark analysis a post-ipilimumab increase in peripheral blood T cells correlated
with a much better survival. Though investigation of CTLA-4 blockade in
urothelial cancer was quickly supplanted by trials of PD-1/PD-L1 inhibition,
additional studies further defining the role of CTLA-4 blockade alone or in com-
bination in this disease are needed.
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PD-L1 and PD-1 blockade in urothelial cancer was initially studied in expansion
cohorts of phase I studies using atezolizumab and pembrolizumab, respectively [45,
46]. In these studies durable objective responses was identified in a subset of
heavily pre-treated patients with metastatic urothelial cancer. Given the evidence of
activity and overall safety profile, additional trials of PD-1/PD-L1 blockade in
urothelial cancer were rapidly initiated and completed.

As of late 2017, there are five PD-1/PD-L1 inhibitors approved by the US FDA
for the treatment of metastatic urothelial cancer (Table 2). The approvals are based
largely on phase II trials and a single phase III trial (Table 3). Two phase III trials
randomizing patients with metastatic urothelial cancer progressing despite
platinum-based chemotherapy to PD-1/PD-L1 blockade versus standard
chemotherapy have been completed. Keynote-045 randomized 542 patients to the
anti-PD-1 antibody pembrolizumab, or chemotherapy with a co-primary endpoint
of progression-free survival and overall survival [3]. Treatment with pem-
brolizumab was associated with a significant improvement in objective response
rate (21.1% vs. 11.4%) and overall survival (10.3 months vs. 7.4 months (HR 0.73;
95% CI 0.59–0.91; p = 0.002). Importantly, the benefit of treatment with pem-
brolizumab was observed not only in the subset of patients with tumors with higher
PD-L1 expression but also in the entire study population. IMvigor 211 was a larger
phase III study randomizing 931 patients with metastatic urothelial cancer pro-
gressing despite prior platinum-based chemotherapy to the anti-PD-L1 antibody
atezolizumab, versus standard of care chemotherapy [47]. Based on the results of
the IMVigor 210 study, a single-arm phase II study demonstrating higher response
rates with atezolizumab based on higher percentage of PD-L1 expression in
tumor-infiltrating cells in archival tumor specimens, IMVigor 211 utilized a hier-
archical analysis plan that required hypothesis testing be first performed in a subset
of patients with increased PD-L1 expression in tumor-infiltrating cells. Only if the
primary endpoint was met in this biomarker-defined population could the endpoint
be assessed in the overall study population. Treatment with atezolizumab was not
associated with an improvement in overall survival in the biomarker-defined pop-
ulation in this study. In an exploratory analysis, median overall survival and
12-month survival rate was better with atezolizumab compared to chemotherapy
and the outcomes with atezolizumab were quite consistent with the results from the
prior phase II study. Reasons for this trial not meeting the pre-specified primary
endpoint include an incomplete understanding of the prognostic versus predictive
role of this PD-L1 assay and slightly better performance of chemotherapy than was
anticipated.

Two large single-arm phase II trials have also explored PD-1/PD-L1 blockade as
first-line treatment for patients with metastatic urothelial cancer deemed ineligible
for cisplatin-based chemotherapy [48, 49]. Historically, carboplatin-based regimens
have been utilized in such patients but have been associated with inferior outcomes
compared to cisplatin-based combinations and have a generally unfavorable toxicity
profile [50, 51]. In the IMvigor 210 study, atezolizumab was explored in 119
chemotherapy-naïve cisplatin-ineligible patients and was associated with a response
rate of 23% (95% CI 16–31) [52]. Keynote-052 enrolled 270 patients with
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metastatic urothelial carcinoma who were cisplatin ineligible demonstrating an
objective response rate of 29% (95% CI 24–34) [53].

6 Less Common Genitourinary Cancers

The rarity of adrenocortical carcinoma (ACC) has been a barrier to the development
of novel therapeutic approaches. A 2015 study examining 28 ACC specimens
reported PD-L1 expression on tumor cells in 10.7% and on TILs in 70.4% [54]. The
Cancer Genome Atlas (TCGA) data have shown that a subset of ACC harbor a high
mutational burden. However, clinical experience with PD-1/PD-L1 blockade in
advanced ACC has been mixed. An expansion cohort of a phase Ib study with

Table 2 PD-1/PD-L1 antibodies approved by the United States Food and Drug Administration
for treatment of metastatic urothelial cancer as of 2017

Setting Drug

Metastatic urothelial cancer
Chemotherapy-naïve
Cisplatin-ineligible

Pembrolizumab (PD-1)
Atezolizumab (PD-L1)

Metastatic urothelial cancer
Disease progression despite prior platinum-based chemotherapy

Pembrolizumab (PD-1)
Nivolumab (PD-1)
Atezolizumab (PD-L1)
Durvalumab (PD-L1)
Avelumab (PD-L1)

Table 3 Major clinical trials of PD-1/PD-L1 blockade in metastatic urothelial cancer

Citation Drug Target Setting Phase N Objective
response rate

Balar et al.
[52]

Atezolizumab PD-L1 First-line
cisplatin-ineligible

Phase II 119 23% (95%
CI 16–31)

O’Donnell
et al. [53]

Pembrolizumab PD-1 First-line
cisplatin-ineligible

Phase II 100 29% (95%
CI 24–34)

Bellmunt et al.
[3]

Pembrolizumab PD-1 Post-platinum Phase III 270 21% (95%
CI 16–27)

Powles et al.
[47]

Atezolizumab PD-L1 Post-platinum Phase III 467 13% (95%
CI 11–17)

Rosenberg
et al. [58]

Atezolizumab PD-L1 Post-platinum Phase II 310 15% (95%
CI 11–20)

Sharma et al.
[59]

Nivolumab PD-1 Post-platinum Phase II 270 20% (95%
CI 15–25)

Powles et al.
[65]

Durvalumab PD-L1 Post-platinum Phase I/II 191 18% (95%
CI 13–24)

Apolo et al.
[66]

Avelumab PD-L1 Post-platinum Phase Ib 44 18% (95%
CI 8–33)
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avelumab, an anti-PD-L1 antibody, enrolled 37 patients with ACC and reported a
response rate of 10.5% [55].

Germ cell tumors are generally highly curable with combined modality treat-
ment. However, a subset of patients develop disease progression despite conven-
tional therapy and the prognosis in such patients is poor. Pembrolizumab was
investigated in patients with platinum refractory germ cell tumors in a phase II trial
presented at the American Society of Clinical Oncology 2017 meeting by Adra
et al. Twelve men who had failed or progressed after first-line cisplatin-based
chemotherapy and at least one salvage regimen were treated with pembrolizumab
until disease progression. Despite being well tolerated, no clinical benefit was
observed, with no complete or partial responses seen.

Investigations of PD-L1 expression in penile cancer have been sparse. A retro-
spective study examining samples collected from 19 patients with squamous cell
carcinoma of the penis demonstrated PD-L1 expression in 22% of samples [56]. In
a similar study, 23 of 37 (62.2%) of samples tested positive for PD-L1 expression,
with PD-L1 expression shown to be associated with advanced disease, nodal
metastases, and reduced disease-specific survival [57]. Studies evaluating immune
checkpoint blockade in patients with advanced penile cancer are ongoing.

7 Biomarkers Predictive of Response

The vast majority of trials exploring PD-1/PD-L1 blockade in genitourinary cancer
have incorporated IHC testing of tumor specimens for expression of PD-L1 in an
attempt to develop predictive biomarkers to select patients most likely to derive
benefit from treatment. Interpretation of these data across tumor types has been
complicated by the use of different assays, different cut-points, quantification of
expression in cancer cells versus immune cells versus both, and use of archival
tissue typically derived from the primary tumor. Despite these limitations, most
initial studies suggested that PD-L1-based IHC testing could be used to enrich the
likelihood of patients responding to treatment. However, responses were also
observed in patients with “negative” tests, tempering enthusiasm for integration of
testing into routine clinical decision-making [46, 52].

The complexity of PD-L1 as a predictive biomarker is epitomized by the manner
in which the data has evolved in urothelial cancer. Phase I and II studies exploring
various anti-PD-1/PD-L1 generally demonstrated higher response rates in subsets of
patients with tumors exhibiting increased PD-L1 expression; however, phase III
trials told a different story. In the Keynote-045 randomized study of pembrolizumab
versus chemotherapy, a survival benefit with pembrolizumab was observed
regardless of PD-L1 expression [3]. In the IMvigor 211 randomized study of ate-
zolizumab versus chemotherapy, there was no benefit with atezolizumab demon-
strated in the primary analysis of the high PD-L1 expression subgroup but a
survival benefit was observed in the exploratory analysis of the total study
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population [47]. Currently in genitourinary cancers, PD-L1 testing has limited
clinical utility.

Several other potential biomarkers predictive of response to PD-1/PD-L1
blockade have been explored. As tumors harboring a large burden of somatic
mutations are hypothesized to generate a greater number of potentially immuno-
genic antigens, higher tumor mutational burden has been correlated with a higher
likelihood of response to treatment [52, 58]. In urothelial cancer, TCGA-defined
molecular subtypes have also been explored as potential predictive biomarkers;
however, analyses have demonstrated slightly inconsistent findings and have not
identified a group with an extremely high or low likelihood of response [58, 59].
Though combinations of biomarkers may ultimately improve the performance of
response prediction tools, currently there are no tests with operating characteristics
sufficient to routinely inform treatment decisions.

8 Conclusions

Although a renewed enthusiasm for immunotherapy in recent years has resulted in
significant strides in the treatment of genitourinary malignancies, ongoing and
future clinical trials are eagerly anticipated in order to better integrate
immunotherapeutics into the armamentarium against these cancers. Identifying
patients most likely to derive benefit from immune checkpoint blockade remains an
active area of investigation. Questions regarding optimal dosing, appropriate
durations of treatment particularly in patients achieving a response, and the use of
sequential versus combination therapies sequence are yet to be answered. Indeed,
the rapidly evolving field of cancer immunotherapy has been paralleled with
increasing knowledge in tumor immunobiology. Ongoing iterative cycles of bench
to bedside and bedside to bench investigations are required to further accelerate
progress in the treatment of these diseases.
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Abstract
Bladder cancer (BC) remains an aggressive disease with a poor prognosis,
especially for patients with metastatic disease who have a limited median overall
survival of 14 months. Urothelial carcinomas harbor frequent molecular
dysregulations including recurrent mutations and copy number alteration, some
of which could be potential therapeutic targets. However, no molecularly
targeted agents have been approved to date for the treatment of advanced BC.
Gaining new insights into the molecular landscape of BC will be critical to tailor
future targeted agents for the treatment of advanced disease. The Cancer
Genome Atlas (TCGA) project is cataloguing the genetic and epigenetic
alterations responsible for cancer through the application of high-throughput
genome analysis techniques. After the landmark paper profiling 131 patients was
published in 2014, additional patients have been added with an updated TCGA
analysis now including 412 patients. This chapter will review the previously
described genomic alterations reported in the first manuscript and the new major
highlights found in the expanded analyses recently published. The aim will be to
review how this comprehensive integrated genomic analysis can inform the
design of precision medicine targeted therapy for the treatment of advanced
disease.

Keywords
The cancer genome atlas project � Urothelial carcinoma � Cancer genomics
Whole-genome and RNA sequencing � Molecular subtypes � Mutational load
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1 Introduction

Bladder cancer (BC) is the ninth most common tumor worldwide, with an incidence
of more than 330,000 new cases each year and an annual mortality rate of 130,000
[1]. Urothelial carcinoma (UC) accounts for nearly 90% of bladder cancers. It is
associated with tobacco smoking in 65–70% of cases and is three times more
prevalent in men than in women. At the initial diagnosis of BC, 30% of cases
present as muscle-invasive bladder cancer (MIBC), with approximately one-third of
them having distant metastases at presentation. Among patients who undergo
radical cystectomy, around 25% will have pathologic lymph node metastasis at the
time of surgery [2]. Despite the improvements seen during the last decade in terms
of both surgical quality and systemic therapy, BC remains an aggressive disease
with a poor prognosis, especially for patients with locally advanced or metastatic
disease who have a reduced median overall survival (OS) of around 14 months [3,
4]. Therefore, there is an important unmet need for effective anticancer treatment in
order to improve outcome and survival for patients with advanced BC.
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The first focused molecular analyses of patients with BC revealed that urothelial
carcinomas harbor frequent molecular alterations including recurrent mutations and
multiple regions of somatic copy number alteration (CNA), some of which could be
potential therapeutic targets [5–8]. Moreover, it has been shown that MIBC and
non-MIBC (NMIBC) each have a distinctive molecular landscape, where low-grade
NMIBC is characterized by a high incidence of FGFR3 mutations and high-grade
MIBC has a higher frequency of many types of mutations [9, 10]. However, no
molecularly targeted agents have so far been approved for the treatment of
advanced BC. Recently, pembrolizumab, an immune checkpoint inhibitor targeting
the programmed cell death-1 (PD-1) receptor, showed for the first time in history an
improvement in OS compared to investigator-choice standard chemotherapy (pa-
clitaxel, docetaxel, vinflunine) as second or third line for patients with advanced UC
progressing to platinum-based chemotherapy [11]. However, the population
recruited for PD-1 inhibitors studies in BC have not been selected according to any
specific molecular findings and programmed cell death ligand-1 (PD-L1) expression
has not found to be a predictive biomarker of treatment benefit. Gaining new
insights into the disease biology and the molecular landscape of BC will therefore
be critical to molecularly tailor future targeted agents for the treatment of advanced
disease.

The Cancer Genome Atlas (TCGA) project is a collaboration that begun in 2005,
between the National Cancer Institute and the National Human Genome Research
Institute with the purpose of cataloguing the genetic and epigenetic alterations
responsible for cancer through the application of high-throughput genome analysis
techniques, including large-scale genome sequencing and bioinformatics [12]. The
final goal of TCGA is to deepen our understanding of the molecular basis of cancer
in order to improve our ability to diagnose, treat, and prevent this lethal disease.
Thus far, the TCGA has generated comprehensive, multidimensional maps of the
key genomic alterations in 33 types of cancer, including urothelial carcinomas.
The TCGA dataset, comprising more than two petabytes of genomic data of tumor
tissue and matched normal tissues from more than 11,000 patients, has been made
publically available and can be accessed through the TCGA Data Portal [13].

The first comprehensive molecular landscape study of BC by the TCGA was
published in 2014 and integrated data from 131 patients with chemotherapy-naïve
high-grade muscle-invasive urothelial bladder carcinomas (T2–T4a, N0, M0)
undergoing surgical resection with either transurethral resection or radical cystec-
tomy [14]. This first study included data on DNA copy number, somatic mutations,
gene fusions, messenger RNA expression, protein expression, DNA methylation,
transcript splice variants, viral integration and pathway alterations as well as a
thorough description of four expression-based molecular subtypes of BC. In 2017, a
second comprehensive TCGA study was published, analyzing an expanded cohort
of 412 patients with either localized or metastatic chemotherapy-naïve
muscle-invasive bladder carcinoma [15]. This second analysis is derived from a
threefold increase in the number of tumors, thus improving the power to detect less
frequent molecular abnormalities. Moreover, this updated study provides several
new analyses that were not part of the first paper including mutation burden and
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neoantigen load, an integrated analysis of non-coding RNA and new analytic
detection of pathogens in BC. Finally, it reports for the first time a robust corre-
lation of mutation signature clusters and expression-based subtypes in a univariate
and multivariate association with survival. This chapter will review the major
highlights described in these two important TCGA studies on the molecular char-
acterization of BC and how the findings can inform the design of precision med-
icine targeted therapy for the treatment of advanced disease.

2 Somatic DNA Alterations

The TCGA studies confirmed that MIBC is characterized by a high overall mutation
rate, similar to that of lung cancer or melanoma. This is an important result since
several studies have shown that mutation load is a biomarker of response to immune
checkpoint inhibitors [16, 17]. In the first TCGA analysis, there were on average
302 exonic mutations, 204 segmental alterations in genomic copy number, and 22
genomic rearrangements per sample. Whole-exome sequencing (WES) targeted
186,260 exons in 18,091 genes and identified 39,312 somatic mutations (including
38,012 point mutations and 1138 insertions or deletions) [14]. These results were
internally validated by a targeted re-sequencing of all significantly mutated genes
and by a comparison with whole-genome sequencing (WGS) of 18 samples, with a
validation rate of 99% [14]. WES of the 412 tumors included in the second TCGA
analysis increased the number of targeted exons to 193,094 and the number of
genes to 18,862. It identified 131,660 somatic mutations, including 128,772 single
nucleotide variants, and 2888 insertions or deletions [15]. Many of the focal
mutations involved genes previously known in bladder cancer such as TP53 (49%),
PIK3CA (20%), RB1 (13%), FGFR3 (12%), ERCC2 (12%), and TSC1 (8%). In
addition, several other genes that have not previously been reported as significantly
mutated in BC were identified, such as MLL2 (27%), CDKN1A (14%), or STAG2
(11%) [14]. Similarly, the second TCGA study identified 58 genes mutated at a
frequency statistically significantly higher than background, 34 of which had not
been previously identified as significantly mutated in the first study, including
KMT2C (18%), ATM (14%), and FAT1 (12%) [15].

The second TCGA study tried to detect processes contributing to the high
mutation rate, using a Bayesian approach. It identified five differential mutation
signatures (APOBEC-a and APOBEC-b, ERCC2, C > T at CpG, POLE), which
correlated with different subsets of BC with different mutation burdens and
mechanisms. Clustering of four of these five mutation signatures (APOBEC-a and
APOBEC-b, ERCC2 and C > T at CpG) identified four mutational signature
clusters, MSig1 to MSig4. Interestingly, the activity of an endogenous mutagen, the
DNA cytidine deaminase APOBEC accounted for 67% of the overall mutations.
The majority of APOBEC-mediated mutations were clonal, suggesting that APO-
BEC activity is an early event in the carcinogenic development of BC. Moreover,
the mutation signature cluster of high-APOBEC mutagenesis and high mutation
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burden (MSig1) was strongly associated with an improved OS (p = 1.4 � 10−4)
with 75% of subjects alive 5 years after diagnosis of MIBC [15]. The authors
hypothesize that the unusually good survival of this subset is due to the high
mutation burden, boosting the host immune antitumor response. On the other hand,
MSig2 cancers had the lowest mutation rate and the poorest 5-year survival (22%).
The identification of APOBEC as the main driver of mutagenesis in BC is extre-
mely relevant since a better understanding of its expression and activity could have
a major benefit for selecting patients for clinical trials of immunotherapy.

The high mutation rate seen in BC as in lung cancer has been associated with
smoking habit in several studies [18]. Moreover, several clinical trials in both BC
and other advanced cancers have shown a relationship between smoking status and
the relative benefit of immunotherapy and it has been postulated that this benefit is
due to the high mutational load induced by smoking [11, 19]. Consequently, the
TCGA has analyzed the correlation between smoking status and the presence of
molecular alterations. In the first TCGA study, 72% of patients were current or past
smokers. However, there was no statistically significant association between
smoking status and the mutational load, frequency of mutations in any significantly
mutated gene, occurrence of CNAs, or expression subtype [14]. This misbalance
may reflect the fact that not all mutations might have the same potential to act as
neoepitopes and consequently neoantigen load could be a more robust predictive
biomarker for immunotherapy than mutational load. Hence, the second TCGA
study included a neoantigen prediction analysis by enumerating peptides bearing
somatic mutations and assessing their binding against the patient’s inferred HLA
type. The effect of the neoantigen load was then analyzed in a univariate and
multivariate analysis. Interestingly, neoantigen load did strongly correlate with
mutation burden and was associated with improved survival (p = 5.2 � 10−4). On
multivariate analysis, neoantigen load remained an independent predictor of sur-
vival after adjusting for age, tumor stage, histology, and node status (p = 8 � 10−4)
[15].

3 MRNA Expression and Molecular Subtypes

Analysis of RNA-sequencing data from the 129 tumors included in the first TCGA
study identified the well-known distinction between luminal and basal subtypes of
BC [20–22], and divided them into four clusters, clusters I–II being luminal and
clusters III–IV being basal [14]. Luminal cluster I (or papillary-like cluster) was
enriched in tumors with papillary morphology (p = 0.0002), FGFR3 mutations
(p = 0.0007), FGFR3 copy number gain (p = 0.04), and elevated FGFR3 expres-
sion (p < 0.0001). Consequently, the authors hypothesized that tumors with cluster
I expression and/or FGFR3 alterations could benefit from FGFR inhibitors.
Moreover, luminal clusters I and II showed high protein expression of HER2,
comparable to those found in TCGA HER2-positive breast cancers [23], and an
elevated estrogen receptor beta signaling, flagging them as potential responders to
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hormone therapy and HER2 inhibitors. Luminal clusters I and II also showed
characteristics similar to those of luminal A breast cancer, with high mRNA and
protein expression of luminal breast differentiation markers, including GATA3 and
FOXA1. On the other hand, the signature of basal cluster III (or
basal/squamous-like cluster) showed molecular features similar to that of basal-like
breast cancers and squamous cell cancers of the head and neck and lung [23, 24],
such as high expression of KRT14, KRT5, KRT6A, and EGFR. These distinctive
expression-based clusters were then externally validated using an external data set
of 308 MIBC tumor samples from a prior study which confirmed the same four
distinctive cluster subgroups [14, 22].

A similar RNA-sequencing analysis was undertaken on the second TCGA study
in the expanded cohort of 412 patients, recapitulating the same two major luminal
and basal transcriptional subtypes identified in the first study [15]. Moreover, this
expanded analysis provided further discrimination within these subgroups which
led to a re-cataloguing of the different subtypes into five entities: luminal-papillary
(n = 142), luminal-infiltrated (n = 78), luminal (n = 26), basal-squamous
(n = 142), and to the identification of a novel neuronal subtype (n = 20). As
described before, the luminal-papillary cluster was enriched with papillary tumors
(58% vs. 20% in the other subtypes; p < 10−13) and with lower-stage T1 or T2
tumors (55% vs. 23%, p < 10−8). Similarly, it was characterized by frequent
FGFR3 alterations (44%), either mutations, amplification, overexpression, or
fusions, which indicates that many tumors of the luminal-papillary cluster tumors
might have developed from a precursor non-MIBC. This subtype was also char-
acterized by a major loss of DNA methylation and included cases that were almost
all node-negative, from younger patients (median age 61 vs. 69; p < 4 � 10−3), and
had better survival (p < 0.05) [15].

The luminal-infiltrated subtype, on the other hand, was distinguished from other
luminal subtypes by a strong expression of smooth muscle and myofibroblast gene
signatures and a p53-like expression which has previously been associated with
chemoresistance [21]. The luminal-infiltrated subtype correlated with the prior
luminal cluster II, which has been reported to benefit from anti-PDL1 inhibitor
atezolizumab [16, 17]. The basal-squamous subtype was characterized by high
expression of basal and stem-like markers (KRT5, KRT6A, KRT14) and squamous
differentiation markers (TGM1, DSC3, PI3) and included 82% of tumors containing
squamous cell features (p < 10−11). This subtype was enriched in TP53 mutations
(p = 5 � 10−3) and had a high carcinoma-in situ (CIS) expression signature score,
indicating that they may have originated from bladder basal cells through CIS
lesions. The basal-squamous subtype also showed the strongest immune expression
signature, including T cell markers and inflammation genes, indicating the presence
of lymphocytic infiltrates. Interestingly, the basal-squamous subtype correlated with
the prior clusters III and IV, which were the clusters showing greatest benefit from
anti-PDL1 inhibitor atezolizumab after cluster II [16, 17].

The neuronal subtype, finally, included three of four histologic small cell neu-
roendocrine tumors found in the whole cohort, but showed no apparent histologic
distinction from other types of MIBC in the majority of cases (85%). This subtype
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was characterized by a high expression of many neuronal differentiation genes, as
well as neuroendocrine markers. Half of the samples had mutations in both TP53
and RB1, which is a genetic hallmark of small cell neuroendocrine cancer,
regardless of the primary origin. This subtype was the most infrequent cluster (5%)
and had the highest CIS expression signature score, also indicating it may have
originated from CIS lesions. Importantly, the neuronal subtype had the poorest
survival compared to the other four subgroups (p = 1.4 � 10−3) in keeping with the
known aggressive behavior of neuroendocrine BCs [15].

The identification of these mRNA expression subtypes as five distinctive
molecular entities is a critical discovery that will promote gaining new insights into
the specific biology of each subtype, a critical requisite to using molecular corre-
lates to tailor future tumor-personalized targeted therapies.

4 Pathway Analysis and Therapeutic Targeting

The information obtained from the somatic mutation analysis and copy number data
was integrated in order to identify the more frequently altered pathways and
potential targets amenable for therapeutic intervention. Importantly, most of the
canonical signaling pathways that were consistently altered in both TCGA studies
provide significant opportunities for a molecular-targeted therapeutic blockade [14,
15]. Integrated analysis revealed three frequently dysregulated pathways: p53/cell
cycle regulation (89%), RTK/RAS/PI3 K signaling (71%), and chromatin remod-
eling pathways with alterations in the histone-modifying genes in 52% of cases, and
in the nucleosome remodeling complex in 26% [15]. p53/cell cycle alterations
included TP53 mutations in 48% of cases, MDM2 amplification (copy number >4)
in 6%, and MDM2 overexpression (>twofold above the median) in 19%, with
strong mutual exclusivity between these events (p < 10−16) [15]. Mutations in
chromatin-modifying and regulatory genes were common, with 10 such genes
having a mutation frequency greater than 5%, and with 66% of samples showing a
mutation in one or more genes. Of note, 10 of the 39 significantly mutated genes
with mutation frequency >5% were either chromatin-modifying or
chromatin-regulatory genes, such as KDM6A (a histone de-methylase), histone
methyltransferases (KMT2A, KMT2C, KMT2D), or histone acetylases (CREBBP,
EP300, KANSL1) [15]. Mutations in these ten genes were predominantly inacti-
vating, which suggests that they are functionally relevant. Taken together, this data
indicate that dysregulation of gene expression mediated by alterations in
chromatin-regulatory genes is a driver of BC development [15]. Moreover, the
presence of abnormalities in chromatin-modifying enzymes identifies a subset of
BC patients who could benefit from drugs targeting chromatin modifications, such
as agents that bind acetyl-lysine binding motifs (bromodomains) [25, 26].

PI3K signaling alterations included activating point mutations in PIK3CA
(22%), which could potentially benefit from PI3K inhibitors; mutations or deletions
of TSC1 (8%), which could potentially benefit from mTOR inhibitors [15] and
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overexpression of AKT3 (10%), potentially responsive to AKT inhibitors [14]. As
mentioned earlier, FGFR3 pathway was also frequently altered, including mutations
(14%) and fusions (2%), all potentially responsive to FGFR inhibitors [15]. FGFR3
mutations were more frequent in lower-stage tumors (21% in T1–T2 vs. 10% in
T3–T4; p = 0.003) and correlated with better survival (p = 0.04) [15]. Other fre-
quent altered pathways with therapeutic implications included amplification of
EGFR (9%, potentially responsive to EGFR inhibitors), mutations of HER3 (6%,
potentially sensitive to HER inhibitors), and mutation or amplification of HER2
(9%, potentially sensitive to HER2 inhibitors) [14]. Of note, the frequency of HER2
alterations was comparable to that of the TCGA HER2-positive breast cancers,
albeit with less amplifications and more mutations [23]. DNA repair pathways also
showed frequent genomic alterations (16%) including mutations in ATM (14%) and
ERCC2 (9%), and deletions in RAD51B (2%) [15], and could indicate respon-
siveness to platinum agents or PARP inhibitors.

5 Other Significant Findings

– Viral DNA integration: RNA-sequencing and WGS data were used to identify
evidence of viral DNA genomic integration due to infection by several virus,
such as cytomegalovirus (CMV), BK polyomavirus, human papilloma virus
(HPV), or human herpes virus (HHV) [14, 15]. The first analysis identified viral
DNAs in 7 of 122 tumors (6%), and viral transcripts in 5 of 122 (4%) [14].
Taking both studies together, there was evidence of infection by CMV (n = 3),
HPV (n = 11), HHV4 (n = 6), HHV5 (n = 6), and polyomavirus (n = 1),
indicating that viral infection might have a role in the development of a small
subset of BC [14, 15].

– Non-coding RNAs (lncRNAs and miRNAs) subdivide mRNA expression sub-
types: The second TCGA study provided for the first time an integrated analysis
of non-coding RNA, including long non-coding RNA (lncRNA) and microRNA
(miRNA). Clustering by lncRNA and miRNA expression was concordant with
the mRNA subtypes while providing further discrimination within them, with
differential epithelial-mesenchymal transition (EMT), CIS scores, histologic
features, and survival [15]. For example, lncRNA cluster 3 was a subset of the
luminal-papillary subtype with a better survival. It was characterized by a low
frequency of TP53 mutations and high frequency of FGRF3 mutations/fusions
and was associated with papillary histology, node-negative disease, or low
T-stage/node-positive cases. Similarly, the four miRNA clusters were concor-
dant with subtypes for mRNA (p = 2.4 � 10−52), lncRNA (p = 1.5 � 10−45),
hypomethylation (p = 4.5 � 10−30) and were associated with histological sub-
type (papillary vs. non-papillary), combined T-stage/node+, node
positive/negative, and CIS gene sets [15]. miRNA subtype 3 was enriched in
lncRNA 3, and had better survival, consistent with low EMT scores. On the
other hand, miRNA subtype 4 and 2 contained most of the basal/squamous
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mRNA subtype, and had relatively poor survival, consistent with relatively high
EMT scores.

– Proteomic data subtypes: The second TCGA study also included for the first
time an unsupervised clustering using reverse phase protein array (RPPA)
proteomic data analysis. This analysis identified five robust clusters with dif-
ferential protein expression profiles, pathway activities, and overall survival
(p = 0.019), several of them displaying alterations suitable for therapeutic
intervention [15]. Proteomic cluster C1 (epithelial/papillary) was associated with
low EMT scores, papillary differentiation, and improved survival. Cluster C2
(epithelial/intermediate) had a more intermediate outcome profile. Both clusters
C1 and C2 are enriched in HER2 expression levels, indicating they might
benefit from HER2 inhibitors [15]. Cluster C3 (proliferative/low signaling) had
a high cell cycle pathway score, low PI3K and mTOR pathway signaling, but
high EGFR expression levels, making it a potential candidate for EGFR-directed
therapies. Clusters C4 and C5 had higher EMT pathway scores, of which cluster
C4 (EMT/hormone signaling) had the worst outcome and was associated with
non-papillary samples and pathologic advanced stage 3 and 4.

6 Survival Univariate and Multivariate Analysis

The second TCGA analysis assessed the correlation of 101 clinical and molecular
variables with overall survival in a univariate and multivariate log-rank test. Of the
101 covariates analyzed by univariate log-rank tests, 13 were selected for multi-
variate Cox regression analysis. LASSO regression analysis was chosen to fit a
multivariate model. The best-survival subtype was set as the reference variable for
each of mRNA, lncRNA, miRNA, and MSig.

The variables with largest coefficients were AJCC stages III and IV, the mRNA
neuronal and luminal subtypes, the low mutation rate MSig 2, and miRNA subtype
4, which is a subset of basal-squamous cases, and KLF4 regulon activity, all of
which were associated with poorer survival. The mRNA luminal-infiltrated subtype,
age, GATA3 regulon activity, and MSig4 were retained with smaller coefficients.
The ranking order from poorer to better survival were: mRNA neuronal subtype,
AJCC stage IV, MSig2, miRNA subtype 4, AJCC stage III, mRNA luminal sub-
type, KLF4 regulon, mRNA luminal-infiltrated, age, GATA3 regulon, and MSig
4.15. Tumor stages III and IV correlated with worse survival and were associated
with a 45% and 112% higher risk of death, respectively, than stage I and II tumors
combined. Mutational signature cluster MSig1 showed a 47% lower risk of death
than MSig4, while cluster MSig2 had a 38% higher risk of death. The mRNA
neuronal subtype had the worse survival outcome and had a 63% higher risk of
death than the basal/squamous subtype. This latter showed no significant risk dif-
ferences with the three luminal subtypes. Finally, miRNA cluster 4, a
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poorer-survival subset of the basal/squamous mRNA subtype as mentioned earlier,
had a 36% higher risk of death than miRNA subtype 1 [5].

7 Subtype-Stratified Potential Treatments

By integrating mRNA subtype classification, altered pathways data, EMT and CIS
signatures, and immune infiltrate analyses, the second study of the TCGA proposed
potential specific therapeutic recommendations for each subtype of MIBC,
depending on their specific molecular landscape, that can be tested in prospective
clinical trials:

– Luminal-papillary subtype: It is characterized by FGFR3 mutation, fusions
and/or amplification, papillary histology and a very low CIS score. This subtype
can be assessed as having relatively low risk for progression, and when diag-
nosed as localized disease, it might not need to be treated with neoadjuvant
chemotherapy (NAC). On the other hand, FGFR3 tyrosine kinase inhibitors
should be tested in patients with metastatic disease.

– Luminal-infiltrated subtype: It has high expression of both EMT and myofi-
broblast markers. It is enriched on immune markers such as PD-L1 and CTLA4,
which is in keeping with the fact this subtype has been reported to benefit from
anti-PDL1 inhibitor atezolizumab [16, 17], as mentioned earlier. Thus, patients
presenting with this molecular subtype could not only benefit from PD-L1
inhibitors on the metastatic setting but also in both the neoadjuvant and post-
operative adjuvant settings. Neoadjuvant cisplatin-based chemotherapy could
also be used but is expected to produce infrequent tumor responses, as this
subtype has been associated with chemoresistance.

– Luminal subtype: It is characterized by a very high expression of luminal
markers (uroplakins). Because this subtype had not been previously described as
a separate entity, the potential therapies are not well defined. Consequently, it
could benefit from NAC for localized disease and/or therapies targeting each
specific molecular alteration.

– Basal-squamous subtype: It is characterized by female enrichment, squamous
differentiation, and basal keratin expression. This subtype has the strongest
immune expression signature (indicating the presence of lymphocytic infiltrates)
and is enriched on immune markers such as PD-L1 and CTLA4. This is illus-
trated by the fact that this subtype also showed benefit in the atezolizumab trials
[16, 17]. This subtype could benefit from NAC for localized disease and from
immune checkpoint inhibitors for the metastatic setting.

– Neuronal subtype: It is characterized by expression of both neuroendocrine and
neuronal markers and a high cell cycle signature indicating a high proliferative
status. Similarly to small cell neuroendocrine tumors originating from other
organs, etoposide-platinum combination chemotherapy should be the preferred
option, in both the neoadjuvant and metastatic setting.
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Finally, the authors suggest that this molecularly driven therapeutic
sub-classification should be prospectively validated in future clinical trials, as well
as tested retrospectively in ongoing or completed clinical trials that assessed similar
treatment strategies.

8 Conclusions

In the past 30 years, the treatment of advanced bladder cancer has barely moved
beyond platinum-based combination chemotherapy and surgery. The recent
approval of the immune checkpoint inhibitor pembrolizumab as second or third line
in the metastatic setting, after showing an improved overall survival, has been the
major breakthrough revolution in bladder cancer therapy of the last decades [11].
However, this immune therapy, in the same way as classical platinum
chemotherapy, is administered to all patients in an unselected manner and no robust
predictive biomarkers of response have been identified. Consequently, a significant
proportion of patients will never benefit from these therapies but we are unable to
predict that in advance given the lack of clinical or molecular biomarkers. That is
why the main objective of the TCGA studies is to provide a comprehensive
molecular characterization of the genetic landscape of MIBC in order to improve
our ability to personalize the therapy of this lethal disease. The two TCGA studies
on urothelial cancer have shown that the molecular landscape of this disease is rich
in several genetic and epigenetic alterations and that up to two-thirds of patients
have potentially actionable mutations. The first TCGA analysis integrated genomic
data from 131 MIBC samples and showed several relevant findings: a high somatic
mutation rate, similar to that of lung cancer and melanoma; statistically significant
recurrent mutations in 32 genes; four mRNA expression subtypes showing a dis-
tinctive molecular landscape; and potential therapeutic targets in 69% of the sam-
ples [14]. The second TCGA study expanded the cohort to 412 samples and
demonstrated several other relevant findings: The high mutational load in BC is
mainly driven by the APOBEC-mediated mutagenesis; tumors with high-APOBEC
and high mutation load had an extraordinary improved survival; mRNA clustering
identified a novel neuronal subtype with small cell neuroendocrine features and
poor survival. Finally, the integration of mRNA subtype classification, altered
pathways data, EMT and CIS signatures, and immune infiltrate analyses provided
one the most important findings of this second TCGA study: the identification of
five expression-based distinctive molecular subtypes with different developmental
mechanisms and distinct therapeutic potential [15]. Although this molecular
sub-classification still needs to be prospectively validated in future clinical trials, it
opens a massive window of opportunities into personalized treatment of bladder
cancer.
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Abstract
Testicular cancer is a rare urological malignancy with high cure rate. The
development of highly effective systemic treatment regimens along with
advances in surgical treatment of advanced disease has led to continued
improvement in outcomes. Patients with testicular cancer who are treated
following the treatment guideline mostly achieved high quality of life and
long-term survival. However, patients who were identified as having
non-guideline directed care were at significantly higher risk of relapse. In this
book chapter, we introduce in depth the modern management of testicular
cancer, including diagnosis, staging and risk stratification, treatment strategies of
seminoma and non-seminoma germ cell tumors, follow-up protocols, and
salvage treatment for disease relapse. We also review new studies and updates
on medical and surgical management of advanced testicular cancer.

Keywords
Germ cell tumor � Non-seminoma � Seminoma � Active surveillance
Chemotherapy � Retroperitoneal lymph node dissection � Radiotherapy
Relapse � Salvage treatment

1 Introduction

Testicular cancer is a rare urological malignancy in the USA, with 8850 new
diagnoses and 410 deaths estimated in 2017 [1]. Testicular cancer is also one of the
most curable solid malignancies with cure rates of 99–100% for Stage I disease and
70–80% for Stage II and III disease. The development of highly effective
chemotherapy regimens along with advances in surgical treatment of advanced
disease has led to continued improvement in outcomes. Today, most patients pre-
senting with disease confined to the testicle will not require any further therapy and
are appropriate candidates for surveillance [2]. Patients presenting with dissemi-
nated disease can be cured with a combination of risk-adapted chemotherapy and
surgery for significant residual masses. Testicular cancer is a highly curable disease
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even in its most advanced stages. Also, the patients at presentation are at typical
young age. This means patients can enjoy high-quality, long-term survival, and
thus, treatment decisions are of paramount importance in this disease. The modern
concept of testicular cancer management is achieving high and durable cure rates
while minimizing the burden of treatment given the potential long-term toxicities
associated with systemic therapies.

Following the treatment guideline, most patients achieved high quality of life
and long-term survival. However, patients who were identified as having
non-guideline directed care were at significantly higher risk of relapse [3]. This
chapter focuses on the diagnosis and modern management of testicular germ cell
tumors (GCTs).

2 Pathology Classification

The 2004 World Health Organization classification of testicular tumors is based on
morphology [4] and includes two main groups: testicular germ cell tumors (GCTs)
and sex cord–stromal tumors (SCSTs), accounting for approximately 95 and 4% of
all testicular tumors, respectively.

2.1 Germ Cell Tumors (GCTs)

Seminoma
Pure seminoma constitutes 45–50% of all post-pubertal GCTs. They can also arise
mixed with other morphological types [5]. Some seminoma may contain syncy-
tiotrophoblastic cells without other elements, and these may be associated with mild
elevation of serum b-human chorionic gonadotropin (b-hCG).

Non-seminoma

• Embryonal carcinoma (ECCs)
Pure ECCs account for only 3% of all GCTs, but are seen in 80–90% of all
non-seminoma germ cell tumors (NSGCTs). Pure ECCs occur in the third to
fourth decade [6] and are rare in pre-pubertal boys [7].

• Yolk sac tumor (YSTs)
Pure YSTs are the most common GCTs of infants and young boys. In post-pubertal
boys, they are usually seen as a component of NSGCTs in about 50% of cases [8].
However, the YSTs in infants are ontogenically and clinically different from
post-pubertal YSTs and have a better prognosis. Ninety-five to 100% of patients
with YSTs components have elevated serum a-fetoprotein (AFP) levels.
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• Choriocarcinoma
Choriocarcinoma is uncommon in its pure form (<1% of GCTs) and may be a
component of mixed GCTs in up to 15% of cases. In its pure form, it is associated
with high b-hCG levels and usually presents with visceral metastasis.

• Teratoma
Testicular teratomas in their pure form occur in children aged <4 years and are
ontogenically and clinically different from their post-pubertal counterparts.
Post-pubertal teratomas are seen as a component of mixed GCTs. Irrespective of
their degree of differentiation (mature or immature), all post-pubertal teratomas are
considered malignant. In mixed GCTs, teratomatous components are often the
only recognizable part of the tumor after spontaneous regression or chemotherapy.

2.2 Sex Cord–Stromal Tumors (SCST)

Leydig cell tumor
Leydig cell tumors are the most common testicular SCST and account for up to 3%
of all testicular neoplasms [9]. Most occur in adults and may be accompanied by
hyperestrinism and gynecomastia. In boys, they are usually associated with pre-
cocious puberty. Ten percent of Leydig cell tumors will metastasize.

Sertoli cell tumor
Sertoli cell tumors comprise <1% of all testicular tumors and have no age
predilection. Gynecomastia is evident in one-third of patients, and 10% of these
tumors can metastasize.

3 Diagnosis

3.1 Symptoms

Germ cell tumors (GCTs) usually present as asymptomatic testicular enlargements
or defined intratesticular lesions. Although most patients present with a painless
testicular mass, pain can be present in about 25% of patients.

3.2 Basic Evaluation

Any patient who presents with signs or symptoms of testicular cancer should
undergo a testicular ultrasound and serum tumor markers: b-hCG, AFP, and lactate
dehydrogenase (LDH).

276 J. Chen and S. Daneshmand



Testicular ultrasound
Combined with a physical examination, the sensitivity of ultrasound to detect tes-
ticular tumors approximates 100%. It is critical to image both testicles to document
the status of the contralateral testicle as a small percentage of patients can present with
bilateral testicular tumors. In addition, 2–3% of patients will develop a contralateral
tumor during follow-up and comparison to the scans at presentation can prove critical
[10]. Patient who have equivocal lesions particularly those <1 cmwith normal tumor
markers should undergo a repeat evaluation with ultrasound within 6 weeks [11].

The majority of testicular tumors <1 cm will prove to be benign. Benign tes-
ticular masses that can mimic malignant tumor on imaging include hematomas,
focal infarction or infection, or epidermoid cysts, which have a very characteristic
appearance on ultrasound [12].

More advanced ultrasound imaging such as contrast-enhanced ultrasonography
(CEUS) and real-time sonoelastography (RTSE) can improve diagnostic accuracy.
CEUS uses microbubbles injected intravenously to assess vascularity of lesions,
and RTSE assesses tissue elasticity [13–15]. However, neither of these modalities is
widely available and has not become a standard part of imaging for the primary
testicular tumors.

Tumor markers
Tumor markers are secreted by the testicular cancer and should be measured before,
during, and after treatment. These markers are capable of detecting tumors that
cannot be demonstrated by currently available imaging techniques. Also, the tumor
cell population may change, resulting in a different expression pattern of markers.
For example, the primary tumor may secrete only AFP, while metastases may
produce only b-hCG, or vice versa.
AFP and/or b-hCG are elevated in 65–80% of patients with advanced NSGCTs.
b-hCG is elevated in around 25% of seminoma, but AFP is never elevated in pure
seminoma [16]. LDH is used as a serum tumor marker for seminoma, although
LDH is less specific than AFP or b-hCG. However, elevated serum LDH can be
used as an independent prognostic variable in advanced disease [17].

The American Society of Clinical Oncology (ASCO) has suggested the fol-
lowings on the use of serum tumor markers in adult men with GCTs [16]:

• Markers cannot be used to screen for GCTs, to decide whether orchiectomy is
indicated, or to select treatment for patients with cancer of unknown primary
origin.

Table 1 Tumor marker half
life

AFP 3.5–6 days

b-hCG 16–24 h

LDH 24 h
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• To stage patients with non-seminoma germ cell tumors (NSGCTs), it is recom-
mended to measure AFP, b-hCG, and LDH before and after orchiectomy and
before chemotherapy for those with extragonadal NSGCTs.

• AFP and b-hCG should be measured shortly before retroperitoneal lymph node
dissection and at the start of each chemotherapy cycle for NSGCTs, and peri-
odically to monitor for relapse.

• Post-orchiectomy b-hCG and LDH measurements are recommended for patients
with seminoma and pre-orchiectomy elevations.

• Tumor markers should not be used to guide or monitor treatment for seminoma or
to detect relapse in those treated for Stage I disease. However, measuring b-hCG
and AFP to monitor relapse in patients treated for advanced seminoma is rec-
ommended (Table 1).

3.3 Imaging

Computed tomography (CT)
The imaging of choice in assessment of metastatic GCTs is computed tomography
(CT). CT is readily available at most hospitals, does not require specialized pro-
tocols, has excellent reproducibility, and affords comparison evaluation even when
done at different centers [18]. The concern about radiation exposure is subjugated
by the subsequent need for systemic treatment of disseminated disease. Many
centers are now routinely offering low-dose CT techniques to minimize the risk of
radiation exposure, particularly since young patients with metastatic disease will
require multiple scans during treatment and follow-up surveillance. Low-dose
protocols can still produce high-quality scans which can be used to measure tumor
size and treatment response [19].

Initial evaluation of patient with GCTs should include a CT scan of the chest,
abdomen, and pelvis with intravenous contrast which is the basis for clinical staging
and risk stratification.

• CT abdomen and pelvis
The determination of nodal enlargement is critical in the staging of metastatic
GCTs. In the Response Evaluation Criteria in Solid Tumors (RECIST) version
1.1, a lymph node greater than 15 mm would be considered abnormal [20].
Certainly, smaller lymph nodes may harbor metastatic disease and the size of
normal lymph nodes varies in the retroperitoneum of healthy young patients. In
one study using 10 mm diameter as the threshold, there was a 37% sensitivity for
malignancy although the specificity was 100% [21]. Another study looked at
8 mm as the cutoff for a normal lymph node in the retroperitoneum, with the
sensitivity and specificity being about 70% [22]. There is no true consensus on
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the threshold for abnormal lymph nodes in the retroperitoneum. The most
accepted measurement is the short diameter on axial section, although studies
have varying measuring criteria. The clinician needs to consider additional cri-
teria such as nodal shape, distribution, presence of fat within the node (seen in
normal lymph nodes), as well as location. The isolated presence of enlarged
lymph nodes within the landing zone for the affected testicle laterality should
raise suspicion for metastatic disease. The decision to treat patients with
chemotherapy however should not rely solely on enlarged lymph nodes since 20–
30% of patients with clinical Stage II disease based on radiographic findings will
be found to have normal lymph nodes on pathology [23, 24].

• CT chest
A full evaluation of metastatic disease should include a CT scan of the chest
given the high prevalence of pulmonary nodules [25]. Most identifiable pul-
monary nodules are due to metastatic disease except for rare calcified foci [26].
Over half of the patients with retroperitoneal lymph node metastases have con-
comitant pulmonary metastases, while about 10% have isolated disease in the
lungs [27]. However, the incidence of pulmonary involvement in patients with
pure seminoma is far less common (<5%) [28].

Bone scan

The incidence of bone metastases is rare, and bone scan should be limited to
patients with symptoms or suspicion of bone involvement on CT scan [29].

Positron emission tomography (PET)

PET scans should not be used routinely in initial evaluation of patients with
metastatic GCTs since it does not add to the staging information or clinical decision
making.

PET scans have been increasingly used in the evaluation and follow-up of
patients with metastatic cancer. The most common tracer used is 2–18
fluoro-2-deoxy-D-glucose (FDG) performed in conjunction with CT images. In
metastatic GCTs, the major three limitations of PET scan are (1) extensive FDG
uptake with inflammation; (2) poor detection of small lesions; (3) cannot distin-
guish mature teratoma from necrosis in the evaluation of treated disease [30].
Although GCTs generally have high FDG uptake, several prospective trials have
proven the limitations of PET scans to detect teratomas or metastatic lesions <1 cm
[31–33]. Theoretically, PET scan should help distinguish necrosis from active
residual disease, and the inflammatory reaction associated with treatment response
leads to significant false positive results [31]. Even with sufficient time to allow
inflammation to subside, PET scans will not distinguish fibrosis from teratoma in
NSGCTs and hence do not change the management in this setting.
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PET scans have also been extensively used to predict pathologic response to
chemotherapy. The German multicenter PET study group reported on 121 patients
with NSGCTs who underwent post-chemotherapy residual tumor resection. The
prediction of pathological viable residual disease based on PET scan was only 56%
and not superior to CT or serum tumor markers [34]. In prospective clinical trials
including 85 lesions from 45 patients, the positive and negative predictive values
for PET scan to detect viable disease were 91 and 62%, respectively. Importantly, in
patients with multiple residual masses, increased FDG uptake in all lesions was a
strong predictor of pathologic viable disease [35]. However, expert consensus is
that there is very little role for FDG-PET imaging in the management of NSGCTs
given the above-mentioned limitations and lack of guidance on whether to proceed
with resection tumor resection [36].

In the pure seminoma setting, where there is no concern about finding teratoma
and surgery is often more difficult and morbid, PET scans may have a role in
detection of residual viable disease. In the SEMPET trial, 127 patients with residual
masses following chemotherapy had an FDG-PET scan for metastatic seminoma.
The sensitivity, specificity, negative predictive value (NPV), and positive predictive
value (PPV) for viable disease were 82, 90, 95, and 69%, respectively, when the
PET scan was performed 6 weeks following chemotherapy [37, 38]. In a recent
meta-analysis, 375 PET scans or PET/CTs were evaluated in nine studies showing
sensitivity of 78%, specificity of 86% with a PPV of 58% and NPV of 94%.

Thus, for seminoma, given the high probability of finding fibrosis/necrosis in the
post-chemotherapy setting for residual masses <3 cm, the current recommendation
is to obtain an FDG-PET scan for masses >3 cm at least 6–8 weeks following
completion of chemotherapy. Lesions which are not avid on FDG-PET can be
followed carefully. If the mass is <3 cm, the use of an FDG-PET scan is optional,
since the general recommendation is careful surveillance. It is important to note that
false positives are common and management should be individualized. In equivocal
cases, a biopsy can be performed to rule out viable disease.

Table 2 Serum tumor marker staging (S)

LDH (U/liter) b-hCG (mIU/ml) AFP (ng/ml)

SX Marker studies not available or not done

S0 Normal Normal Normal

S1a <1.5 � normal <5000 <1000

S2b 1.5–10 � normal 5000–50,000 1000–10,000

S3b >10 � normal >50,000 >10,000

For staging, serum levels of tumor markers are measured after radical orchiectomy
aAll the markers must be in the stated range to be considered S1
bOnly one marker needs to be in the stated range to be considered S2 or S3
AFP a-fetoprotein; b-hCG b-human chorionic gonadotropin; LDH lactate dehydrogenase
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Indication for brain imaging
Brain metastases are rare in GCTs, and brain imaging should only be considered in
patients with neurologic symptoms or those with International Germ Cell Cancer
Collaborative Group (IGCCCG) poor risk disease [17]. Patients with pure chorio-
carcinoma also carry an increased risk of brain metastases [39]. Magnetic resonance
imaging (MRI) is the modality of choice for evaluation of the central nervous
system which has a higher sensitivity than CT scan in detection of metastatic
disease [40].

Table 3 Stage grouping

Stage T N M S

Stage 0 Tis (in situ) N0 M0 S0

Stage I T1–T4 N0 M0 SX

Stage IA T1 N0 M0 S0

Stage IB T2–T4 N0 M0 S0

Stage IS Any T N0 M0 S1–S3

Stage II Any T N1–N3 M0 SX

Stage IIA Any T N1 M0 S0–S1

Stage IIB Any T N2 M0 S0–S1

Stage IIC Any T N3 M0 S0–S1

Stage III Any T Any N M1 SX

Stage IIIA Any T Any N M1a S0–S1

Stage IIIB Any T N1–N3 M0 S2

Any T Any N M1a S2

Stage IIIC Any T N1–N3 M0 S3

Any T Any N M1a S3

Any T Any N M1b Any S

Table 4 IGCCCG criteria defining good, intermediate, and poor risk germ cell tumors

AFP b-hCG LDH Tumor site

Good risk <1000 ng/mL <5000 mU/mL <1.5 � ULN Gonadal or
retroperitoneal
primary

Intermediate
risk

1000–10,000 ng/mL 5000–50,000 mU/mL 1.5–10.0 � ULN Gonadal or
retroperitoneal
primary

Poor risk � 10,000 ng/mL � 50,000 mU/mL � 10.0 � ULN Mediastinal primary
site; Non-pulmonary
visceral metastases

Intermediate and poor risk patients should receive 4 cycles of PEB, whereas good risk can be treated with
3 cycles of PEB. Note Seminoma patients can only be classified as poor risk due to presence of
mediastinal primary, not by markers alone
AFP a-fetoprotein; b-hCG b-human chorionic gonadotropin; LDH lactate dehydrogenase
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4 Staging and Risk Stratification

Testicular cancers are staged using the TNM classification as with most other
cancers. Additional stratification includes histologic type (seminoma/
non-seminoma), tumor marker level, primary site (testicular/extragonadal), and
the presence or absence of non-pulmonary visceral metastasis. The TNM stage
along with the tumor marker elevation (measured post-orchiectomy) called the S
stage is combined to form the stage group (Tables 2 and 3).

To develop reliable prognostic groups, a new staging classification is prevalently
used. The International Germ Cell Cancer Collaborative Group (IGCCCG) pooled
data from 5862 patients with metastatic GCTs from 10 countries which formed the
IGCCCG risk classification (Table 4) [17]. The IGCCCG classifies patients into
good, intermediate, or poor prognosis groups based on level of marker elevation
and site of disease which in turn has been incorporated into the TNM system.
Approximately 65% of patients with metastatic non-seminomas in modern series
fall into the good prognosis group with survival rates of about 97% [41, 42]
(Fig. 1). Most patients (>95%) of patients with metastatic seminoma fall into the
good prognosis group with survival rates of >95% [43]. Intermediate risk patients
include about 20% of the metastatic non-seminomas and only 3% of seminomas
with overall survival rates of about 90% [44, 45]. Only non-seminomas have poor
prognosis grouping comprising of about 20% of patients with metastatic disease
with survival rates of 65–70% [46].

Fig. 1 IGCCCG risk group distribution of metastatic non-seminomas and metastatic seminoma
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5 Management for non-seminoma germ cell tumors
(NSGCTs)

5.1 Clinical Stage I

Three post-orchiectomy management strategies are recommended, active surveil-
lance (AS), primary retroperitoneal lymph node dissection (RPLND), and adjuvant
chemotherapy with one or two cycles of bleomycin, etoposide, and cisplatin
(BEP) (Fig. 2). Either of these three management strategies has a cure rates
approaching 100%.

Retroperitoneal lymph node dissection (RPLND)
RPLND has been utilized for treating germ cell tumors (GCTs) since the 1900s, and
there is ample data on its long-term efficacy and safety. As opposed to
chemotherapy, surgery is not associated with cardiopulmonary disease, secondary
malignancy, or metabolic syndrome. The procedure alone reduces the probability of
requiring subsequent chemotherapy by half and eliminates the need for abdominal
CT scans during follow-up. However, primary RPLND does not eliminate the risk
of recurrence outside the retroperitoneum (5–8% of all recurrences in Stage I and
30% of patients with pathological Stage II disease).

Fig. 2 Management of clinical Stage I NSGCTs
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RPLND carried outside the high-volume centers is associated with higher infield
recurrence rate and higher morbidity [47]. In addition, if positive lymph nodes are
detected on primary RPLND, patients still need two cycles of
bleomycin/etoposide/cisplatin BEP adjuvant chemotherapy. Therefore, in Europe
and Canada, consensus guidelines no longer recommend primary RPLND for
Stage I NSGCTs, while the National Comprehensive Cancer Network (NCCN)
guidelines still list RPLND as an option [48, 49].

Adjuvant chemotherapy
Adjuvant chemotherapy with one or two cycles of BEP reduces the risk of Stage I
non-seminoma germ cell tumors (NSGCTs) recurrence to 3–4%. Thus, adjuvant
chemotherapy has since been considered a standard management option [47, 50, 51,
52]. One cycle of chemotherapy is associated with higher relapse rate than two
cycles of chemotherapy, but with less related toxicity [47, 51].

Clinical Stage IS refers to the presence of rising serum tumor markers after
orchiectomy without visible enlarged retroperitoneal lymph nodes or distant dis-
ease. In this setting, chemotherapy (three cycles of BEP or four cycles of
etoposide/cisplatin (EP)) is preferred over RPLND since the site of disease cannot
be confirmed. RPLND for Stage I NSGCTs has relapse rates up to 50%, compared
to <1% relapse when managed with chemotherapy [53].

Active surveillance (AS)
The main rationale for AS is that, even when disease replase, systemic
chemotherapy is highly effective and thus, the majority of patients with Stage I
NSGCTs after orchiectomy can be spared the primary RPLND or the adjuvant
chemotherapy.

Large prospective studies of AS showed overall Stage I NSGCTs cure rates
exceeding 98% and were compared favorably with RPLND and adjuvant
chemotherapy. Relapse and survival rates were similar among trials [54–61]. Fifty
to 85% of patients are unnecessarily exposed to RPLND due to the failure of current
preoperative staging evaluations to predict pathological Stage I disease reliably.
Similar proportion of patients are exposed to unnecessary chemotherapy and
associated toxicity. AS spares 70–75% of all unselected patients the burden of any
active treatment and thus minimizes treatment-related morbidity.

5.2 Clinical Stage IIA (Tumor Marker Negative)

The majority of Stage IIA NSGCTs patients are treated with chemotherapy as per
the International Germ Cell Cancer Collaborative Group (IGCCCG) recommen-
dations [62]. However, 12–35% of these patients are found to have pathologically
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negative lymph nodes (pathological Stage I) at RPLND [62–65]. Moreover, 30% of
patients can have retroperitoneal teratoma that is resistant to chemotherapy [62].
Hence, to avoid overtreatment, patients with borderline-enlarged 1–2 cm
retroperitoneal lymph nodes and negative tumor markers may be treated with initial
AS or primary RPLND to clarify stage, reserving chemotherapy for progressing
lymph nodes or increasing marker levels (Fig. 3).

If initial AS is chosen, abdominal imaging should be performed within 6–
12 weeks. If lymph nodes spontaneously shrink, it is likely to be non-malignant and
the patient can continue AS. A stable or single growing lymph node with normal
tumor markers is possibly teratoma-predominant disease, and RPLND should be
performed, with the goal of curative monotherapy. In case of single or multiple

Fig. 3 Management of clinical Stage IIA non-seminoma germ cell tumors (tumor marker negative)

Fig. 4 Management of clinical Stage IIA (marker elevated), Stage IIB/C, and Stage III
non-seminoma
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growing lymph nodes and/or rising tumor markers, three cycles of BEP should be
offered because of higher possibility of non-teratomatous germ cell components.
Regardless of the chosen approach, the cure rate for Stage IIA NSGCTs is 98–
100%, and therefore treatment should be decided by taking into consideration the
acute and long-term toxicity profile of each option.

5.3 Clinical Stage IIA (Marker Elevated), II B/C, and Clinical
Stage III

Cisplatin-based combination chemotherapy is the treatment of choice for Stage II
and III NSGCTs and is typically incorporated after orchiectomy but before RPLND.
The chance of cure is dependent more on risk classification by IGCCCG than by
stage (Fig. 4).

Good prognosis group
The good prognosis group comprises 60% of all metastatic testicular germ cell
tumors (TGCTs) patients and has an excellent 5-year survival rate of 91% [61]. The
standard first-line treatment for good prognosis patients is three cycles of BEP or, in
selected cases where bleomycin is contraindicated, four cycles of EP.

Intermediate and poor prognosis group
The intermediate prognosis group compromised 26% of all metastatic patients and
had a 5-year survival of 79% [61]. The poor prognosis group represented 14% of all
metastatic patients and had a 5-year survival of only 48% in the IGCCCC study
[61]. However, it is generally believed with better supportive care (e.g., antiemetics,
or colony-stimulating factor support), use of etoposide in place of vinblastine, and
improvements with salvage second-line therapy, the outcomes are better in the
modern era. The standard first-line treatment for intermediate and poor prognosis
patients is four cycles of BEP, or if bleomycin is contraindicated, four cycles of
etoposide, ifosfamide, and cisplatin (VeIP).

Benefit and side effects of eliminating bleomycin
Concern about pulmonary toxicity has resulted in evaluation of four cycles of EP as
an alternative to BEP. Pulmonary toxicity presents with a multitude of syndromes,
including bronchiolitis obliterans with organizing pneumonia (BOOP) [66], eosi-
nophilic hypersensitivity [67], and interstitial pneumonitis with progression to
pulmonary fibrosis [68]. Mortality from bleomycin interstitial pneumonitis is esti-
mated at 3% [69]. Patients at higher risk of developing bleomycin toxicity include
those with lower glomerular filtration rate (GFR) and older age [69, 70]. This
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concern led to study of EP for four cycles as an alternative to BEP three cycles in
good risk patients (GETUG T93BP) [42]. Of the 270 subjects randomized, the
four-year event-free survival rate was 91% for three cycles of BEP and 86% for four
cycles of EP (HR 0.58, 95% CI 0.29–1.19, p = 0.135). Although not statistically
significant, the trend clearly favors inclusion of bleomycin. Pulmonary toxicity
occurred in 9% of subjects on the cycles of BEP arm and 6% of subjects on four
cycles of EP arm with no fatal toxicity in either group.

Toxicities which occur at higher rates when a forth cycle of cisplatin is
administered include peripheral neuropathy, ototoxicity, and infertility [71, 72].
Both cisplatin and etoposide cumulative doses are also associated with increasing
risk of secondary malignancy, primarily myelodysplastic syndrome and leukemia
[73, 74]. For these reasons, it is often preferable to give three cycles of BEP, but
these trade-offs can be discussed with patients to facilitate informed shared decision
making.

The salvage regimen of pacliTaxel, Ifosfamide, and cisPlatin (TIP) is being
investigated as frontline regimen for intermediate and poor risk patients, to provide
an alternative to PEB. The multi-institutional phase II surpassed its benchmark,
with 68% of patients achieving complete response, and now TIP is being compared
directly to four cycles of PEB for intermediate and poor risk testis cancer patients in
a randomized trial (NCT01873326) [75].

Alternative regimens for platinum ineligible patients
Because carboplatin has been associated with inferior rates of cure when substituted
for cisplatin in both BEP and EP for testis cancer, every effort is made to utilize
cisplatin [76, 77]. The fractionated nature of the BEP or EP regimens makes it
feasible to dose cisplatin even in renal impaired patients.

Table 5 Follow-up schedule for testicular germ cell tumors (TGCTs)

Follow-up year

1 2 3–5 6–10

Physical
examination

Every
3 months

Every
3 months

Every
6 months

Every
12 months

Tumor markers Every
3 months

Every
3 months

Every
6 months

Every
12 months

Chest X-ray Every
3 months

Every
3 months

Every
6 months

Every
12 months

CT abdomen and
pelvis

Every
6 months

Every
6 months

As indicated As indicated

CT chest As indicated As indicated As indicated As indicated
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5.4 Follow-up

Four to eight weeks after the completion of first-line chemotherapy, determination
of tumor markers and re-staging CT should be performed. Seventy to 90% of
metastatic GCTs will achieve complete remission with normalization of tumor
markers and complete radiographic response [78–80], require no further treatment
and surveillance is a preferred option [80]. For those who have persistently high or
increasing levels of tumor markers and/or residual masses, post-chemotherapy
RPLND (PC-RPLND) is warranted.

The objectives of follow-up are detection of disease recurrence, treatment-related
morbidity, and prevention and detection of long-term complications such as sec-
ondary malignancies and cardiovascular disease. Follow-up visits should include
regular physical examination, tumor marker measurement, and repeat imaging. The
frequency and option of imaging depend on the estimated relapse risk, and the time
that has elapsed since treatment completion. However, follow-up schedules have
never been validated prospectively and therefore several schedules exist and may be
valid. Table 5 gives an example of one follow-up schedule.

5.5 Post-chemotherapy RPLND (PC-RPLND)

Indications
PC-RPLND is one of the most technically challenging operations in urology and
requires significant expertise in retroperitoneal surgery as well as vascular tech-
niques. A thorough understanding of the abdominal and retroperitoneal anatomy is
critical in assuring optimal outcomes (Fig. 5).

• In patients with NSGCTs, any residual radiographic tumor >1 cm is indication
for a PC-RPLND. Several models have been developed to predict the
retroperitoneal histology and streamline indications for resection of the residual
mass. These models have included predictors of necrosis, which include the

Fig. 5 Indications of post-chemotherapy RPLND
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absence of teratoma in the orchiectomy specimen, normal b-hCG levels, small
masses prior to surgery, and significant response to chemotherapy in terms of
volume. An update of this model in more than 1000 patients did not reliably
predict necrosis to change recommendations for resection [81].

• Patients who have declining tumor markers that do not normalize but plateau
should also be considered for PC-RPLND. Cystic teratomas may contain elevated
tumor markers that can continuously leak into the bloodstream which explain the
elevated but stable tumor markers in this setting [82].

• Patients who present with significantly elevated b-hCG levels above
50,000 mU/ml prior to initiation of chemotherapy may not completely normalize
their markers following adequate chemotherapy and should be considered for
PC-RPLND if there is a residual mass present [83].

• Patients with obvious rising tumor markers during or following completion of
chemotherapy may have cisplatin-resistant disease or progression of disease and
should be considered for salvage therapy (salvage ifosfamide-based therapy or
high-dose chemotherapy with autologous stem cell transplantation). Surgical
resection should only be considered in select cases of isolated resectable disease
[36].

Situations that PC-RPLND can be withheld
It is imperative that expert radiologist as well as the surgeon reviews the
cross-sectional imaging prior to as well as following response to chemotherapy to
determine the extent of residual disease. Patients who achieve complete serologic
and radiographic complete response to first-line chemotherapy are at very low risk
for relapse. As many as 30% of patients with residual lymph nodes <1 cm may
harbor teratoma or even viable GCTs, prompting a few centers to recommend
PC-RPLND for all patients following risk-adapted chemotherapy regardless of
radiographic response [84]. Recent series from several centers however suggest that
patient with residual disease <1 cm may be safely observed with a cancer-specific
survival of 97–100%. From a total of 431 patients in these series, there were only
22 retroperitoneal recurrences all of whom were salvaged by delayed PC-RPLND if
the mass contained residual teratoma [85] (Table 6).

Table 6 Outcome of patients undergoing surveillance following complete or partial response <1
cm residual retroperitoneal mass) with induction chemotherapy

Patients Median follow-up
(years)

RFS
(%)

CSS
(%)

DOD Unnecessary
RPLND

Indiana 141 15.5 90 97 4 (3%) 135 (96%)

Oregon/UBC 161 4.3 94 100 0 (0%) 153 (95%)

PMH 129 7 92 99 1 (0.8%) 119 (92%)

PMH Princess Margaret Hospital; UBC University of British Columbia; RFS recurrence-free
survival; CSS cancer-specific survival; DOD dead of disease
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Surgical approach and templates
Controversy still exists regarding the exact template of dissection in PC-RPLND.
Depending on the template used, extra-template disease has been detected in 7–
32% of cases in a series from Memorial Sloan Kettering [86]. However, several
retrospective series have shown that bilateral dissection may not be required in all
cases of PC-RPLND [87–90]. In 98 patients undergoing a modified template,
Heindenreich found eight recurrences during a mean follow-up of 39 months, only
one of which had an infield relapse [88]. In another study from Indiana University,
the authors reported a relapse rate of 4% in a series of 100 patients who underwent
modified template PC-RPLND with all recurrences outside the boundaries of a full

Fig. 6 Thoracoabdominal incision allowing dissection of mass in the retrocrural area (white arrow,
filled with hemostatic agents) (a), contiguous with the posterior mediastinum (b)

Fig. 7 Two-team approach
to simultaneous neck and
abdominal resection
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bilateral template [89]. Modified template PC-RPLND may be appropriate for
patients with unilateral localized tumors <5 cm or no palpable residual disease,
left-sided primaries, and right-sided testis cancer with absence of mature teratoma
or viable cancer in the residual masses [87–89].

The surgical approach should also be adapted to the size and location of the
mass. Most PC-RPLND can be approached through a midline incision. Those
requiring suprahilar dissection, large masses requiring a nephrectomy, or significant
retrocrural disease may be best approached through a thoracoabdominal incision or
a midline incision extended to the costochondral margin. Thoracoabdominal inci-
sions allow for concomitant resection of ipsilateral lung lesion or lower posterior
mediastinal lesions, (Fig. 6). If a neck dissection is indicated, it can be performed
simultaneously along with a PC-RPLND (Fig. 7); however, complex mediastinal
masses are probably best approached in a staged manner to reduce complication
rates. In patients with known teratoma or viable GCTs metastasis, all visible
extraretroperitoneal disease should be resected. In patients with necrosis in the
retroperitoneum, extraretroperitoneal disease should be excised if feasible, although

(a) Bilateral template on the right (b) Bilateral template on the left

Fig. 8 Midline extraperitoneal (EP) PC-RPLND
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surveillance represents an alternative strategy for select patients. An individualized
surgical approach should be made based on metastatic pattern, prior disorders,
patient factors, and institutional considerations [90].

University of Southern California reported on RPLND using a midline incision
that is completely extraperitoneal (EP) to minimize the complications associated
with entering the peritoneal cavity (Fig. 8). In this series of EP-RPLND comprising
69 patients (41 PC-RPLNDs), there were no cases of ileus and the mean hospital
stay was three days. Nineteen patients (28%) had masses >10 cm [91].

Minimally invasive RPLND
Minimally invasive (laparoscopic or robotic) PC-RPLND is a technically
demanding procedure, and so far only case reports or small series have been
reported by a few experienced surgeons at dedicated centers. Most of these series
have generally been limited to small-volume masses. Although techniques have
evolved, earlier laparoscopic series reported significant conversion rates to open
surgery. Calestroupat et al. [92] reported on 26 patients who underwent laparo-
scopic PC-RPLND which included excision of the residual mass plus unilateral
template dissection only. In this series, three patients were converted to open sur-
gery and there were eight lymphovascular and one intestinal complication. More
recently Steiner et al. reported on laparoscopic PC-RPLND on 100 patients with
low-volume Stage II disease. Although complication and open conversion rates
were low, 71% had unilateral template dissections and the mean transverse diameter
of the residual mass was only 1.4 cm, with 57 patients having residual mas-
ses <1 cm in size, which we would consider for surveillance [93]. More recently,

Fig. 9 Adjuvant surgery a bilateral template on the right and b bilateral template on the left
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several surgeons have described their experience with robotic-assisted laparoscopic
RPLND with fewer conversions and complications [94, 95]. Stepanian et al.
reported 20 procedures in 19 patients. There were no open conversions or trans-
fusions. There was one ureteral transection that was repaired at the time of surgery.
Two patients had ejaculatory dysfunction after surgery [94]. Pearce et al. reported a
multicenter series of primary R-RPLND for low-stage NSGCTs. Of the 47 patients
studied, there were two intraoperative complications (4%), four early postoperative
complications (9%), no late complications, and the rate of antegrade ejaculation was
100% [95]. The patients in these two studies had predominantly Stage I (80%) or II
(17%) disease, and only two cases were post-chemotherapy. In that regard,
although minimally invasive PC-RPLND may be technically feasible in select
cases, the results may not be generalizable or reproducible at other lower-volume
centers.

Adjuvant surgery
Twenty percent patients undergoing PC-RPLND need adjuvant surgery. The most
commonly performed additional procedure is a left nephrectomy followed by
vascular resection including en bloc vena cava and/or aortic resection (Fig. 9) [96].
These procedures are necessary when the residual masses cannot be safely sepa-
rated from adjoining structures. The need for adjuvant procedures escalates with
increasing complexity of the residual tumor and worse IGCCCG risk classification.
Complete surgical resection of all residual disease is critical to assure optimal
outcomes. Teratomas can invade the vena cava, presenting as a filling defect within
the lumen of the great vessel (Fig. 10). Resection of the residual mass along with
tumor thrombectomy or vena cavectomy is often curative.

Fig. 10 Intraoperative vena cavoscopy revealing intraluminal mass
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Complications of PC-RPLND
Complications of PC-RPLND range from 7 to 30% and are obviously higher than
for primary RPLND. Short-term complications include wound infection, ileus,
chylous ascites, renovascular injury, neurologic injuries, with mortality rates
of <1% in expert centers. Long-term complications are rare and include incisional
hernia, bowel obstruction, and ureteral obstruction (1%) [97]. Tumor size and
location are the primary predictors of complication rates. Retrograde ejaculation is a
common consequence of bilateral PC-RPLND; however, experts performing
nerve-sparing techniques can achieve antegrade ejaculation rates of >80% [97].
Modifications to the RPLND technique, such as with an extraperitoneal approach,
have been shown to reduce short-term morbidity in particular, significantly lower
rates of ileus [91].

Growing teratoma syndrome
A small subset of patients have growth of the metastatic tumor despite normal-
ization of tumor markers. It is important to recognize this clinical scenario known as
growing teratoma syndrome (GTS) since they may be erroneously categorized as
non-response to primary chemotherapy. The masses all have cystic features with
necrosis elements on radiographic evaluation signifying response of the malignant
elements to treatment with chemo-resistant teratoma in the cystic portions. Growth
rates are variable with median growth rate of 0.5 cm/month in our series, with only
40% of the patients harboring teratoma in the primary orchiectomy specimen [98].
Appropriate management is completion of planned chemotherapy (unless the mass
is symptomatic), followed by complete surgical resection. The prognosis is excel-
lent when pathology contains only mature teratoma.

Resection of residual retroperitoneal mass following salvage chemotherapy.
Mass was circumferentially surrounding and densely adherent to aorta and left renal

Fig. 11 Management of clinical Stage I seminoma
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hilum necessitating nephrectomy and en bloc aortic resection. An aorto-bi-iliac
graft was placed as interposition.

6 Management for Seminoma

6.1 Clinical Stage I

Eight-five percent of all seminomas are clinically Stage I at the time of diagnosis
[99]. Compared to non-seminomas, seminomas are less likely to metastasize and
are sensitive to both radiation and chemotherapy. The recurrence rate after radical
orchiectomy was 15–20%, with the most predominant site of relapse being the
retroperitoneal lymph nodes (up to 95% of cases), followed by mediastinal, supr-
aclavicular nodes, and lung [43, 100, 101, 102, 103]. With prolonged disease-free
survival in early-stage seminoma, long-term quality of life, and treatment-related
side effects have become increasingly significant in selecting management options.
Three management options after radical orchiectomy are adjuvant radiotherapy,
adjuvant chemotherapy, and AS (Fig. 11); If carried out properly, all three man-
agement options lead to nearly uniform cure rates of >99%.

Adjuvant radiotherapy
Adjuvant para-aortic radiation reduces the relapse rate to 2–4%, with almost all of
those being cured with subsequent chemotherapy [101, 104, 105]. However, 85%
of patients are unnecessarily over-treated since they are cured with orchiectomy
alone. To date, radiation doses have been gradually reduced to 20–25 Gy in 1.5–
2 Gy fractions through consecutive clinical trials [105]. Similarly, radiotherapy
volume has been reduced to the para-aortic field alone without ipsilateral pelvic
lymph node radiation [106]. Infield relapses are rare, and if suspected, a biopsy
should be taken to exclude non-germ-cell malignancies.

Long-term side effects of radiotherapy exist, particularly for young patients with
a high likelihood of long-term survival. Long-term survivors of Stage I seminoma
after adjuvant radiotherapy are at excess risk of death due to cardiac disease and
secondary malignancies [107–109]. Although the association of cardiac toxicity and
radiotherapy has been questioned, patients need to be informed of this increased
risk [110]. Travis et al. combined 14 population-based registries, including 10, 534
patients with seminoma (all stages) treated with radiotherapy. For a 35-year-old
patient with seminoma, the cumulative 40-year risk of a second malignancy was
36% versus 23% among general population [107]. Due to these long-term side
effects, adjuvant radiotherapy is no longer considered a standard option by most
groups and guidelines, but remains an option for highly selected patients, for
example, those who are not candidates for salvage chemotherapy.
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Adjuvant carboplatin
Based on a large randomized trial, carboplatin is not inferior to radiotherapy, with
similar relapse rates of 5.3 versus 4% [111, 112]. However, compared to AS, the
relative risk reduction is only about one to two-thirds, from 15% with AS to 5–9%
with adjuvant carboplatin [111, 113]. Similar to radiotherapy, about 85% of patients
receive unnecessary treatment, while exposing to the risk of long-term toxicity and
side effects.

Active surveillance (AS)
Several major series have demonstrated the safety and efficacy of AS, making this
approach the preferred treatment option [58, 100, 102, 113, 114, 115]. Over 95% of
relapses occur within the first 2–3 years after orchiectomy. At relapse, nearly all of
these treatment-naïve patients can be treated successfully with either cisplatin-based
chemotherapy or radiotherapy. AS enables 85% of patients to avoid
treatment-related toxicity, and the remaining 10–15% of patients with relapse can
effectively be salvaged with either radiotherapy or chemotherapy.

6.2 Clinical Stage IIA/B

Fifteen to twenty percent seminoma patients have Stage II disease at diagnosis, with
involvement of infra-diaphragmatic lymph nodes on imaging. The most important
prognostic factor in Stage II seminoma is the extent of retroperitoneal disease
(lymph node size) [116]. Majority of patients (70%) with Stage II disease have low
bulk disease (lymph nodes <5 cm, Stage IIA/B). Stage II, together with Stage I
seminoma who relapse on surveillance or after adjuvant carboplatin, can be man-
aged with radiotherapy, chemotherapy, or RPLND, achieving close to 100% cure
rate (Fig. 12).

Fig. 12 Management of clinical Stage IIA/B seminoma (CSIIA/B-SEM)
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Main issues taken into consideration when choosing management option are
treatment efficacy, the proportion relapse and additional therapy, and the acute/late
morbidity of each treatment strategy.

Radiotherapy
The results with radiotherapy in the management of low-volume nodal disease are
excellent with relapse rates of 10–15% in most series. In a retrospective series from
Princess Margaret Cancer Centre in Toronto, Canada, 106 patients with
low-volume retroperitoneal disease were treated between 1995 and 2010. Of the
106 patients, 59 patients had relapsed on surveillance and 47 had Stage II disease at
presentation [117]. Eighty-seven were treated with radiotherapy and 19 were treated
with primary chemotherapy. In the radiotherapy cohort, relapse rate was 8.6% for
patients with lymph nodes <2 cm, and 10% for those with lymph nodes 2–5 cm.
All patients were salvaged, and there were no deaths from seminoma or associated
with treatment.

Chemotherapy
The results with cisplatin-based chemotherapy regimens: bleomycin/etoposide/
cisplatin (BEP) or etoposide/cisplatin (EP) for low-volume nodal disease are
excellent in most series, with few relapses and most patients being cured. Tanstadt
et al. [43] reported on 73 patients treated between 2000 and 2006 with no relapses
or deaths associated with treatment. Kollmannsberger et al. [102] reported on 65
patients with Stage II disease treated between 1999 and 2008 with chemotherapy
(39% had Stage IIC disease). The relapse rate was 3%; however, 5% of patients
died of treatment-related toxicity. In the Princess Margaret series mentioned above,
of the 19 patients treated with chemotherapy, only one relapsed and was salvaged
with second-line chemotherapy [117]. The Spanish Germ Cell Cancer Group
reported on 72 patients treated between 1994 and 2003 with chemotherapy. Six
patients relapsed, and one patient died of the disease [118].

Retroperitoneal lymph node dissection (RPLND)
RPLND is a standard treatment for non-seminoma germ cell tumors (NSGCTs).
Unlike radiotherapy and systemic chemotherapy, which are associated with car-
diovascular disease, insulin resistance, and secondary malignancy, RPLND has
minimal long-term morbidity. Given the efficacy of RPLND in management of
NSGCTs, interest has developed in this surgery as a frontline treatment for semi-
noma with isolated lymph node metastasis to the retroperitoneum.

Four retrospective studies have shown promising results when surgery is per-
formed for seminomas with low-volume retroperitoneal metastases. The first study
was reported by Warszawski et al. in 1997 from Germany [119]. This study ret-
rospectively reviewed the results of 63 patients with Stage I (n = 45) and II
seminoma (n = 18) after RPLND from 1975 to 1985 and compared the results with
patient who received radiation. For patients with Stage I or IIA seminoma, with a

Modern Management of Testicular Cancer 297



median follow-up of 79 months, there was a 5.7% recurrence rate. The surgery
provided excellent regional control with all the recurrences being identified as out
of the retroperitoneal field. The efficacy of RPLND with larger nodal disease
(>2 cm) decreased, with 6/11 (55%) patients recurring in the retroperitoneum.
Mezvrishvili et al. [120] evaluated the outcomes of four patients with Stage IIA
disease managed with RPLND. With a mean follow-up of 56 months, they did not
have any local or distant recurrence. Hu et al. [121] reported on the outcomes of
four patients with clinical Stage II pure testicular seminoma after RPLND. No
patients underwent adjuvant therapy. With a median follow-up of 25 months, there
were no recurrences or deaths. Lusch et al. [122] have recently presented a series on
open or robotic RPLND in patients with Stage IIA/B seminoma. They identified 11
patients who underwent RPLND. Three of these patients (22%) received one cycle
of carboplatin prior to RPLND. With a mean follow-up of 18 months, they had a
36% recurrence rate. One of the patients with recurrence had more advanced

Fig. 13 Management of clinical Stage IIC, III seminoma
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disease with clinical Stage IIC disease, an initial lymph node metastasis >6 cm, and
a clinically positive inguinal lymph node. All patients who recurred were salvaged
with radiotherapy and chemotherapy, and three out of four have no evidence of
disease. Taken together, these studies include a total of 92 patients with Stage I-IIC
seminoma and 14 who experienced recurrence. The overall recurrence rate for all
patients was 14% with patients having higher stage disease being at greater risk of
recurrence.

To better determine if RPLND can be recommended as a primary treatment
option, two prospective clinical trials (SEMS and PRIMETEST) are underway.
The SEMS trial is multi-institutional effort in the USA that includes patients with
lymph nodes 1–3 cm in size. The PRIMETEST trial from Germany includes
patients with lymph nodes <5 cm in size. The results of these studies will help
determine if patients with metastatic seminoma will have a treatment option with
minimal long-term morbidity.

6.3 Clinical Stage IIC and III

It managed the same as clinical Stage IIA (marker elevated), IIB/C and Stage III
NSGCTs.

The indication for PC-RPLND in advanced seminoma is different and often
individualized (Fig. 13). Pure seminomas generally respond well to systemic
chemotherapy, and the concern for residual teratoma does not exist. Following
chemotherapy, there is generally an intense desmoplastic reaction in a sheet like
distribution around the great vessels, and discrete residual masses are uncommon.
Viable cancer is almost never found in masses <3 cm, and therefore, PET scans
have no utility and these patients should undergo continued surveillance. In patients
with residual masses >3 cm viable cancer can be found in approximately 20% of
patients and PC-RPLND can be curative [123]. PET scans can be useful in this
setting and can guide further management. Surgical resection of these densely
fibrotic masses is extremely challenging and often requires adjunctive surgery
and/or vascular resection.

7 Salvage Treatment for Disease Relapse

7.1 Salvage Chemotherapy for Relapse

When relapse occurs, salvage treatment may be offered using a standard dose
chemotherapy (SDC) regimen or high-dose chemotherapy (HDC) with autologous
stem cell rescue (ASCR). Prospective randomized data are lacking to directly
compare the two approaches. The single prospective randomized study that com-
pared HDC (etoposide, ifosfamide and cisplatin/vinblastine, ifosfamide, and cis-
platin � three cycles with one HDC-ASCR) to SDC (etoposide, ifosfamide and
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cisplatin (VeIP)/vinblastine, ifosfamide and cisplatin (VIP) � four cycles) for first
relapse did not show an event-free or overall survival advantage [124]. However,
this study has been criticized because a large number of patients did not receive the
intended HDC and because single HDC-ASCR was used, which has been associ-
ated with inferior outcomes compared to tandem transplant approaches [125].

Furthermore, retrospective data suggest that HDC with tandem ASCR may be
preferred. In a retrospective analysis of the International Prognostic Factors study
group database 821 patients with relapsed testicular cancer who received HDC were
compared to 773 patients who received SDC at first relapse [126]. The two-year
event-free survival was significantly better with HDC vs SDC (55 vs. 44.1%,
p < 0.001) in all five risk groups, and there was an overall survival advantage (60.6
vs. 46.3%, p < 0.001) except for patients in the lowest risk groups. These results
must be viewed with the caveat of the potential bias inherent in retrospective
analyses.

More individualized treatment decision making is of course desirable. Factors
that predict for a favorable cure rate with SDC are pure seminoma, prior complete
response to cisplatin therapy, low-volume metastases, and testicular primary [127–
130]. It is also important to consider that HDC-ASCR may be more effective for
first relapse, even in populations expected to respond to SDC salvage, and may also
be safer when administered earlier. For example, in a series of patients with
relapsed seminoma treated with HDC 92% treated at initial relapse achieved a cure
response versus 67% treated in the third or fourth line setting [12]. There have been
reports of greater toxicity from ASCR in patients with germ cell tumor with greater
prior cisplatin exposure [131]. Definitive recommendations cannot be made until
additional randomized studies are completed. The ongoing CTSU (Cancer Trials
Support Unit) trial A031102 comparing paclitaxel, ifosfamide, and cisplatin (TIP;
standard dose arm) to carboplatin–etoposide (TI-CE; high-dose/stem cell transplant
arm) will provide much needed level one evidence to guide decision making for
salvage therapy (NCT02375204).

7.2 Late Relapse

Late relapse is defined as any recurrence at least two years following complete
response to primary treatment. Rates of late relapse range from 1 to 3% with
seminomas having less risk. The retroperitoneum was the primary site of recurrence
in over 50% of 521 patients in one reported series [132]. There can be significant
lag time between treatment of primary disease and relapse of 10 years or more, and
primary RPLND does not seem to be protective. Late relapses are generally
detected by symptoms since patients are often no longer under close surveillance
and up to half can present with elevated tumor markers. Most experts recommend
upfront surgical resection since many patients have somatic differentiated teratoma
and will be resistant to chemotherapy [133].
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7.3 RPLND After Salvage Chemotherapy

Patients who have undergone salvage chemotherapy have limited options. Those
who have resectable retroperitoneal disease should be considered for surgical
resection or so-called desperation PC-RPLND. Up to half of these patients will have
mature teratoma in the resected specimen despite elevated tumor markers and
long-term survival rates can be 30–70% depending on prognostic factors [81]. Up
to one-third of patients with viable cancer in the resected tumor may have long-term
disease specific survival [134]. Surgery in this setting can be extremely challenging
and all efforts should be made to completely resect all residual tumor since
incomplete resection portends a very poor prognosis [135].
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