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Abstract: Bladder cancer (BC) is one of the most common malignancies in the United States, with
over 80,000 new cases and 16,000 deaths each year. Urothelial carcinoma (UC) is the most common
histology and accounts for 90% of cases. BC management is complicated by recurrence rates of
over 50% in both muscle-invasive and non-muscle-invasive bladder cancer. As such, the American
Urological Association (AUA) recommends that patients undergo close surveillance during and after
treatment. This surveillance is in the form of cystoscopy or imaging tests, which can be invasive and
costly tests. Considering this, there have been recent pushes to find complements to bladder cancer
surveillance. Cell-free DNA (CfDNA), or DNA released from dying cells, and circulating tumor DNA
(ctDNA), or mutated DNA released from tumor cells, can be analyzed to detect and characterize the
molecular characteristics of tumors. Research has shown promising results for ctDNA use in the BC
care realm. A PubMed literature review was performed finding studies discussing cfDNA and ctDNA
in BC detection, prognostication, and monitoring for recurrence. Keywords used included bladder
cancer, cell-free DNA, circulating tumor DNA, urothelial carcinoma, and liquid biopsy. Studies show
that ctDNA can serve as prognostic indicators of both early- and late-stage BC, aid in risk stratification
prior to major surgery, assist in detection of disease progression and metastatic relapse, and can
assess patients who may respond to immunotherapy. The benefit of ctDNA is not confined to BC, as
studies have also suggested its promise as a biomarker for neoadjuvant chemotherapy in upper-tract
UC. However, there are some limitations to ctDNA that require improvements in ctDNA-specific
detection methods and BC-specific mutations before widespread utilization can be achieved. Further
prospective, randomized trials are needed to elucidate the true potential ctDNA has in advancements
in BC care.
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1. Introduction

In 2023, it was estimated that more than 82,000 individuals would be diagnosed and
over 16,000 would die from bladder cancer (BC) in the United States [1]. Although the over-
all 5-year survival rate is 77%, the 5-year survival rate for patients with metastatic disease
is only 5% [2]. Tobacco smoke is the primary risk factor, contributing to the development of
up to 50% of all bladder tumors. Other risk factors include chronic urinary tract infections,
occupational exposure to carcinogens (e.g., aromatic amines and polycyclic aromatic hydro-
carbons), chronic exposure to arsenic, pelvic radiation, and genetic predispositions [2–6].
Approximately 90% of BC cases are due to urothelial carcinoma (UC), which can affect the
urothelial cells that line the entire urogenital tract, including the urethra, ureters, and renal
pelvis [2].
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Non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer
(MIBC) make up 70% and 30% of bladder cancer cases, respectively [7]. NMIBC typically
has a favorable outcome after transurethral resection of bladder tumors (TURBT), with a
70–85% 10-year overall survival rate [8,9]. However, recurrence rates as high as 60–70%
and progression rates of 10–20% necessitate intensive surveillance [8,9]. Up to 40–50% of
high-grade NMIBC cases will progress to MIBC [10,11]. MIBC is treated with neoadjuvant
chemotherapy followed by radical cystectomy and pelvic lymph node dissection, or con-
current chemotherapy and radiation. Despite these treatment efforts, 50% of MIBC patients
will develop local or distant metastasis within two years of cystectomy [11,12].

The high risk of recurrence in both NMIBC and MIBC necessitates ongoing surveil-
lance. Current guidelines suggest that patients with either NMIBC or MIBC who maintain
intact bladders undergo lifelong surveillance with periodic cystoscopy [13,14]. This proce-
dure is invasive and costly, posing a significant burden to the patient and to the healthcare
system, with an estimated cost of over 5 billion dollars per year [15,16]. Patients without
intact bladders are at risk for local and distant recurrence. It is recommended that these pa-
tients undergo chest, abdominal, and pelvic imaging via CT or MRI at 6–12-month intervals
for several years, and then annually thereafter [13,17,18]. The high detection limit for these
imaging techniques can result in a lag time between identification of disease recurrence and
initiation of further therapy [19]. Adjuvant immunotherapy was recently approved to be
administered post-cystectomy; however, there are no clear guidelines for this practice [20].
Clinicians’ current inability to detect early presentations and recurrence of BC is a major
limitation in disease management. The development of an accurate, noninvasive, and
affordable assay for BC detection would improve clinical management and overall survival
(OS) in both NMIBC and MIBC. Liquid biopsy—sampling of non-solid tissue for tumor
DNA—is a promising method to achieve this aim.

Precision oncology, the use of biologic tumor characteristics to elucidate molecularly
targetable alterations, has drastically changed the landscape of cancer treatment over the
past 30 years. While nonspecific cytotoxic agents remain the standard of care for most
cancers, advancements in precision oncology have laid the foundation for targeted therapies
currently approved for bladder cancer, including erdafitinib and enfortumab vedotin, and
our ability to utilize ctDNA levels to track tumor burden in real time [21–23].

cfDNA is fragmented, extracellular DNA released from dying cells found in several
bodily fluids, including serum and urine [24]. ctDNA is the portion of cfDNA that con-
tains mutated DNA released from dying tumor cells. Over the past decade, ctDNA has
gained attention for its potential to evaluate tumor burden in real time [25,26]. Its nonin-
vasive method of collection allows for frequent sampling, which could lead to potential
advancements in early cancer detection, assessment and monitorization of treatment effi-
cacy, and detection of minimal residual disease. Circulating biomarkers, such as ctDNA,
hold promise to address several unmet needs in BC management, including mechanisms
for early detection and clinical staging, prognostication, and personalized treatment. Stud-
ies have shown that ctDNA is detectable in the plasma and urine of BC patients and that
higher levels are associated with disease progression and metastasis [27–29]. ctDNA has
also been studied in the treatment of upper-tract UC [30]. Successful use of liquid biopsy
analysis in the treatment of BC, the most common and best-studied UC, could lead to
improved management of UC throughout the genitourinary tract, including urethral and
upper-tract disease. In this review, we aim to summarize findings from previous studies
regarding cfDNA and ctDNA’s utility in BC management and to highlight ongoing clinical
trials born from this data. UC of the bladder is the most common and best studied and,
therefore, will be the focus of this review.

2. Methods

A narrative literature search was conducted on PubMed to identify studies assessing
the roles of cfDNA and ctDNA in BC detection, prognostication, and monitoring for
recurrence. Keywords used included bladder cancer, cell-free DNA, circulating tumor
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DNA, urothelial carcinoma, and liquid biopsy. We included original studies published
from 2013 to 2024. We excluded non-English literature as well as case reports, reviews, and
abstracts. A second search was conducted on clinicaltrials.gov for active trials involving
cfDNA or ctDNA and UC management. We manually screened relevant studies. Those
with cfDNA or ctDNA analysis in primary or secondary outcomes were included.

3. Results

We identified 38 publications that met our initial search criteria. After reviewing
the full texts, 5 were included, and 15 were added based on expert opinion for a total of
20 studies. Of these, 18 commented on the ability of ctDNA to detect the presence of disease
or recurrence and 12 on the prognostic capability of cfDNA.

The initial clinicaltrials.gov search yielded 37 studies. After screening, 15 studies were
included, of which there were 3 randomized controlled trials, 3 single-arm clinical trials,
8 observational prospective cohort studies, and 1 cross-sectional case study.

4. Discussion
4.1. ctDNA Can Detect BC and Serve as a Prognostic Indicator in Early Disease Stages

Circulating tumor DNA has been studied as a potential detection method for bladder
cancer (BC). Until recently, conclusions regarding the reliability of results of early studies
have been variable. More recently, however, data have become more consistent, supporting
the use of ctDNA as a diagnostic tool for bladder cancer detection. A 2019 meta-analysis
evaluated 11 studies involving both early- and late-stage bladder cancer. Pooled sensitivity
and specificity, respectively, were 0.69 (95%CI: 0.67, 0.71) and 0.72 (95%CI: 0.70, 0.74), and
the area under summary receiver operating characteristic curve was 0.80 (95%CI: 0.77, 0.83).
Although from a small sample size of 11 studies, these results are promising in suggesting
the ctDNA assay as having high diagnostic value for BC detection [31].

Recent studies endorse the use of plasma ctDNA levels for early disease detection
and as a prognostic indicator of disease-free survival (DFS) in cases of NMIBC and MIBC.
Zhang et al. was the first group to study targeted sequencing of ctDNA in NMIBC. The 2021
study included 82 patients with stage Ta or T1 disease who underwent TURBT followed
by adjuvant intravesical BCG immunotherapy. Somatic variations in plasma ctDNA were
detected in 65% of patients. The molecular tumor burden index (mTBI), a reflection of the
ctDNA fraction found in cfDNA, was positively correlated with tumor size and stage and
was an independent predictor of recurrence. Higher mTBI levels were also associated with
worse DFS. These authors revealed that ctDNA can be detected in patients with Ta NMIBC,
suggesting that ctDNA can be used to detect bladder cancer in its earliest stages, possibly
even before symptoms arise. The study also highlighted ctDNA’s ability to predict NMIBC
aggressiveness and likelihood of recurrence in patients who underwent TURBT followed
by BCG immunotherapy [32].

In addition to mTBI, future utilization of ctDNA as an indicator of early disease
may involve specific hotspot mutation analysis. A 2020 study conducted by Hayashi et al.
performed droplet digital PCR (ddPCR) analysis of hotspot gene mutations (TERT promoter
and FGFR3) on urinary cfDNA from a cohort of 74 patients with UC. The sensitivity
of urinary cfDNA diagnosis was 68.9%, and the specificity was 100%. Patients with a
high TERT C228T allele frequency had significantly increased rates of recurrence after
treatment [33]. Thus, ctDNA holds promise to add to the current arsenal for early detection
and prognostication of BC.

4.2. ctDNA Can Risk-Stratify Patients before Extirpative Surgery

Emerging evidence suggests that cisplatin-based neoadjuvant chemotherapy (NAC)
can lead to pathologic downstaging and improved survival in patients with aggressive
urothelial carcinoma (UC) [34,35]. However, difficulties in obtaining accurate clinical
staging before extirpative surgery cause missed opportunities for systemic therapy. This is
especially important for patients who develop renal insufficiency with disease progression



J. Clin. Med. 2024, 13, 2057 4 of 10

and become ineligible to receive NAC. Predictive biomarkers for invasive UC, such as
ctDNA, could limit clinical downstaging, leading to increased DFS and OS.

A 2023 study published by Huelster et al. provided strong evidence that plasma ctDNA
is highly prognostic for advanced-stage disease at the time of extirpative surgery. The
prospective observational study was the first to investigate ctDNA’s ability to distinguish
between patients with muscle-invasive (MI) and non-organ-confined (NOC) upper-tract
urothelial carcinoma (UTUC) from those with non-muscle-invasive (NMI) UTUC in paired
serum and tumor samples. The study included 30 patients diagnosed with resectable,
clinically localized, high-risk UTUC scheduled for radical nephroureterectomy (RNU) or
ureterectomy. Serum was collected 1–2 h prior to surgery. The presence of presurgical
ctDNA was defined by detection of at least 2 plasma molecular alterations (MA) from
a 152 gene panel that covers 81% of the commonly altered genes in UTUC. At least one
MA was found in 70% of perioperative plasma samples and 97% of tumor samples, and
52% of serum ctDNA variants were found in matching tumor samples. ctDNA-positive
status was strongly predictive of MI/NOC UTUC at the time of surgery, with a sensitivity
of 71% and a specificity of 94%. Patients with presurgical ctDNA had worse outcomes.
Of the 11 ctDNA-positive patients, 5 experienced progression, 3 died from UTUC, and 1
died from an unknown cause, whereas only 1 ctDNA-negative patient experienced disease
progression and death [36].

This study highlights ctDNA’s potential to accurately stage UC. Most serum mutations
were found in both serum and tumor samples, highlighting ctDNA’s ability to assess tumor
burden in real time. While neoadjuvant therapies are approved, there are no clear guidelines
for this practice. A standardized method to determine ctDNA-positive or -negative status
and, therefore, which patients could benefit from NAC, would reduce missed opportunities
for systemic therapy and improve DFS and OS in aggressive UC.

While NAC can lead to pathologic downstaging and improved OS, the treatment
is often intense. Optimally, only patients who would benefit would receive treatment.
Early studies have indicated that cfDNA methylation can be used to generate classifiers
of NAC response in BC patients. In a 2023 study, the pathologic response to NAC was
correctly predicted in 79% of blood samples using a model combining the methylation-
based response score (mR-score) and circulating bladder DNA fraction [37]. These studies
highlight cfDNA analysis’ promise to determine which patients would benefit from NAC
in the treatment of BC.

4.3. ctDNA Analysis Can Detect Metastatic Relapse and Predict Disease Progression of MIBC

In addition to detection of organ-confined BC, plasma-derived ctDNA has been shown
to predict disease progression and provide early detection of metastatic disease in patients
with MIBC. In a longitudinal study published in 2019, Christensen et al. enrolled 68 patients
with organ-confined MIBC who received NAC before cystectomy. Plasma ctDNA was
assessed via ultra-deep sequencing at four time points: at diagnosis, during chemotherapy,
before cystectomy, and during surveillance. Patient samples were determined as ctDNA-
positive or ctDNA-negative based on a previously validated method. Positive or negative
ctDNA status was strongly associated with patient outcomes. Patients with ctDNA-positive
samples before chemotherapy, before cystectomy, and during surveillance had lower
DFS and OS compared to ctDNA-negative patients at the same time points. Recurrence
occurred in 46% of patients who were ctDNA-positive before chemotherapy, compared
to only 2% in patients who were ctDNA-negative at this time point. All patients who
were ctDNA-positive before cystectomy had either residual tumor (≥T1) or lymph node
metastasis at cystectomy, and 100% of patients who were pT0 at cystectomy were ctDNA-
negative. ctDNA status at any time after cystectomy was the strongest predictive factor
for metastatic recurrence. None of the 47 patients who were ctDNA-negative during
surveillance experienced metastatic relapse. ctDNA correctly identified 100% of patients
who relapsed during surveillance, with a median lead time of 96 days over imaging, the
current standard of care [38]. These results highlight ctDNA analysis’ potential to detect
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aggressive cases during early stages of MIBC treatment, as positive ctDNA status at all
time points was associated with worse DFS and OS.

Christensen et al.’s study results indicated ctDNA’s immense potential to personalize
the treatment of BC. For example, patients who are ctDNA-positive prior to cystectomy
may undergo additional treatment prior to surgery or consider alternative therapies to
improve oncologic outcomes. Post-cystectomy, ctDNA-negative patients, who have a lower
probability of metastatic relapse, could be spared the side effects of adjuvant therapies.
Similarly, physicians could provide ctDNA-positive patients, who are at high risk of
metastatic recurrence, adjuvant therapies post-cystectomy. ctDNA’s ability to detect disease
earlier than conventional imaging techniques provides an avenue for an improved, less
invasive, and less expensive form of BC surveillance in patients at all time points post-
cystectomy. When combined with Zhang et al. and others’ findings, there is a strong case
for ctDNA analysis’ ability to serve as a noninvasive, effective, and less costly mechanism
for BC surveillance in patients with a history of both NMIBC and MIBC.

4.4. ctDNA Status Can Identify Patients Who May Respond to Immunotherapy

Due to the high rate of metastatic relapse post-cystectomy, adjuvant immunotherapies—agents
designed to elicit or amplify immune responses to treat disease—are sometimes recommended to
prolong DFS and OS. There are currently no clear guidelines to dictate which patients should receive
such therapy [39]. Two monoclonal antibodies, nivolumab and atezolizumab, have been studied as
adjuvant therapies for MIBC.

Adjuvant nivolumab treatment was evaluated in the Checkmate 274 study, a phase
3 multicenter, double-blind, randomized controlled trial of 709 patients that evaluated
adjuvant nivolumab versus placebo in patients with muscle-invasive urothelial carcinoma
who underwent cystectomy. DFS was significantly longer in patients receiving nivolumab
compared to placebo [40]. This led to FDA approval for adjuvant immunotherapy for
patients with MIBC with a high risk of recurrence, defined as those with residual muscle-
invasive disease after chemotherapy, extravesical tumor extension, or node-positive disease.

IMvigor010, a phase 3, multicenter, randomized trial that enrolled over 800 patients
over three years, evaluated adjuvant atezolizumab versus observation in patients with
muscle-invasive urothelial carcinoma. The trial did not meet its primary endpoint, as
neither DFS nor OS was improved with adjuvant atezolizumab compared to observa-
tion [41]. Subsequent analysis of the data, however, revealed that patients who were
ctDNA-positive post-cystectomy had improved DFS and OS with atezolizumab compared
to observation only [42]. This finding inspired the ongoing IMvigor011 trial to evaluate
adjuvant atezolizumab in ctDNA-positive patients post-cystectomy [43].

Although nivolumab has been approved by the FDA, there are no clear guidelines that
outline which patients should receive it. Data from IMvigor010 suggests ctDNA-positive or
-negative status could be used to identify patients who would benefit most from adjuvant
immunotherapy. This highlights another use for plasma-derived ctDNA in BC treatment.
Stratification of patients based on ctDNA status holds the potential to spare patients with
a lower risk of recurrence from continued treatment and immunotherapy side effects
and provide additional therapy only to those with a high risk of metastatic recurrence to
improve DFS and OS.

The correlation between the response to Durvulamab in urothelial cancer patients and
positive ctDNA assays has also been assessed. In a retrospective study, Raja et al. evaluated
29 patients with urothelial cancer, and two cohorts of patients with non-small-cell lung
cancer to correlate ctDNA responses to Durvulamab treatment. Overall, they identified
that changes in ctDNA frequency preceded radiographic regression and were correlated
with longer progression-free and overall survival [44].

5. Challenges with cfDNA Use

The ability to distinguish ctDNA from cfDNA released from healthy cells is key to
ctDNA’s use as a biomarker in oncology. Capturing non-tumor DNA is a major limitation
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in the use of liquid biopsy in BC management. This task is made challenging by ctDNA’s
short fragments, small volume compared to cfDNA, and the fact that benign lesions can
produce ctDNA identical to malignant lesions [24,25,45]. Additionally, multiple cancer
types can harbor the same mutations, making it difficult to distinguish the source of plasma-
derived ctDNA [24]. In bladder cancer specifically, the high heterogeneity of tumors makes
defining a specific set of mutations for detection a challenge [10]. Improvements in ctDNA-
specific detection methods and understanding of BC-specific mutations will help the field
effectively utilize ctDNA technology for the detection and treatment of BC.

6. Conclusions and Future Directions

BC is one of the most common and lethal malignancies in the United States. Care for
patients is made difficult due to limitations in detection mechanisms, risk stratification,
and ambiguous guidelines for adjuvant therapy. Plasma-derived ctDNA has emerged as
a promising biomarker to provide a quick, repeatable, and minimally invasive assay to
evaluate patients for BC diagnosis, disease progression, and metastatic relapse. Preliminary
studies support ctDNA’s ability to detect BC at all disease stages, identify aggressive cases,
and predict which patients would benefit from adjuvant therapies post-cystectomy. Next
steps for the field include validation of these results through prospective, randomized
clinical trials to further showcase ctDNA’s promise as a transformative advance for cancer
medicine (Table 1).

Table 1. Active clinical trials using ctDNA analysis in urothelial carcinoma.

Trial Sample Size Patient Population Intervention Relevant Objectives

Randomized controlled trials

ANTICIPATE
(NCT04813107) 79

Patients with MIBC who
refused or were ineligible
for cisplatin-based NAC
and will undergo radical

cystectomy.

Active Comparator:
APL-1202 and tislelizumab

Placebo Comparator:
Tiselizumab alone

To assess tumor mutational
burdens in pre- and post-treatment
cfDNA, ctDNA, and tumor tissue.

IMvigor011
(NCT04660344) 520

Patients with high-risk
MIBC who are

ctDNA-positive following
cystectomy.

Atezolizumab DFS within 24 weeks of
cystectomy.

MODERN
(NCT05987241) 1190 Bladder cancer patients

post-cystectomy.

Cohort A: ctDNA-positive

• Arm 1: Nivolumab
• Arm 2: Nivolumab +

retalimab

Cohort B: ctDNA-negative

• Arm 3: Nivolumab
• Arm 4: ctDNA

surveillance

1. To compare ctDNA clearance in
Cohort A

2. To compare OS in Cohort A
3. To compare DFS in Cohort B

Single-arm clinical trials

CLONEVO
(NCT03837821) 20

MIBC patients who
refused or are ineligible

for cisplatin-based
chemotherapy.

Abemaciclib followed by
radical cystectomy

To measure changes in cell-cycle
dynamics pre- and

post-Abemaciclib in tumor
samples and ctDNA from blood.

RESPONDER
(NCT03263039) 80

Patients with urothelial
carcinoma that has

progressed after
platinum-containing

chemotherapy.

Pembrolizumab

To collect longitudinal blood
samples for isolation of immune
cells, cytokine/chemoattractants,

and ctDNA.
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Table 1. Cont.

Trial Sample Size Patient Population Intervention Relevant Objectives

TOMBOLA
(NCT04138628) 282

ctDNA-positive patients
who have undergone

radical cystectomy due to
MIBC without metastases

following NAC.

Atezolizumab
To evaluate atezolizumab’s ability
to achieve complete response after

treatment.

Observational prospective cohort studies

Assessment of the
Concordance of Genomic

Alterations Between Urine
and Tissue in High-Risk

NMIBC Patients
(NCT04412070)

40

Patients with NMIBC
before BCG treatment and

MIBC before radical
cystectomy.

N/A
To assess the agreement rate

between urine cell-free DNA and
tumor tissue mutation profile.

Circulating Tumor DNA
and Urine Tumor DNA
Detection of Minimal
Residual Disease in
Locally Advanced

Upper-Tract Urothelial
Carcinoma with Radical
Nephroureterectomy: A

Cohort Study
(NCT05595408)

103

Patients with
muscle-invasive

upper-tract urothelial
carcinoma after radical

nephroureterectomy
receiving adjuvant

chemotherapy or adjuvant
immunotherapy.

N/A To assess the predictive value of
ctDNA and utDNA.

Circulating Tumor DNA
Exposure in Peripheral

Blood
(NCT03517332)

10,000

Patients with a diagnosed
malignancy (including,

but not limited to,
colorectal, pancreatic,
gastric, hepatocellular

carcinoma, non-small-cell
lung cancer, bladder, and
melanoma) and subjects

that have never been
diagnosed with

malignancy.

N/A

To test the feasibility of the
detection of tumor DNA in

peripheral blood using a novel
process for the detection of ctDNA.

MARIA
(NCT05219734) 400

Patients with solid tumors,
with emphasis on

early-stage non-metastatic
colorectal, non-small-cell

lung cancer, breast,
ovarian, and bladder

cancers.

Personalized molecular testing
to detect the presence of

ctDNA and MRD
To evaluate DFS and OS.

Clinical Performance
Evaluation of the C2i Test

(NCT05860543)
125

Patients with MIBC who
will undergo radical

cystectomy.

C2i-WGS-MRD Test
(personalized molecular

ctDNA test)

To assess the specificity of the
C2i-WGS-MRD Test in predicting
2-year recurrence-free survival.

ORACLE
(NCT05059444) 1000

Patients with invasive
bladder, ureteral, or renal
pelvis carcinoma, NSCLC,

or breast cancer with
residual invasive disease
following neoadjuvant

chemotherapy.

Guardant Reveal (MRD panel
for use in recurrence detection)

To evaluate distant recurrence-free
interval.

ctDNA in Subjects with
Muscle-Invasive Bladder

Cancer Treated with
Trimodality Therapy

(NCT5630131)

20

Patients with MIBC to be
treated with surgery,

radiation, and
chemotherapy.

N/A

To evaluate the feasibility of
measuring ctDNA in serum and

urine in patients with MIBC
treated with trimodality therapy.
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Table 1. Cont.

Trial Sample Size Patient Population Intervention Relevant Objectives

Preventing Viral
Pandemic-Associated Risk

of Cancer Death Using
Less Invasive Diagnostic
Tests—Liquid Biopsies

(NCT04566614)

294

Patients with suspected
malignancy (biliary tract,

bladder, pancreatic,
gastrointestinal stromal,
lung, and colorectal) for

whom invasive biopsy for
definitive histological

diagnosis is challenging
due to COVID-19-related

resource limitations,
infection control, or
technical feasibility.

N/A
To investigate the feasibility of
using ctDNA to support cancer
diagnosis and risk stratification.

Cross-sectional case study

ctDNA-FGFR Status as a
Predictive Biomarker for
FGFR-Targeted Therapy

(NCT06129084)

210
Metastatic BC patients

who have archival tissue
sent for FGFR testing.

N/A
To evaluate the diagnostic value of

ctDNA testing for FGFR against
standard tissue testing.
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