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1. Introduction

Urothelial cancer (UC) is unique in that it has a constant
interface with urine, which provides direct diagnostic and
monitoring opportunities. As early as 1945, Papanicolaou
and Marshall attempted to use urine cytology to diagnose
UC. In the ensuing decades, many urinary biomarkers for
prediction of cancer recurrence were developed, yet none
has garnered widespread clinical adoption. The use of uri-
nary biomarkers to detect and monitor UC seems straight-
forward, so why is success elusive? We reviewed the
significant efforts behind the development of three genera-
tions of urinary biomarkers for predicting recurrence of
non-muscle-invasive bladder cancer (NMIBC) and here we
attempt to distil lessons to inform future efforts.

2. First-generation biomarkers

First-generation biomarkers included assays of overex-
pressed proteins (NMP22, BTA), cell-surface proteomic
changes (Immunocyt/uCyt+), or chromosomal alterations
(UroVysion) observed in UC (Table 1). Used as adjuncts to
standard-of-care cystoscopy, these tests superseded the sen-
sitivity achieved with urine cytology (particularly for low-
grade UC) and were consequently granted US Food and Drug
Administration approval. However, these assays lacked speci-
ficity as they were frequently confounded by false-positive
results in the setting of benign urologic conditions such as
infections, urolithiasis, and hematuria [1]. Moreover, the
diagnostic properties of some first-generation biomarkers
were imprecise, with interpretation of results highly
expertise-dependent, further hampering their clinical imple-
mentation [2]. Finally, assays of cellular properties (eg,

Urovysion and Immunocyt) were intrinsically dependent on
the abundance of the cellular content within the testing sub-
strate, which is notoriously unreliable.

3. Second-generation biomarkers

Rapid improvements in genomic sequencing technology
facilitated the second wave of urinary biomarker develop-
ment. Multiplex, high-throughput assays such as CxBladder,
Xpert BC Monitor, Uromonitor (mRNA expression), Assur-
eMDx (DNA methylation/mutation), and Epicheck (methyla-
tion) were constructed on the basis of unique molecular
features of NMIBC (Table 1) [3]. Although the detection sen-
sitivity improved with this multitargeted approach, such
tests with limited panels remained inadequate to cover the
vast genomic heterogeneity for NMIBC [4,5]. A recent net-
work meta-analysis of five commercially available urinary
biomarkers used for cancer surveillance by Laukhtina et al.
[6] revealed pooled sensitivity results that were mostly insuf-
ficient, ranging between 57% and 74%, with some notable
exceptions according to preliminary data (Cxbladder 91%,
Uromonitor 93%). These results have led to prospective stud-
ies further examining some second-generation tests for
specific applications. Ultimately, whether the diagnostic
characteristics of these targeted assays are sufficient for clin-
ical use will depend on the results from large randomized
prospective studies, some of which are already under way
(NCT03988309, NCT05796375).

4. Urinary circulating tumor DNA

The advent of next-generation sequencing (NGS) allowed
comprehensive molecular analyses of tumor samples,
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Table 1 - Performance of UB assays in diagnosing recurrence of non-muscle-invasive bladder cancer

Test Approach Target Sample Source Size SSY SPY PPV NPV
First-generation UBs

NMP22 Protein expression 1 protein wu MA 19 studies 0.69 0.77 NR NR
BTA Trak Protein expression 1 protein wu MA 4 studies 0.65 0.74 NR NR
Immunocyt Cell-surface proteins 2 proteins Wu MA 14 studies 0.78 0.78 NR NR
UroVysion CHR alteration 4 CHRs wu MA 11 studies 0.63 0.87 NR NR
ADxBladder Protein expression 1 protein wu PA 3 studies 0.57 0.61 0.24 0.87
Second-generation UBs

Bladder Epicheck DNA methylation 15 loci Wu PA 5 studies 0.74 0.85 0.51 0.94
CxBladder Monitor mRNA panel 5 genes wu PA 2 studies 0.92 0.59 0.33 0.97
Xpert bladder cancer mRNA panel 5 genes WU PA 10 studies 0.72 0.78 0.42 0.93
Uromonitor DNA mutation 2 genes cfDNA PAs 2 studies 0.94 0.59 0.33 0.97
Next-generation UBs

UroAmp NGS hybrid capture 60 genes wu SS 86 UC pts 0.89 0.74 0.63 0.93
uCAPP NGS hybrid capture 460 genes cfDNA SS 37 UC pts 0.84 0.96 NR NR

cfDNA = cell-free DNA; CHR = chromosome; MA = meta-analysis; NGS = next-generation sequencing; NR = not reported; PA = pooled analysis; NPV = negative
predictive value; PPV = positive predictive value; pts = patients; SPY = specificity; SS = single study; SSY = sensitivity; UB = urinary biomarker; UC = urothelial

carcinoma; WU = whole urine.

advancing our understanding of the complexity of UC.
Whole-exome and whole-genome sequencing of cell-free
DNA (cfDNA; DNA released by both cancer and normal cells
on cell death) extracted from the urine of UC patients can be
used to detect somatic alterations unique to the tumor (cir-
culating tumor DNA, ctDNA). Alternatively, NGS of tumor
tissue can inform the design of personalized genomic panels
used to interrogate urine. In theory, these whole-scale
genomic assays should not only overcome the low sensitiv-
ity seen with previous generations of urinary biomarkers
but also provide biological insight into the mechanisms
underpinning cancer recurrence and/or treatment response.

In practice, several challenges remain. First, the exquisite
sensitivity of ctDNA and the consequences of overdetection
need to be emphasized. Somatic mutations can be detected
in urothelium that appears histologically normal, especially
in patients with a history of bladder cancer [7]. This “field
cancerization” phenomenon could lead to shedding of
altered cfDNA in patients without clinical cancer recur-
rence, raising concerns for false-positive results, which
could lead to unnecessary procedures and patient anxiety.
Robust data must be generated to understand the muta-
tional landscape unique to the cfDNA profiles associated
with normal versus cancerous bladders. As illustrated by
Dudley et al. [8] in the development of uCAPP-Seq (Urine
Cancer Personalized Profiling by Deep Sequencing),
although mutations may overlap, a threshold for the ctDNA
fraction may be set to better distinguish between normal
and diseased states. Patients testing positive for ctDNA in
the absence of a clinical cancer diagnosis may be at high risk
of recurrence and vigilant surveillance is mandated in these
cases. Furthermore, the benefit of early intravesical therapy
in patients with molecular but not clinical disease recur-
rence warrants further investigation in the NMIBC setting,
akin to the TOMBOLA trial assessing treatment of metastatic
bladder cancer at the time of biochemical relapse following
radical cystectomy (NCT04138628).

It is also conceivable that potential genomic differences
between the initial tumor biopsy and any residual disease
may hamper the accuracy of tumor-informed assays. To
address this concern, Rose et al. [9] compared the muta-

tional landscape between tumor samples harvested from
the initial biopsy and repeat transurethral resection of blad-
der tumor in a cohort of patients with high-risk NMIBC and
found concordance of 83%. However, with selective pressure
from various treatments (intravesical or systemic), tumor
clonality may fluctuate over time and with treatment
response. Tumor-informed assays based on alterations
detected in the baseline tumor biopsy should therefore be
augmented with panel assays that encompass hotspot alter-
ations common to UC in order to capture newly emerging
clones.

Finally, the quality of the urine samples and the process-
ing and storage methods are of the utmost importance. Pro-
cedures must be optimized to avoid the introduction of
unintended variations into interpretation of the results,
and must be standardized within prospective trials that test
both the feasibility and the diagnostic accuracy of the tests
[10]. Specific clinical applications of the assays should only
be implemented after their performance characteristics are
thoroughly understood, such as high specificity and positive
predictive value for surveillance of low-grade NMIBC, and
high sensitivity and negative predictive value for detection
of high-grade NMIBC.

Precision urinary ctDNA tests have the potential to accu-
rately distinguish bladder cancer from other common
inflammatory processes for the diverse molecular hetero-
geneity seen within the disease. Despite their exciting pro-
spects, questions remain regarding the ability of urinary
ctDNA tests to differentiate signals from cancer versus field
cancerization, a well-known phenomenon in diseased blad-
ders. In addition, logistical hurdles pertaining to clinical
application and cost effectiveness need to be addressed.
Ultimately, clinical benefit has to be unequivocally demon-
strated in well-designed prospective trials before clinical
application. Only with such meticulous efforts will we
finally be able to reach the elusive horizon (Fig. 1).
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Fig. 1 - Approaches explored and inherent caveats in relation to urinary biomarkers while searching for the ideal test. NGS = next-generation seq ing;
utDNA = urinary tumor DNA.
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