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Background: Patients with muscle-invasive bladder cancer (MIBC) who receive
radiotherapy with curative intent are followed by imaging, cystoscopy, and urine
cytology. However, interpretation of cytology and cystoscopy is hampered by the
impact of ionizing radiation on cells.
Objective: To assess the diagnostic performance of a genomic urine assay to detect
urinary tract recurrences in patients with MIBC treated by (chemo)radiation.
Design, setting, and participants: Patients with nonmetastatic MIBC who underwent
(chemo)radiation with curative intent from 2016 to 2020 were prospectively
included. Follow-up consisted of cystoscopy and upper tract imaging. Prior to cys-
toscopy, a urine sample was analyzed to assess mutations in the genes FGFR3, HRAS,
and TERT and methylation of OTX1, TWIST1, and ONECUT2. The treating physician
was blinded for the assay result.
Outcome measurements and statistical analysis: The primary endpoint was a urinary
tract recurrence. Cross-sectional sensitivity, specificity, and negative predictive
value (NPV) were analyzed using a previously developed logistic regression model
for the detection of bladder cancer with this assay. The secondary endpoint was the
risk of a future urinary tract recurrence following a positive test and negative cys-
toscopy/imaging, using a time-dependent Cox proportional hazard analysis.
Results and limitations: A total of 143 patients were included, and 503 urine samples
were analyzed. The median study duration was 20 mo (interquartile range [IQR]
10–33), and the median time to a recurrence was 16 mo (IQR 12–26). In 27
patients, 32 urinary tract recurrences were diagnosed, including three upper tract
tumors. Of 32 recurrences, 18 (56%) had a concomitant urine test available. The
diagnostic model had an area under the curve of 0.80 (95% confidence interval
[CI] 0.69–0.90) with corresponding sensitivity, specificity, and NPV of 78 (95% CI
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52–94), 77% (95% CI 73–81), and 99% (95% CI 97–100). When taking into account
the anticipatory effect of the test, 28/32 (88%) recurrences were detected. A Cox
regression analysis showed a hazard ratio of 14.8 for the development of a future
recurrence (p < 0.001). A major limitation was the lack of a concomitant urine test
result in 14/32 (44%) recurrences.
Conclusions: A genomic urine assay detected urinary tract recurrences after
(chemo)radiation in patients with MIBC, and a positive test was strongly associated
with future recurrences. Although validation in a large cohort is warranted, the test
has the potential to limit frequent cystoscopies.
Patient summary: Radiotherapy is a bladder-sparing treatment in patients with
bladder cancer. After treatment, these patients undergo visual inspection of the
bladder by cystoscopy to detect possible recurrences. However, interpretation of
cystoscopy is difficult due to the effects of radiation on the bladder lining. Hence,
we analyzed the diagnostic value of a molecular urine test to detect recurrent dis-
ease in bladder cancer patients treated by radiotherapy, and we showed that the
urine test has the potential to limit the number of cystoscopies.
� 2024 Erasmus MC Cancer Institute. Published by Elsevier B.V. on behalf of European

Association of Urology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bladder cancer (BC) is the tenth most common cancer
worldwide, with �75% diagnosed as non–muscle-invasive
(NMIBC) and �25% diagnosed as muscle-invasive (MIBC)
bladder cancer at diagnosis [1]. Despite therapy, patients
with nonmetastatic MIBC have a relatively poor prognosis
with a 5-yr survival rate of �60% [1]. The recommended
treatment of nonmetastatic MIBC patients consists of
neoadjuvant chemotherapy followed by radical cystectomy
(RC) with urinary diversion and bilateral pelvic lym-
phadenectomy [2]. RC is a surgical procedure that is associ-
ated with postoperative morbidity and even mortality [3,4].
Furthermore, some patients with MIBC are unwilling or
considered unfit to undergo an RC [5,6]. These patients
may be eligible for bladder-sparing treatment modalities,
such as trimodality treatment (TMT). TMT consists of a
transurethral resection of the bladder tumor (TURBT), exter-
nal beam radiotherapy (RT), and concurrent chemotherapy.
TMT is superior to RT without concurrent chemotherapy in
terms of locoregional control and is recommended in major
guidelines [2,7]. Results of a meta-analysis of oncological
outcomes following TMT showed that the 10-yr overall sur-
vival and disease-specific survival of TMT are comparable
with those of RC and thus may be a good alternative treat-
ment for MIBC patients [8].

A limitation of bladder-sparing treatment with (chemo)
radiation is the development of intravesical tumor recur-
rences [9]. Guidelines are inconclusive on an optimal
surveillance schedule following (chemo)radiation [2,7].
Hence, frequent cystoscopies and urine cytology are com-
mon practice in surveillance of MIBC patients who under-
went bladder-sparing treatment [10]. Cystoscopies are
invasive and uncomfortable, especially in patients with irra-
diated bladders, and may cause urinary tract infections or
hematuria. Furthermore, both cystoscopy and urine cytol-
ogy are less reliable after RT, resulting in false-positive find-
ings and atypical cytology test results, possibly due to
reactive changes of the bladder epithelium [11–13]. As a
consequence, unnecessary biopsies are common, while
TURBTs in irradiated necrotic tissue might even cause blad-
der fistulas. Genomic urine assays could therefore be useful
to detect recurrences, sometimes even before the recur-
rences are diagnosed clinically, which is called the anticipa-
tory effect, or urine tests may be used to rule out atypical
abnormalities of patients with irradiated bladders.

BC-associated genomic alterations can be investigated in
DNA isolated from voided urine, and these alterations can
be used as biomarkers to detect urinary tract recurrences.
Previously, we conducted a microsatellite analysis in the
surveillance of irradiated BC patients [11]. The results of
this albeit small study indicated that follow-up by urine
testing could be feasible for these patients. We subse-
quently developed a urine test that combined mutation
and methylation markers for the diagnosis and surveillance
of BC [14–17]. We prospectively validated this urine-based
genomic assay, which detects mutations in the FGFR3, HRAS,
and TERT genes, and methylation of OTX1, ONECUT2, and
TWIST1. The assay was highly accurate in detecting BC in
patients presenting with hematuria (area under the curve
[AUC] 0.95) [17].

In the present study, we evaluated the diagnostic perfor-
mance of our previously developed urine test to detect uri-
nary tract recurrences after RT, because standard
surveillance is impeded by a difficult assessment of irradi-
ated bladders. We calculated the performance of the geno-
mic assay and explored how the urine test could be a
valuable replacement for standard diagnostic cystoscopies
and urine cytology. Finally, we investigated whether a pos-
itive urine test in the absence of abnormalities by cys-
toscopy or imaging could predict future recurrences.
2. Patients and methods

2.1. Patients and samples

We performed a single-center prospective cohort study,
which was approved by the Erasmus MC Medical Ethics
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Committee (MEC-2016-266). Written informed consent was
obtained from all patients. Participants were prospectively
enrolled in a consecutive series between August 2016 and
July 2020 at the Erasmus MC Cancer Institute. The patient
inclusion criteria were the following: nonmetastatic MIBC,
clinical stage �T2 N0M0; bladder-sparing treatment with
curative intent, which contained any type of RT; and more
than zero urine samples collected during follow-up. All
patients were discussed by a multidisciplinary team prior
to inclusion, and the addition of chemotherapy to the treat-
ment regimen was based upon patient performance and
patient choice. Diagnostic transurethral resection of the
bladder tumor specimens of the index tumors from all
patients were reviewed by an expert uropathologist. Urine
specimens were prospectively collected prior to cysto-
scopies. Clinical follow-up continued until July 2021.
Patient data were collected retrospectively and blinded of
assay results. Urinary test results were not reported to the
treating physician, nor did it impact therapeutic decision-
making. Details on RT, clinical follow-up, and treatment of
recurrences are provided in the Supplementary material.

2.2. DNA isolation, mutation, and methylation analysis

Freshly voided urine samples were stored at 4�C, and cells
were collected by centrifugation at 2500 rpm for 10 min.
Pellets were resuspended in 900 ll phosphate-buffered sal-
ine and transferred into 1.5 ml Eppendorf tubes. Eppendorf
tubes were centrifuged at 6000 rpm for 5 min. Supernatant
was removed, and cell pellets were stored at –20�C until
DNA isolation. DNA isolation was performed using the
QIAamp DNA Mini Kit, according to the manufacturer’s pro-
tocol. DNA concentration was measured using the Qubit 2.0
Fluorometric Quantification. A SNaPshot mutation analysis
for FGFR3, HRAS, and TERT was performed at the Erasmus
MC pathology laboratory, as described in detail previously
[15,18]. Briefly, a polymerase chain reaction was performed
to amplify the sites of interest. A mutation analysis was per-
formed using the SNaPshot Multiplex Kit, to detect multiple
mutation sites per gene [17]. A methylation analysis
included the same genes (OTX1, TWIST1, and ONECUT2) as
in previously published work [14,17]. See the Supplemen-
tary material for additional information on mutation and
methylation analyses.

2.3. Definitions, endpoints, and statistics

The primary endpoint was a urinary tract recurrence,
defined as (1) an intravesical biopsy-proven urothelial car-
cinoma; (2) a clinical suspicion of a urinary tract recurrence,
which includes upper tract urothelial carcinomas (UTUCs)
on computed tomography (CT) imaging; or (3) a tumor
detected on cystoscopy in combination with a positive uri-
nary cytology, according to The Paris System (TPS) 5 or 6.
Cross-sectional, that is, based on a concomitant urine test
and cystoscopy, sensitivity, specificity, and negative predic-
tive value (NPV) were analyzed using a previously devel-
oped logistic regression model for the detection of BC
with this assay [17]. The model’s intercept was –5.133,
the mutation (y/n) coefficient was 4.111, and the methyla-
tion (0–3) coefficient was 0.857. The test was positive when
at least a single mutation and/or two or more methylated
genes were detected. Urine samples were excluded if results
were incomplete (ie, all markers are needed). The net bene-
fit was calculated based on a risk model decision analysis, as
done previously [17]. The secondary endpoint was the lon-
gitudinal test characteristics, that is, taking into account the
anticipatory effect, which is the risk of a future recurrence
following a positive urine test, using a multivariable time-
dependent Cox-proportional hazard model. The Kaplan-
Meier method was used to estimate recurrence-free sur-
vival according to test results in relation to the presence
or absence of a recurrence over time. The median study
duration time was calculated as the time between study
inclusion and last contact. Time to recurrence was mea-
sured as the time between the start of radiation and devel-
opment of a recurrence. Progressive disease was defined as
follows: (1) a histologically proven �T2 tumor in the uri-
nary tract after RT, and (2) lymph node and/or distant meta-
static disease as assessed by biopsy or CT imaging.
Statistical significance was set at p < 0.05. R statistical soft-
ware (v4.0.5) was used to perform the analyses and gener-
ate figures.
3. Results

3.1. Baseline study population and follow-up after RT

A total of 143 MIBC patients were included, and 503 urine
samples were analyzed; the median follow-up was 20 mo
(IQR 10–33). The median time between the last day of RT
and the first urine test was 4 mo (IQR 3–10). In 27 patients,
36 urinary tract recurrences were diagnosed. The median
time to recurrence was 16 (IQR 12–26) mo, while the med-
ian follow-up for patients without recurrences was 28 (IQR
16–47) mo. In eight patients, metastatic disease was diag-
nosed without a synchronous recurrence in the urinary
tract. Therefore, these tumors were not included in the pri-
mary analysis on the diagnostic performance of the urine
assay. In total, 108 patients (76%) remained disease free
during follow-up. The baseline clinicopathological and
follow-up data are summarized in Table 1, and the study
design and overall outcome are illustrated in Supplemen-
tary Figure 1. Details on variant histology at diagnosis are
provided in Supplementary Table 1. A swimmer’s plot for
all patients with timing of tumor recurrences and outcome
of urine tests and cystoscopies is depicted in Figure 1. Four
recurrences had to be excluded from analyses as (1) no
urine test was available prior to their second recurrence
(R7, R71, and R83) and (2) an intravesical recurrence was
diagnosed with recurrent disease in the upper urinary tract
that was not surgically removed (R49). Hence, later test
results could be influenced by shedding of tumor cells of
the unresected ureter tumor. As a result, 32 tumors were
included in the analysis (Fig. 1). Four recurrences were
detected by CT imaging: three UTUCs (R49, R85, and
R154) and one necrotic tumor extending into the seminal
vesicles (R109; Fig. 1). Three tumors were not biopsied
due to frailty, and diagnosis was based on high-grade
(HG) cytology and a visible bladder tumor at cystoscopy



Table 1 – Baseline study characteristics of 143 muscle-invasive bladder cancer patients treated with (chemo)radiation of the bladder and who
were under surveillance with urinary molecular diagnostics

Characteristic Characteristic

Age at diagnosis (yr) Chemotherapy, n (%)
Median (IQR) 76 (68–81) Yes 54 (38)

Sex, n (%) Treatment, n (%)
Male 115 (80) Radiotherapy + chemotherapy 89 (62)

Age Radiotherapy + PC 15 (11)
Median (IQR) 76 (68–88) Radiotherapy alone 39 (27)

Smoking, n (%) Reason for radiotherapy, n (%)
Yes/stopped 113 (79) Contraindication for RC 83 (58)
Missing 9 (6) Opted bladder-sparing therapy 60 (42)

History of NMIBC, n (%) Time to recurrence
Yes 27 (19) Median (IQR) 16 (12–26)

Clinical T stage, n (%) Patients with progression a, n (%)
cT2 112 (78) Yes 35 (24)
cT3 30 (21) Time to progression
cT4 1 (1) Median (IQR) 18 (12–26)

Tumor grade (1973), n (%) Death, n (%)
G2 15 (11) No 85 (59)
G3 122 (85) Yes (any cause) 54 (38)
Non-UCC 6 (4) Yes (bladder cancer) 23 (16)

Concomitant carcinoma in situ, n (%) Missing 4 (3)
Yes 45 (32) Lost to follow-up, n (%)

Variant histology, n (%) Yes 30 (21)
Yes 36 (25) Study follow-up (mo) b

Hydronephrosis at diagnosis, n (%) Median (IQR) 20 (10–33)
Yes 18 (13) Treatment follow-up (mo) c

Missing 5 (3) Median (IQR) 30 (19–49)
Prior intravesical treatment, n (%)
Yes, chemotherapy 6 (4)
Yes, BCG 16 (11)

BCG = bacillus Calmette-Guérin; CT = computed tomography; IQR = interquartile range; NMIBC = non–muscle-invasive bladder cancer; PC = partial cystectomy;
RC = radical cystectomy. Please note: for variables with a positive or negative outcome, only the positive outcome is reported due to table size limitations.
a Progression was defined as the development of recurring biopsy-proven ≥T2 tumor, lymph node, and/or metastatic disease (using CT-scan imaging).
b Time between study inclusion and last contact.
c Time between start of radiotherapy and last contact.
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(R18, R35, and R70). All other recurrent tumors were biopsy
proven.
3.2. Cross-sectional urine test sensitivity, specificity, and
NPV

To analyze the diagnostic performance of the urine assay,
we excluded 14 tumors that lacked a concomitant urine
test, which included eight recurrences that occurred after
urine collection had stopped (Fig. 1). One urine sample
failed methylation analyses due to a low DNA yield (R7).
Further details on urine collection, mutations, and methyla-
tion in all samples are summarized in Supplementary
Table 2. Next, we determined whether our assay, which
diagnosed BC efficiently in patients presenting with gross
or microscopic hematuria, could also detect recurrent dis-
ease in patients after (chemo)radiation. The logistic regres-
sion model requires input from mutations (yes/no) and
methylation count (1–3) [17]. Its application with prespec-
ified coefficients and probability threshold (Pt) of 0.029
resulted in test performance with an AUC of 0.80 (95% CI
0.69–0.90). Associated test sensitivity was 78% (95% CI
52–94), specificity was 77% (95% CI 73–81), and NPV was
99% (95% CI 97–100). Albeit numbers were low, no differ-
ences were observed between patients with or without
chemotherapy (data not shown). Interestingly, all three
UTUCs (not possible to be diagnosed by cystoscopy) were
detected by the urine test. However, four of the 18 recurrent
tumors were missed. In R96, a T1HG tumor, the test was
positive 6 mo prior to the clinically apparent recurrence,
but in the concomitant analysis, only OTX1 was methylated
(Fig. 1), which was insufficient for a positive test result. Four
prior urine tests from patient R56 accurately detected two
HG urothelial cell carcinomas (UCCs). The fifth test was neg-
ative, and interestingly, the pathology report after salvage
cystectomy indicated a pT1 small cell neuroendocrine
tumor in a diverticulum. All urine samples from R40 and
R43 were negative, and as a result, two invasive UCCs (a
T1HG and T2HG) were missed (Fig. 1).

3.3. Cytology performance after RT

Owing to the limited diagnostic performance of cytology
after radiation, cytology was examined only in 17/32
(53%) urinary tract recurrences. As expected, urinary cytol-
ogy had low sensitivity of 39% for HG cytology (TPS5). In
only ten urinary tract recurrences, concomitant urine cytol-
ogy and a urine test were available. In these tumors, urine
cytology (TPS5) had 50% sensitivity and 74% specificity.
The urine test was 80% sensitive and 69% specific. However,
due to the low number of cases, these results should be
treated with caution.

3.4. Net benefit analysis to compare urine testing with
cystoscopies in all patients

Owing to the difficult interpretation of cystoscopies and
cytology after radiation, and the high cross-sectional perfor-
mance of the urine assay, we evaluated the usefulness of the



Fig. 1 – Swimmer’s plot showing test results of a genomic urine assay from collected urine samples in 27 nonmetastatic muscle-invasive bladder cancer
patients who developed 32 recurrences after treatment with (chemo)radiation of the bladder. Patients (R-number) are sorted by the length of follow-up. A
horizontal line depicts the disease course of a single patient. If multiple cystoscopies took place after (chemo)radiation but before study inclusion, only the
result of the cystoscopy prior to study inclusion is shown. CIS = carcinoma in situ; HG = high grade; UTUC = upper tract urothelial carcinoma.
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urine test in a clinical setting by calculating its net benefit.
Urologists need to reflect on how many cystoscopies would
be acceptable to detect a single recurrence. Arguably, this
could be between 0.025 (one positive cystoscopy per 40
performed) and 0.10 (one positive cystoscopy per ten per-
formed). For this purpose, a decision curve analysis calcu-



Fig. 2 – Decision curve analysis of the genomic urine assay (red line) versus current best practice (cystoscopy in all patients, gray line). The net benefit risk
threshold is 0.027, which corresponds to a cost-to-benefit ratio of 1:36.
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lated the benefit of our model versus cystoscopies in all
patients (Fig. 2). Based on these results, the urine test
seemed preferable to a cystoscopy for all patients if a urol-
ogist would consider up to 36 cystoscopies to detect one
recurrence. In other words, a cystoscopy is preferred if a
urologist is willing to perform > 36 cystoscopies to find a
single recurrence. Considering these high numbers, many
cystoscopies may be preventable by implementation of a
urine test.
3.5. The anticipatory effect of the urinary test

Urine tests have the advantage of detecting recurrences
before the tumor is clinically diagnosed [19]. This phe-
nomenon is called the anticipatory effect. In the present
study, 28/32 (88%) tumors were detected following a posi-
tive urine test and negative cystoscopy (eg, R18 and R71
in Fig. 1) [19]. This could also be useful in the rare situation
that a test fails, for instance, in the case of R7 (Fig. 1). A pos-
itive urine test was associated with a hazard ratio (HR) of
14.8 (4.95–42.5, p< 0 .001) for developing a recurrence over
time (Fig. 3 and Supplementary Table 3). Although infre-
quent, a previous recurrence also led to a markedly
increased risk of another recurrence (HR 8.69 [3.27–23.1],
p < 0.001; Supplementary Table 2). No multivariable analy-
sis was performed due to the low number of cases. In line
with previous data, a positive urine test strongly corre-
sponded with the risk of a future recurrence.
3.6. Reducing the number of cystoscopies

In a randomized controlled interventional study, a negative
urine test could be used to replace one or two of the next
cystoscopies under the condition that the concomitant cys-
toscopy and imaging are unsuspicious and follow-up urine
tests remain negative. When a urine test is positive, both
the concomitant and the next cystoscopy are performed,
to cover the anticipatory effect. In this scenario, only a sin-
gle tumor would have been missed (R43) at the first possi-
ble opportunity. Interestingly, the total number of
cystoscopies performed (n = 631) in our study would have
been lowered by 139/631 (22%) to 183/631 (29%), depend-
ing on whether one or two cystoscopies were skipped. Fur-
thermore, urine cytological evaluation could have been left
behind altogether.
4. Discussion

Bladder-sparing multimodality treatment (MMT), which
includes a TURBT and RT with or without concurrent
chemotherapy, is a definitive first-line treatment for non-
metastatic MIBC [8,20,21]. A disadvantage of MMT is the
risk of intravesical recurrences, warranting strict surveil-
lance. In the Netherlands, an increasing number of patients
undergo bladder-sparing MMT [22]. This can partly be
explained by an aging population, in whom an RC procedure
is considered not suitable [23]. However, a shift in focus to
RT over RC can mostly be credited to the BC2001 trial,
which showed 63% 5-yr locoregional disease-free survival
for RT with concomitant chemotherapy [20]. Recently, a
Dutch multicenter study demonstrated 76% locoregional
disease-free survival for MIBC patients treated with MMT
at 24 mo [22]. In our population, the intravesical recurrence
rate was 18% at a median follow-up of 30 mo. This is on the
low end, but can be explained by the fact that our study
population is relatively old and many patients have died
of other causes than BC. Nevertheless, it is recommended



Fig. 3 – Kaplan-Meier cumulative hazard estimate depicting the risk of developing a urinary tract recurrence over time when a urine test was positive or
negative in nonmetastatic muscle-invasive bladder cancer patients after treatment with (chemo)radiation of the bladder. At time = 0, patients started
(chemo)radiation treatment. Of note: in several patients, multiple test periods per patient were analyzed; hence, the total number does not add up to N = 143.
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that surveillance of MIBC patients consists of an intensive 3-
monthly schedule of cystoscopies and urine cytology [24].
Yet, both diagnostic modalities are less reliable due to the
effects of RT, while cystoscopies in these patients may cause
discomfort [11–13,25]. Hence, there is a high clinical need
to improve surveillance of irradiated BC patients.

To the best of our knowledge, this is the first prospective
study that investigated a urine-based mutation/methyla-
tion assay to study recurring disease during surveillance
of MIBC patients treated by RT. We found high cross-
sectional sensitivity (78%) and specificity (77%), thereby
demonstrating that the assay is efficacious. We confirmed
a good AUC (0.80) using our published model. The test accu-
rately identified 14 out of 18 intravesical recurrences. Con-
sistent with previous work, the assay detected all three
UTUCs during follow-up, which is of importance, as CT
urography has limited sensitivity for the detection of UTUCs
[26]. Limitations of the present study were the relatively
low number of cases, a short study duration, and that the
urine assay missed four tumors, which were all of HG and
included a muscle-invasive tumor. This means that com-
plete replacement of cystoscopies with the urine test is
not possible. However, with conventional white-light cys-
toscopy, 10–20% of tumors are missed as well [25,27]. Con-
sidering the inflammation and necrosis that frequently
occur after RT, we speculate that this number is even higher
in irradiated bladders [28]. In addition, the sensitivity of
urine cytology was only 50% in this study. This suggests that
the urine test presented here could be of considerable value
during follow-up of this group of patients.

The genomic assay frequently detected recurrent tumors
earlier than cystoscopy and had a very high anticipatory
effect, with a longitudinal detection rate of 88%
[16,19,29,30]. A positive test result was associated with a
highly increased incidence of recurrences over time. This
finding indicates that increased vigilance is warranted dur-
ing surveillance of patients with positive test results. The
high NPV (99%) indicates that patients with a negative test
result did not have a recurrence. Moreover, the net benefit
analysis clearly showed that the urine test is superior to
cystoscopies. Follow-up by cystoscopies at all follow-up vis-
its were advantageous only if urologists were willing to per-
form >36 cystoscopies to find a single recurrence. The 99%
NPV, the high anticipatory effect, and the net benefit of
the test over cystoscopies in all patients can be used to
introduce this assay to the clinic. Our scenario to limit cys-
toscopies with urine tests is encouraging and shows that in
a randomized controlled interventional study, the number
of cystoscopies could safely be lowered to 29%, while leav-
ing out urine cytology altogether. Although prospective
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investigation is warranted, such a trial has high potential to
cut costs and improve patient well-being.

There were several limitations in our study. Although the
median study duration is relatively short, it is affected by
dropout of patients with recurring disease, which is common
in the first 24 mo after RT. The assay had frequent false pos-
itive findings. False positive findings can largely be explained
by the high anticipatory effect: the test was often already
positive some months prior to a clinically diagnosed recur-
rence. False negative test results could be caused by the fact
that suspected lesions were not always followed by a biopsy
or cytology, as these were judged to be due to radiation
effects. In addition, 30/503 (6%) urine samples failed analy-
ses. In future studies, the use of multiple urine samples at
every time point may help overcome these limitations [31].
FGFR3 and HRAS mutations were rare, probably because
these mutations are infrequent in MIBC as compared with
NMIBC [32–34]. Removal of FGFR3 and HRAS may be consid-
ered in irradiated BC, as these markers were of no additional
value. The addition of methylation enhanced sensitivity,
without hampering specificity, possibly since invasive
tumors are often hypermethylated [35]. Interestingly, all
three UTUCs, known to frequently harbor FGFR3 alterations,
were found hypermethylated for OTX, ONECUT2, and
TWIST1, while FGFR3 mutations were absent. In the future,
a new generation of tests, tailored to the genetic aberrations
of a patients’ tumor, could be developed.

Finally, it would be of interest to investigate the perfor-
mance of mRNA-based tests after radiation (eg, CxBladder
Monitor and Xpert Bladder Cancer Monitor) [36,37]. The
mRNA tests showed promising results in detecting HG tumors
with sensitivity of 95% and 73.7%, respectively, but as RT leads
to reactive changes, it is not unlikely that this negatively
impacts urine test results [11,12]. However, apart from a sin-
gle study investigating a microsatellite analysis in irradiated
BC patients, we were unable to find other studies in the liter-
ature on alternatives for the follow-up of these patients [11].
5. Conclusions

In conclusion, this is the first prospective trial that investi-
gates the diagnostic performance of a urine-based assay in
surveillance of MIBC patients treated with RT. We have
shown that the DNA-based test can be used during surveil-
lance and that previous treatment by RT does not negatively
affect test in contrast to cystoscopy and cytology. The urine
test uses robust and proven techniques, it is easy to imple-
ment in clinical practice, and the assay can be set up with
limited effort in every diagnostic laboratory. The test was
highly predictive of future recurrences and had a very high
NPV. If negative, the urine assay may be useful for skipping
cystoscopies. If positive, increased vigilance is warranted.
Our findings may help guide us toward a more patient-
tailored surveillance schedule, which should include a
robust urine test and a safe reduction of the number of cys-
toscopies and TURBTs during surveillance after RT.
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