
R E V I E W

Post-IMvigor011 Era: CtDNA-Guided 
Postoperative Adjuvant Treatment Stratification in 
Muscle-Invasive Bladder Cancer
Jie Sui1,*, Yunfan Chen2,*, Yu Jiang2, Qiyu He3, Xiping Guo4

1Department of Geratology, The First Hospital of China Medical University, Shenyang, Liaoning, People’s Republic of China; 2Department of Urology, 
The First Hospital of China Medical University, Shenyang, Liaoning, People’s Republic of China; 3Emergency Department, The First Hospital of China 
Medical University, Shenyang, Liaoning, People’s Republic of China; 4Department of Pancreatic-Biliary Surgery, The First Hospital of China Medical 
University, Shenyang, Liaoning, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Xiping Guo, Department of Pancreatic-Biliary Surgery, The First Hospital of China Medical University, No. 155 Nanjing North 
Street, Heping District, Shenyang, Liaoning, 110001, People’s Republic of China, Email guoxiping_happy@163.com

Abstract: Muscle-invasive bladder cancer (MIBC) remains characterized by substantial postoperative heterogeneity after radical 
cystectomy, and conventional pathology and imaging incompletely identify patients with biologically active residual disease. 
Circulating tumor DNA (ctDNA) has emerged as the most clinically advanced liquid-biopsy marker of molecular residual disease 
(MRD) in this setting because it can detect recurrence before radiographic progression and, more importantly, can now inform 
postoperative treatment selection. The Phase III IMvigor011 trial provided the first prospective randomized evidence that ctDNA- 
guided adjuvant atezolizumab improves disease-free and overall survival in patients who become ctDNA-positive after cystectomy, 
thereby establishing molecular relapse as an actionable postoperative state rather than a merely prognostic observation. By contrast, 
the favorable outcomes observed in persistently ctDNA-negative patients support surveillance-based de-escalation but do not yet 
constitute randomized proof that adjuvant therapy can be safely omitted. In this review, we examine how the field evolved from early 
prognostic studies to biomarker-directed intervention, synthesize the distinct clinical logics of escalation and de-escalation, and 
analyze the remaining barriers to implementation, including assay selection, sampling kinetics, false-negative risk, clonal hematopoi
esis of indeterminate potential (CHIP) interference, pre-analytical control, and economic feasibility. We also discuss how emerging 
data from TOMBOLA, MODERN, and complementary plasma/urine multi-analyte approaches may determine whether ctDNA-guided 
management matures from selective escalation into a broader risk-adapted postoperative strategy. The central challenge in the post- 
IMvigor011 era is therefore no longer whether ctDNA is clinically relevant, but how to integrate it rigorously, reproducibly, and 
contextually into contemporary perioperative MIBC care. 
Keywords: circulating tumor DNA, minimal residual disease, muscle-invasive bladder cancer, adjuvant immunotherapy, 
atezolizumab, treatment escalation, treatment de-escalation, molecular residual disease, IMvigor011, liquid biopsy

Introduction
For localized muscle-invasive bladder cancer (MIBC), radical cystectomy with bilateral pelvic lymph node dissection 
remains the cornerstone local treatment, and cisplatin-based neoadjuvant chemotherapy is the standard perioperative 
approach for patients who are eligible for cisplatin.1 Despite curative-intent surgery, postoperative recurrence remains 
a major clinical burden. In a large radical cystectomy series, 5-year recurrence-free survival was approximately 68% 
overall and was markedly lower among patients with extravesical extension or nodal involvement, indicating that 
a substantial proportion of patients relapse despite definitive local treatment.2 This recurrence burden highlights the 
likelihood that some patients harbor biologically active residual disease that is not captured by routine postoperative 
imaging or conventional pathological risk assessment. Long-term outcomes are therefore strongly conditioned by 
pathological stage and nodal status; patients with organ-confined node-negative disease fare substantially better than 
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those with extravesical extension or nodal involvement, underscoring the persistent heterogeneity that remains hidden 
within conventional clinicopathological risk groups.1,2

The adjuvant treatment landscape for MIBC has changed substantially since CheckMate 274 demonstrated a disease- 
free survival benefit for nivolumab in patients at high risk of recurrence after radical surgery.3 However, postoperative 
treatment allocation is still driven mainly by pathological and clinical risk features rather than direct evidence of 
molecular residual disease. In practice, adjuvant cisplatin-based chemotherapy is generally relevant only for patients 
who remain cisplatin-eligible and who did not already receive prior neoadjuvant cisplatin, whereas adjuvant immu
notherapy is applied largely according to clinicopathological high-risk criteria.1,3 This framework can plausibly lead to 
undertreatment of some patients with occult molecular residual disease and overtreatment of others. The phase III 
IMvigor010 trial of adjuvant atezolizumab versus observation in unselected high-risk patients failed to demonstrate 
a disease-free survival benefit in the intention-to-treat population, whereas AMBASSADOR showed a significant 
disease-free survival benefit with adjuvant pembrolizumab, with overall survival still immature. Together, these data 
sharpen the question of whether pathology-only selection is the optimal framework for postoperative treatment allocation 
in this disease.4,5

Current postoperative surveillance in MIBC remains fundamentally reactive: imaging identifies recurrence only after 
macroscopic disease has emerged. In this setting, molecular residual disease (MRD) refers to biologically active residual 
tumor burden that persists after curative-intent treatment but remains below the detection threshold of conventional 
imaging or clinical assessment. Blood-based MRD assays therefore seek to identify residual disease earlier in its natural 
history. Circulating tumor DNA (ctDNA) is particularly attractive because the rapid turnover of plasma cell-free DNA 
allows near-real-time molecular assessment of tumor burden, treatment response, and relapse risk.6 Early MIBC data also 
extended this rationale to urine-based monitoring: Patel et al reported that tumor-derived DNA signals in plasma and 
urine were associated with clinical outcomes, supporting liquid-biopsy approaches as early tools for treatment-response 
and relapse-risk assessment in MIBC7 Subsequent urothelial carcinoma studies showed that postoperative ctDNA 
positivity is strongly associated with recurrence and that ctDNA detection can precede radiographic relapse by several 
weeks to months.8,9 This prognostic framework was later advanced by IMvigor011, a phase III ctDNA-guided adjuvant 
trial in which patients who became ctDNA-positive after cystectomy were randomized to atezolizumab or placebo. By 
demonstrating improved outcomes with ctDNA-triggered adjuvant atezolizumab, IMvigor011 repositioned molecular 
relapse from a surveillance finding to a therapeutically actionable postoperative state.10

The central question in the post-IMvigor011 era is no longer whether ctDNA is prognostic, but how ctDNA should be 
integrated with pathology, perioperative treatment context, and longitudinal surveillance to support clinically defensible 
postoperative decision-making in MIBC. This review therefore traces the evidentiary transition of ctDNA from an early- 
detection biomarker to a treatment-selection tool, reconstructs the dual clinical logic of escalation and de-escalation, and 
critically examines the technical, interpretive, and implementation barriers that must be resolved before ctDNA-guided 
postoperative management can be considered mature clinical practice. The key clinical trials and prospective studies 
shaping ctDNA-guided postoperative management in MIBC are summarized in Table 1. The major escalation and de- 
escalation scenarios, together with practical implementation challenges for ctDNA-guided postoperative care, are 
summarized in Table 2. The overall ctDNA-guided postoperative decision framework proposed in this review is 
illustrated in Figure 1.

Evolution of Evidence: From Prognostic Biomarker to 
Treatment-Selection Biomarker
Early Explorations: Establishing ctDNA as a Prognostic Tool in Bladder Cancer
Among the earliest prospective studies in bladder cancer, Birkenkamp-Demtröder et al showed that personalized tumor- 
informed ctDNA analysis could detect metastatic relapse before radiographic confirmation in patients monitored after 
radical cystectomy, thereby providing an early proof-of-concept for postoperative molecular relapse surveillance.41 

Christensen et al subsequently extended this signal in 68 patients with localized advanced bladder cancer using ultra- 
deep sequencing of plasma cell-free DNA; postoperative ctDNA surveillance identified all patients who later developed 
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Table 1 Major Studies Shaping ctDNA-Guided Postoperative Management in Muscle-Invasive Bladder Cancer

Study Study Design Patient Population ctDNA Assay 
Type/Use

Treatment Arms or 
Strategy

Primary Endpoint Key Efficacy Outcomes Interpretation for ctDNA- 
Guided Postoperative 

Management

IMvigor0104,11,12 Phase III 
randomized 
open-label 
adjuvant trial.

High-risk MIUC after 
radical surgery.

Retrospective 
tumor-informed 
plasma ctDNA 
biomarker subset; 
ctDNA was not 
used for treatment 
assignment.

Atezolizumab vs 
observation.

Investigator-assessed 
DFS in the ITT 
population.

The trial was negative in the ITT 
population. In the ctDNA- 
positive biomarker subset, 
atezolizumab showed DFS/OS 
benefit signals, and ctDNA 
clearance or reduction was 
associated with longer OS.

Generated the rationale for 
prospective ctDNA-guided 
intervention, but was not 
practice-defining because the 
overall trial was negative and 
ctDNA analysis was 
retrospective.

IMvigor01110 Phase III 
randomized 
double-blind 
ctDNA-guided 
adjuvant trial.

MIBC after cystectomy, no 
radiographic disease, and 
postoperative ctDNA- 
positive status for 
randomization; persistently 
ctDNA-negative patients 
were followed 
observationally.

Serial tumor- 
informed plasma 
ctDNA monitoring 
during the first 
postoperative year.

ctDNA-positive: 
atezolizumab vs placebo; 
persistently ctDNA- 
negative: surveillance.

DFS in randomized 
ctDNA-positive 
patients; OS was 
a key survival 
outcome.

Atezolizumab improved DFS and 
OS in ctDNA-positive patients. 
Persistently ctDNA-negative 
patients had favorable 
observational outcomes without 
immediate adjuvant therapy.

Validates ctDNA-positive 
molecular relapse as 
a therapeutically actionable 
postoperative state. Treatment 
omission in persistently ctDNA- 
negative patients remains 
observational rather than 
definitively proven.

CheckMate 2743,13 Phase III 
randomized 
double-blind 
adjuvant trial.

High-risk MIUC after 
radical surgery.

Post hoc 
exploratory 
plasma ctDNA 
subset; ctDNA 
was not used for 
treatment 
assignment.

Nivolumab vs placebo. DFS in the ITT 
population and in 
patients with tumor 
PD-L1 expression 
≥1%.

Adjuvant nivolumab improved 
DFS overall. Exploratory ctDNA 
analysis suggested a larger 
apparent DFS benefit in ctDNA- 
detectable patients than in 
ctDNA-undetectable patients.

Supports ctDNA as a risk- 
refinement biomarker, but 
remains hypothesis-generating 
because the ctDNA analysis was 
post hoc and subset-based.

AMBASSADOR5 Phase III 
randomized 
open-label 
adjuvant trial.

High-risk MIUC after 
radical surgery.

Not ctDNA- 
guided in the 
primary treatment 
strategy.

Pembrolizumab vs 
observation.

Dual primary 
endpoints: DFS and 
OS.

Pembrolizumab improved DFS 
versus observation; OS data were 
immature or had not established 
a definitive survival benefit at the 
reported analysis.

Shows benefit of unselected 
adjuvant ICI, but does not 
resolve ctDNA-guided patient 
selection or de-escalation.

TOMBOLA14 Prospective 
single-arm Phase 
II ctDNA-guided 
immunotherapy 
study.

MIBC after NAC and 
radical cystectomy.

Serial tumor- 
informed plasma 
ctDNA testing.

ctDNA-positive: 
atezolizumab; ctDNA- 
negative: observation.

Complete response 
among ctDNA- 
positive patients 
treated with 
atezolizumab.

ctDNA-guided intervention was 
feasible; 60% achieved the 
primary endpoint, 1-year RFS was 
high among ctDNA-negative 
patients, and molecular detection 
preceded radiographic relapse by 
approximately 90 days.

Supports the feasibility of 
molecular-relapse intervention 
and surveillance in ctDNA- 
negative patients, but is limited 
by the nonrandomized design.

MODERN 
NCT05987241

Ongoing 
randomized 
phase II/III MRD- 
guided trial.

High-risk muscle-invasive 
urothelial carcinoma after 
radical surgery.

Blood-based 
ctDNA-stratified 
MRD testing for 
cohort assignment 
and serial 
monitoring.

ctDNA-positive: 
nivolumab vs nivolumab 
plus relatlimab; ctDNA- 
negative: immediate 
nivolumab vs ctDNA 
surveillance with 
nivolumab initiated after 
ctDNA conversion.

Registered primary 
measures include 
ctDNA-negative 
conversion at week 
12, OS, and DFS.

Mature efficacy outcomes 
pending.

Designed to test both 
intensification in ctDNA-positive 
disease and randomized de- 
escalation or delayed-treatment 
strategy in ctDNA-negative 
disease.

Abbreviations: ctDNA, circulating tumor DNA; DFS, disease-free survival; HR, hazard ratio; ICI, immune checkpoint inhibitor; ITT, intention-to-treat; MIBC, muscle-invasive bladder cancer; MIUC, muscle-invasive urothelial carcinoma; 
MRD, molecular residual disease; NAC, neoadjuvant chemotherapy; OS, overall survival; RFS, recurrence-free survival.
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Table 2 Escalation, De-Escalation, and Implementation Considerations for ctDNA-Guided Postoperative Management in Muscle-Invasive Bladder Cancer

Domain Clinical Scenario or 
Challenge

Current Evidence Status Practical Implication

Escalation ctDNA-positive molecular 
relapse after cystectomy

IMvigor011 provides prospective randomized evidence that ctDNA-triggered adjuvant atezolizumab 
improves DFS and OS in patients who become ctDNA-positive after cystectomy; TOMBOLA 
provides supportive prospective feasibility data.10,14

ctDNA-positive conversion can be regarded as an actionable 
postoperative state, but optimal regimen selection beyond atezolizumab 
remains unresolved.

Escalation Persistent or rising ctDNA 
during treatment

Updated IMvigor010 and TOMBOLA analyses support the prognostic relevance of ctDNA 
clearance, reduction, or persistence, but response-adaptive switching or intensification thresholds 
are not yet validated.11,14

Molecular non-clearance should be treated as a high-risk signal and trial- 
enrichment factor rather than a routine mandate for treatment 
switching.

Escalation Intensification beyond single- 
agent immune checkpoint 
inhibition

ADC-based escalation and dual-checkpoint approaches are biologically or clinically plausible, but 
supporting evidence largely derives from metastatic disease, mechanistic studies, or ongoing trials 
rather than postoperative ctDNA-positive MIBC.15–22

Intensified regimens should remain investigational and should preferably 
be tested in prospective biomarker-directed trials.

De-escalation Persistently ctDNA-negative 
postoperative status

IMvigor011 and TOMBOLA show favorable outcomes among persistently ctDNA-negative patients 
under surveillance, but neither provides randomized proof that adjuvant therapy can be safely 
omitted in all such patients.10,14

ctDNA negativity supports protocolized surveillance, not therapeutic 
abandonment; randomized de-escalation evidence remains needed.

De-escalation Clinicopathologically high-risk 
but ctDNA-negative disease

ctDNA appears to refine risk beyond conventional pathology, but false-negative risk persists because 
of low tumor shedding, low-volume disease, or incomplete representation of recurrent 
clones.10,14,23,24

Management should integrate ctDNA status with pathology, imaging, 
prior perioperative therapy, clinical context, and patient preference.

Assay selection Tumor-informed versus 
tumor-agnostic platforms

The strongest therapeutic evidence in postoperative MIBC comes from tumor-informed plasma 
ctDNA strategies; prospective cross-platform clinical interchangeability has not been 
established.10,14,25–27

Assay choice should prioritize clinical validation in the intended 
postoperative use case rather than operational convenience alone.

Sampling kinetics Timing, frequency, and 
duration of postoperative 
monitoring

Available data support serial monitoring rather than a single postoperative blood draw; optimal 
starting window, interval, and monitoring duration remain undefined.10,11,14,28

ctDNA assessment should be implemented as a longitudinal monitoring 
program, with parallel imaging and reassessment after molecular 
conversion.

Interpretation Discordant results and false- 
negative plasma ctDNA 
findings

Plasma ctDNA negativity does not eliminate recurrence risk, and urine tumor DNA may provide 
complementary information for residual local disease or bladder-preservation contexts.9,14,29–31

A negative plasma result should not replace imaging or clinical judgment; 
plasma and urine analytes should be viewed as complementary rather 
than interchangeable.

False positives CHIP-related misclassification Age-related clonal hematopoiesis can generate false-positive plasma cfDNA findings and is especially 
relevant in the older MIBC population.28,32–35

Matched-normal or leukocyte-based filtering and CHIP-aware 
bioinformatics should be treated as core analytical requirements for 
clinical ctDNA assays.

Implementation Pre-analytical control, 
turnaround time, cost, 
reimbursement, and access

Routine implementation depends on specimen handling, laboratory infrastructure, tissue availability, 
repeated testing logistics, reimbursement, and disease-specific health-economic evidence.36–40

Broader adoption requires standardized workflows, reporting 
thresholds, quality control, and MIBC-specific cost-effectiveness 
analyses.

Abbreviations: ADC, antibody-drug conjugate; cfDNA, cell-free DNA; CHIP, clonal hematopoiesis of indeterminate potential; ctDNA, circulating tumor DNA; DFS, disease-free survival; ICI, immune checkpoint inhibitor; MIBC, 
muscle-invasive bladder cancer; MRD, molecular residual disease; OS, overall survival; utDNA, urinary tumor DNA.
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metastatic relapse, with 100% sensitivity, 98% specificity, and a median lead time of 96 days over radiographic imaging.8 

These observations established the early clinical validity and prognostic potential of tumor-informed ctDNA monitoring 
in the postoperative setting.8,41

A small exploratory study further suggested that persistent ctDNA detection during neoadjuvant chemotherapy may 
anticipate subsequent recurrence in MIBC, although these data should be interpreted as treatment-monitoring feasibility 
evidence rather than definitive validation of postoperative MRD performance.7 More recently, whole-genome tumor- 
informed approaches have expanded the breadth of patient-specific variant tracking and further strengthened the technical 
basis for highly sensitive postoperative ctDNA detection in urothelial carcinoma.42 Biologically, integrated analyses 
suggest that baseline ctDNA-positive tumors are enriched for the Basal/Squamous subtype and for epithelial-to- 
mesenchymal transition and cell cycle–associated gene sets, supporting the concept that ctDNA detectability partly 
reflects aggressive tumor biology.43

The IMvigor010 Inflection Point: Retrospective Rescue of a Negative Trial
In the phase III IMvigor010 trial, 809 patients with high-risk muscle-invasive urothelial carcinoma after radical surgery 
were randomized to adjuvant atezolizumab or observation. In the intention-to-treat population, adjuvant atezolizumab did 
not improve disease-free survival, and updated analyses likewise did not show an overall survival benefit in the 
unselected intention-to-treat population.4,11 However, an exploratory ctDNA biomarker analysis published in Nature in 
2021 provided a clinically important reinterpretation of the negative trial. In a biomarker-evaluable subset of 581 of the 
809 intention-to-treat patients, ctDNA testing at the start of therapy identified 214 patients (37%) as ctDNA-positive, 
a group with markedly worse outcomes in the observation arm.12

The prognostic value of ctDNA was striking: in the observation arm, ctDNA positivity versus negativity was 
associated with shorter OS (HR 6.3; 95% CI 4.3–9.3).12 In the ctDNA-positive subgroup, atezolizumab was associated 
with longer OS than observation (HR 0.59; 95% CI 0.42–0.83), supporting the predictive relevance of ctDNA in this 
exploratory analysis.11 Week-6 ctDNA clearance was more frequent with atezolizumab than with observation (18% 
versus 4%), and greater ctDNA reduction was associated with longer OS.12 The updated 2024 European Urology analysis 

Figure 1 Post-IMvigor011 ctDNA-guided postoperative decision framework in muscle-invasive bladder cancer. Solid arrows indicate currently supported clinical logic, 
whereas dashed arrows indicate investigational or not-yet-practice-defining extensions. 
Abbreviations: ctDNA, circulating tumor DNA; MRD, molecular residual disease; MIBC, muscle-invasive bladder cancer; CHIP, clonal hematopoiesis of indeterminate 
potential; ADC, antibody–drug conjugate.
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further showed a graded association between the magnitude of ctDNA reduction and overall survival: 100% clearance 
was associated with a median OS of 60.0 months, 50–99% reduction with 34.3 months, and less than 50% reduction with 
19.9 months. In the same analysis, combining C1D1 and C3D1 ctDNA status yielded higher sensitivity for relapse 
detection than C1D1 alone (68% versus 57%), supporting serial assessment rather than reliance on a single time point.11

These retrospective findings provided the rationale for prospectively testing ctDNA-guided adjuvant atezolizumab in 
IMvigor011.10

IMvigor011: The First Prospective Randomized Validation
The phase III IMvigor011 trial (NCT04660344) provides the first prospective randomized validation of ctDNA-guided 
adjuvant therapy in MIBC. In this global double-blind study, patients with muscle-invasive bladder cancer and no 
radiographic evidence of disease after cystectomy underwent serial postoperative ctDNA monitoring for up to 1 year. 
Patients who became ctDNA-positive during surveillance were randomly assigned in a 2:1 ratio to receive intravenous 
atezolizumab or placebo every 4 weeks for up to 1 year, whereas those who remained persistently ctDNA-negative did 
not receive blinded study treatment. The primary end point was investigator-assessed disease-free survival, and overall 
survival was assessed hierarchically as a key secondary end point.10

Among 761 enrolled patients, 250 ctDNA-positive patients underwent randomization (167 to atezolizumab and 83 to 
placebo). Median disease-free survival was 9.9 months with atezolizumab versus 4.8 months with placebo (HR 0.64, 
95% CI 0.47–0.87; P=0.005), and median overall survival was 32.8 months versus 21.1 months (HR 0.59, 95% CI 0.39– 
0.90; P=0.01). The 12-month disease-free survival rates were 44.7% with atezolizumab and 30.0% with placebo, and the 
corresponding 12-month overall survival rates were 85.1% and 70.0%, respectively. Among 357 patients with persistent 
ctDNA negativity, disease-free survival was 95% at the end of the 1-year monitoring period and 88% at 2 years; reported 
12- and 24-month overall survival rates in this observational ctDNA-negative cohort were 100% and 97.1%, respectively, 
supporting a favorable prognosis under surveillance, although these observational data are insufficient to definitively 
establish that adjuvant therapy can be safely withheld in all ctDNA-negative patients.10

IMvigor011 should be read as a biomarker-enabled treatment trial rather than simply another positive adjuvant 
immunotherapy study. Its central contribution is to prospectively validate molecular relapse as an actionable post
operative state and to confirm, in randomized fashion, the biomarker-enrichment signal that had previously been inferred 
retrospectively from IMvigor010.10–12 Just as importantly, the trial also defines the present evidentiary boundary of the 
field: randomized evidence now supports ctDNA-triggered treatment escalation, whereas treatment omission in persis
tently ctDNA-negative patients remains an observational inference rather than a randomized conclusion.10 This asym
metry is not semantic; it should shape both current clinical interpretation and the design priorities of the next generation 
of trials.

Supportive but Exploratory Evidence: CheckMate 274 Five-Year ctDNA Analysis
The phase III CheckMate 274 trial randomized 709 patients with high-risk muscle-invasive urothelial carcinoma (MIUC) 
after radical surgery to adjuvant nivolumab 240 mg every two weeks versus placebo for up to one year.3 In the peer- 
reviewed 5-year analysis published in Annals of Oncology, adjuvant nivolumab continued to show a durable disease-free 
survival (DFS) benefit: median DFS was 21.9 months versus 11.0 months in all randomized patients (HR 0.74; 95% CI 
0.61–0.90), and 55.5 months versus 8.4 months in patients with tumor PD-L1 expression ≥1% (HR 0.58; 95% CI 0.42– 
0.79). Median OS in all randomized patients was 75.0 months versus 50.1 months (HR 0.83; 95% CI 0.67–1.02), but the 
prespecified boundary for statistical significance had not been crossed at the time of this analysis.13

The post hoc exploratory ctDNA analysis was based on only 133 of 709 randomized patients and should therefore be 
interpreted as supportive, hypothesis-generating evidence rather than practice-defining validation, a positioning that is 
also consistent with recent bladder cancer–focused reviews of ctDNA implementation.9 Baseline ctDNA after radical 
surgery was detected in 54 (40.6%) of 133 assessable patients. Median DFS was 52.1 months versus 5.0 months in 
patients with undetectable versus detectable ctDNA at baseline (HR 0.30; 95% CI 0.18–0.48). Among patients with 
detectable ctDNA, median DFS was 7.4 months with nivolumab versus 2.8 months with placebo (HR 0.35; 95% CI 0.18– 
0.66), whereas among those with undetectable ctDNA, no clear DFS advantage was observed (HR 0.99; 95% CI 0.51– 
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1.93).13 Taken together, these exploratory data are directionally concordant with IMvigor011 and with the broader 
TOMBOLA experience, supporting the hypothesis that ctDNA-defined MRD may enrich for postoperative benefit from 
adjuvant ICI. However, because the CheckMate 274 ctDNA dataset was small, post hoc, and agent-specific, these 
findings should be interpreted as supportive rather than independently confirmatory, and cross-agent predictive validity 
remains unproven.10,13,14

The AMBASSADOR Trial and the Unresolved Question of Unselected Adjuvant ICI 
Benefit
The phase III AMBASSADOR trial evaluated adjuvant pembrolizumab versus observation in patients with high-risk 
muscle-invasive urothelial carcinoma after radical surgery and showed a significant disease-free survival benefit in the 
intention-to-treat population, whereas overall survival remained immature at the time of reporting.5 Unlike IMvigor011, 
which prospectively randomized patients after ctDNA positivity during surveillance, AMBASSADOR was not designed 
as a ctDNA-guided biomarker-integrated trial. The ctDNA findings from CheckMate 274 were likewise exploratory 
rather than used for prospective patient selection. Accordingly, AMBASSADOR is best interpreted within a broader but 
methodologically heterogeneous evidence base for adjuvant immune checkpoint inhibition in clinicopathologically 
selected high-risk disease.5,10,13 Because AMBASSADOR did not report prospective ctDNA stratification or ctDNA 
biomarker results in its primary publication, it does not resolve whether ctDNA can refine patient selection for 
pembrolizumab-based adjuvant therapy. In light of IMvigor011 and the broader maturation of MRD-oriented studies 
in urothelial cancer, prospective ctDNA incorporation is a rational next step for future perioperative trial design, but the 
available evidence does not yet support describing ctDNA assessment as a mandated standard.9,10,25

The Perioperative Context: NIAGARA and Its Implications for ctDNA-Guided 
Adjuvant Strategies
The perioperative treatment landscape for MIBC was materially reshaped by NIAGARA, in which perioperative 
durvalumab added to gemcitabine-cisplatin improved both event-free survival and overall survival versus neoadjuvant 
gemcitabine-cisplatin alone in cisplatin-eligible patients with operable disease. As perioperative ICI-containing regimens 
now have phase III survival-level support, the postoperative question becomes less whether adjuvant therapy should be 
given broadly and more which residual-risk subsets, if any, still warrant additional treatment after prior systemic 
intensification.44 Neoadjuvant ICI programs such as NABUCCO and PURE-01 established that deep pathologic 
responses can be achieved before cystectomy. However, long-term PURE-01 follow-up showed that survival remained 
strongly stratified by pathologic response, indicating that patients without a complete or major pathologic response 
continue to carry clinically meaningful recurrence risk.45,46 In this context, postoperative ctDNA is best framed as 
a candidate residual-risk stratification tool rather than a universally validated arbiter across all perioperative regimens. 
Direct prospective support exists after neoadjuvant chemotherapy plus cystectomy in TOMBOLA, where serial tumor- 
informed ctDNA testing guided early atezolizumab in ctDNA-positive patients, whereas ctDNA-negative patients 
received immunotherapy only upon radiographic detection of metastases; whether the same principle can be generalized 
to ICI-containing perioperative regimens remains unproven.14

Postoperative ctDNA can therefore no longer be interpreted within the older binary framework of cystectomy 
followed by optional adjuvant therapy. In contemporary practice, postoperative MRD assessment increasingly occurs 
after heterogeneous perioperative regimens, including chemotherapy-alone, chemoimmunotherapy, and ADC-containing 
approaches, each of which may alter both residual disease biology and the clinical meaning of postoperative ctDNA 
positivity or negativity.44,47 The central translational question is therefore shifting from whether ctDNA can identify 
residual risk after cystectomy per se to whether it can reliably re-stratify risk after prior systemic intensification and 
thereby guide selective postoperative escalation rather than indiscriminate continuation of therapy. In this setting, 
postoperative ctDNA should currently be regarded as a biologically plausible and clinically promising stratification 
tool, but not yet as a universally validated decision-maker across all intensified perioperative pathways.44,47
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ctDNA-Guided Adjuvant Treatment Reconstruction: Escalation and 
De-Escalation Strategies
Treatment Escalation: Targeting ctDNA-Positive (MRD+) Patients
The phase III IMvigor011 trial established that ctDNA-positive patients derived significant clinical benefit from adjuvant 
atezolizumab, with hazard ratios of 0.64 for disease-free survival and 0.59 for overall survival versus placebo, 
corresponding to relative reductions of 36% in recurrence or death and 41% in the risk of death.10 Compared with the 
negative intention-to-treat result of IMvigor010 in an unselected postoperative population (DFS HR 0.89), the positive 
IMvigor011 signal among ctDNA-positive patients supports ctDNA-based enrichment of therapeutic benefit; however, 
this inference remains cross-trial and should not be interpreted as a formally quantified efficiency gain within a single 
randomized framework.4,10

The escalation question should now be framed at three levels: whether ctDNA-positive disease warrants postoperative 
systemic treatment at all, whether single-agent PD-1/PD-L1 blockade is sufficient for all ctDNA-positive patients, and 
whether molecular non-clearance or molecular progression should trigger intensification beyond standard ICI. 
IMvigor011 addresses the first question directly; the latter two remain unresolved. In that sense, ctDNA-guided 
escalation has crossed the threshold from biologic hypothesis to practice-relevant principle, whereas regimen selection 
within the ctDNA-positive state remains investigational.10

Several escalation routes are biologically plausible but should be kept analytically distinct. ADC-based intensification 
is attractive because enfortumab vedotin plus pembrolizumab has redefined first-line therapy in untreated locally 
advanced or metastatic urothelial carcinoma; however, this evidence derives from unresected advanced disease and 
does not establish postoperative utility in molecularly relapsed disease after cystectomy.15 Likewise, sacituzumab 
govitecan has shown activity in advanced disease, but current evidence does not support treating it as an established 
postoperative escalation backbone.16,17 Dual-checkpoint approaches such as nivolumab plus relatlimab are supported by 
a coherent immunobiologic rationale, including nonredundant PD-1/LAG-3 cooperation in T-cell exhaustion and emer
ging urothelial data linking the LAG-3/FGL1 axis to immune-evasive tumor states, but direct postoperative MIBC 
evidence remains absent.18–20 A mature interpretation is therefore that ctDNA currently selects for a higher-risk 
interventional state, whereas the optimal intensified regimen within that state remains an open clinical-development 
question.

Longitudinal ctDNA kinetics may prove more informative than a single postoperative MRD snapshot. In updated 
IMvigor010 analyses, greater on-treatment ctDNA reduction—including complete clearance—was associated with 
progressively longer overall survival, and combining C1D1 with C3D1 improved relapse sensitivity compared with 
C1D1 alone.11 TOMBOLA similarly suggested that ctDNA status and levels, together with on-treatment ctDNA 
dynamics, were associated with recurrence risk and response to immunotherapy.14 Taken together, these data support 
dynamic molecular response as a promising clinical framework, but not yet a validated decision rule: rapid ctDNA 
clearance may identify treatment-sensitive disease, whereas persistent or rising ctDNA should currently be interpreted as 
a high-risk signal requiring prospective validation before being used to mandate treatment intensification or treatment 
switching. In the post-IMvigor011 era, the clinically relevant question may therefore extend beyond baseline ctDNA 
positivity to the trajectory of molecular residual disease under therapeutic pressure.11,14

Treatment De-Escalation: Sparing ctDNA-Negative (MRD−) Patients
The clinically meaningful question in de-escalation is not whether ctDNA-negative patients do better—they clearly do— 
but whether persistent ctDNA negativity can justify withholding immediate postoperative therapy without compromising 
cure opportunity. IMvigor011 and TOMBOLA both support the prognostic value of a persistently negative molecular 
state, but neither provides randomized proof that ctDNA-negative patients derive no incremental benefit from adjuvant 
treatment.10,14 That distinction matters because the evidentiary threshold for avoiding treatment is higher than the 
threshold for identifying a favorable-risk subgroup under surveillance. Cross-trial comparisons with unselected adjuvant 
immunotherapy studies should therefore remain hypothesis-generating rather than practice-defining. The randomized 
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DYNAMIC trial in stage II colon cancer offers a conceptual precedent for ctDNA-guided treatment reduction in another 
solid tumor, but it should be interpreted strictly as proof of principle rather than as direct support in MIBC.48

Accordingly, de-escalation in postoperative MIBC should be defined as protocolized surveillance, not therapeutic 
nihilism. Persistent ctDNA negativity should be interpreted as a lower-risk molecular state that supports close observa
tion with serial ctDNA reassessment and parallel imaging, not as evidence of complete disease eradication. Residual 
relapse risk may reflect low ctDNA shedding, limited analytical sensitivity in very low-volume disease, or incomplete 
representation of recurrent clones in patient-specific panels.25,49 Clinically, this means that ctDNA-negative patients still 
require structured follow-up, and any subsequent molecular conversion, radiographic change, or new clinical concern 
should trigger renewed risk stratification and reconsideration of systemic therapy.10,14 Shared decision-making remains 
essential because the current evidence base supports surveillance as a rational strategy, but not yet as a universally proven 
omission strategy.

ctDNA-Based Stratification versus Traditional Pathological Risk Assessment
Across IMvigor011, TOMBOLA, and independent cystectomy cohorts, ctDNA status appears to add prognostic—and 
potentially treatment-selective—information beyond conventional pathological risk assessment.10,14,23 In a prospective 
tumor-informed cystectomy cohort, detectable pre-cystectomy ctDNA was independently associated with nodal involve
ment, locally advanced pathology, and recurrence, supporting ctDNA as a complement to rather than a restatement of 
conventional staging.23 In TOMBOLA, ctDNA-positive disease was not restricted to clinicopathologically high-risk 
subsets, and ctDNA-positive, low-risk patients emerged as a clinically relevant group for early immunotherapy. 
Conversely, TOMBOLA also suggested that some ctDNA-negative patients with conventionally high-risk features can 
experience favorable outcomes under surveillance.14

The added value of ctDNA is best understood in integrative rather than substitutional terms. Pathological stage, nodal 
status, and prior treatment define baseline postoperative risk, whereas ctDNA functions as a post-treatment molecular 
readout that revises that risk according to whether residual disease is actually detectable.10,14,23,24 The clinically most 
informative patients are therefore often the discordant ones: clinicopathologically high-risk but ctDNA-negative patients, 
who may be candidates for intensified surveillance rather than automatic treatment, and patients outside the highest 
conventional risk strata who are nonetheless ctDNA-positive and therefore molecularly high-risk. In this framework, 
pathology provides the structural risk scaffold, while ctDNA identifies which patients appear to harbor biologically active 
residual disease within that scaffold. The emerging association of ctDNA positivity with more aggressive tumor biology, 
including basal/squamous enrichment in translational analyses, further supports the view that ctDNA is not merely 
restaging anatomy but capturing biologically relevant residual-risk states.23,24,43,50,51

Technological and Translational Challenges for Clinical Implementation
Assay Platform Selection: Tumor-Informed versus Tumor-Naïve Approaches
Assay selection in postoperative MIBC should be treated first as a question of clinical validity, and only second as 
a question of operational convenience. The strongest current therapeutic data—IMvigor011 and TOMBOLA—were both 
generated with tumor-informed strategies, meaning that the best-validated use case in this disease is still personalized 
plasma MRD tracking anchored to tumor sequencing.10,14 That validation status matters because an assay that is 
analytically attractive is not necessarily clinically interchangeable.

Tumor-informed assays offer their clearest advantage in low-burden postoperative disease, where sensitivity, back
ground suppression, and clonal hematopoiesis of indeterminate potential (CHIP) control are decisive.25,26 Their liabilities 
are equally clear: they require adequate tissue, bespoke assay construction, and longer initial turnaround35,36. Tumor- 
agnostic platforms may alleviate some of these logistical constraints, but they should presently be described as promising 
rather than equivalent in postoperative MIBC, because prospective evidence showing cross-platform clinical interchan
geability is not available.10,14,27

The forward direction is therefore unlikely to be a simple replacement of one platform by another. A more mature 
formulation is that different assay architectures may solve different biological problems: mutation-based tumor-informed 
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assays currently provide the most robust systemic MRD framework, whereas methylation-, fragmentomic-, and other 
multi-analyte approaches may prove particularly valuable in low-shedding or diagnostically discordant settings.6,32,33 At 
present, however, these next-generation approaches remain developmental rather than practice-defining in MIBC.9

Sampling Kinetics: Optimal Timing and Frequency of ctDNA Assessment
Sampling kinetics should be framed as part of the clinical strategy rather than as a technical afterthought. Immediately 
after cystectomy, surgical trauma can transiently increase total cfDNA and potentially obscure ctDNA detection, which 
helps explain why the pivotal interventional studies did not rely on ultra-early postoperative testing.28 Available data 
instead support a serial surveillance model: IMvigor011 used repeated monitoring over the first postoperative year, 
IMvigor010 showed that combining early time points improves relapse sensitivity compared with a single baseline 
sample,11 and TOMBOLA demonstrated that a substantial proportion of ctDNA-positive conversions occur during 
continued follow-up rather than at one fixed postoperative draw.14 The practical implication is that postoperative 
MRD assessment should not be conceptualized as a one-time test, but as a longitudinal monitoring program. What 
remains unresolved is the optimal starting window, testing interval, monitoring duration, and whether surveillance 
intensity can eventually be adapted according to prior kinetics or treatment context.

The “Gray Zone”: Managing Discordant Results and False Negatives
The clinical scenario of radiographic negativity with ctDNA positivity—molecular relapse—is precisely the clinical state 
that IMvigor011 was designed to address, and the trial’s positive results support early intervention in this setting. 
However, ctDNA negativity does not eliminate subsequent recurrence risk. In IMvigor011, patients with persistent 
ctDNA negativity had disease-free survival of 95% at the end of the 1-year monitoring period and 88% at 2 years, and 
TOMBOLA reported a 1-year recurrence-free survival of 97% in ctDNA-negative patients.10,14 These data indicate that 
ctDNA negativity identifies a favorable-risk state rather than guaranteed disease eradication.

Several factors may reduce the detectability of plasma ctDNA and thereby contribute to false-negative results. In 
particular, low plasma tumor fraction and disease distribution may limit assay sensitivity, and ctDNA performance should 
therefore be interpreted in conjunction with clinical context rather than in isolation.9,26 In addition, urothelial carcinoma 
shows marked intra-patient molecular heterogeneity and treatment-associated clonal evolution; recurrent disease may 
therefore be incompletely represented by variants selected from the original tumor specimen for a personalized assay. 
Consistent with this, Faltas et al showed substantial intrapatient mutational heterogeneity in chemotherapy-treated 
urothelial carcinoma, with most mutations not shared across matched samples.29

An additional interpretive boundary is that plasma ctDNA should not be assumed to perform uniformly across all 
disease contexts. Recent MIBC biomarker data support further investigation of utDNA and plasma ctDNA as biomarkers 
of residual local and nonlocal disease, respectively.9,30 Accordingly, when the dominant concern is intravesical residual 
disease or local bladder recurrence, a negative plasma ctDNA result should not be interpreted as proof of complete 
disease eradication; plasma ctDNA and utDNA are better viewed as complementary rather than interchangeable analytes.

From a current clinical standpoint, the residual recurrence observed in ctDNA-negative patients argues for continued 
parallel imaging surveillance rather than ctDNA-only follow-up.10,14 From an assay-development standpoint, next- 
generation MRD platforms integrating mutation-based tracking with orthogonal cfDNA features, including methylation 
and fragmentomic signals, represent rational approaches to reduce false-negative risk, but prospective MIBC-specific 
validation remains limited.25,52

CHIP
CHIP is a recognized biological source of false-positive findings in plasma cfDNA/ctDNA analyses. Age-related somatic 
mutations arising in hematopoietic clones—classically involving DNMT3A, TET2, and ASXL1—may be misclassified 
as tumor-derived variants if paired leukocyte-derived or other matched-normal DNA is not adequately assessed.32,33 This 
issue is particularly relevant in bladder cancer, an age-associated malignancy with a median age at diagnosis of 
approximately 73 years.28 Because clinically relevant CHIP increases with age, the practical risk of CHIP-related 
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misclassification is expected to be higher in postoperative MIBC cohorts than in younger solid-tumor populations, 
making rigorous matched-normal or leukocyte-based filtering especially important in this disease context.28,32,33

Tumor-informed assays can reduce CHIP-related misclassification because patient-specific variant selection is 
anchored to tumor sequencing and often incorporates matched-normal or leukocyte-derived DNA filtering; however, 
this risk is reduced rather than categorically eliminated.34 By contrast, tumor-agnostic plasma assays are more vulnerable 
to CHIP-related misclassification unless they incorporate paired leukocyte sequencing and/or robust CHIP-aware 
bioinformatic filtering. Accordingly, rigorous CHIP subtraction should be treated as a core analytical requirement for 
clinical ctDNA assays, especially when plasma results are used to support treatment decisions.34,35

Health-Economic Considerations and Accessibility
The clinical adoption of ctDNA-guided adjuvant therapy depends not only on clinical validity but also on assay-related 
logistics, reimbursement, and broader health-economic feasibility.36 Personalized tumor-informed MRD assays require 
tumor sequencing, bespoke assay design, and repeated longitudinal testing, making implementation complexity and 
economic value central translational considerations.37 In resource-limited settings, the infrastructure and workflow 
requirements of tumor-informed ctDNA assays may constrain uptake.37 TOMBOLA nevertheless suggests that a tumor- 
informed ddPCR strategy can be implemented in hospital laboratory settings, supporting the feasibility of more 
decentralized assay models, although formal comparative cost data remain lacking.14

Formal disease-specific health-economic data for ctDNA-guided postoperative adjuvant strategies in MIBC remain 
limited. By contrast, economic studies in colorectal cancer suggest potential budgetary benefit or conditional cost- 
effectiveness for ctDNA-guided approaches, although these findings are model-dependent rather than uniformly 
favorable.53,54 Generating disease-specific economic evidence should therefore be a priority as ctDNA-integrated post
operative strategies move closer to clinical implementation in MIBC.

Ongoing Trials and Future Perspectives
In the post-IMvigor011 era, the major unresolved questions have bifurcated into two closely related tracks: whether 
ctDNA-positive patients require more effective postoperative escalation than single-agent checkpoint blockade, and 
whether ctDNA-negative patients can safely undergo treatment de-escalation under surveillance. Within this framework, 
TOMBOLA provides prospective support for ctDNA-triggered postoperative intervention, whereas MODERN is posi
tioned to test escalation and de-escalation more explicitly in parallel.21

TOMBOLA: Full Results and Their Translational Implications
The TOMBOLA trial, a Danish multicenter, open-label, single-arm phase II study, provides a mature prospective dataset 
on ctDNA-guided postoperative immunotherapy in MIBC outside the randomized IMvigor program. TOMBOLA 
enrolled low- and high-risk patients with MIBC treated with NAC followed by RC and used serial tumor-informed 
ctDNA testing to guide postoperative management. Patients with detectable ctDNA initiated atezolizumab for up to 
1 year irrespective of imaging, whereas ctDNA-negative patients were observed and received immunotherapy only after 
radiographic metastatic recurrence.14 This design is clinically notable because it operationalized molecular relapse as an 
interventional state rather than a purely prognostic observation.9,14

In the full peer-reviewed analysis published in Annals of Oncology in 2026, 60% of the 84 ctDNA-positive patients 
who completed atezolizumab and had paired ctDNA and imaging assessment achieved the primary endpoint of molecular 
and radiographic complete response. One-year recurrence-free survival was 97% in ctDNA-negative patients and 76% in 
ctDNA-positive patients, and the median lead time from ctDNA detection to imaging-confirmed recurrence was 90 
days.14 This molecular lead-time signal is directionally consistent with earlier urothelial ctDNA studies and reinforces the 
biological rationale for intervention at molecular rather than radiographic relapse.8,9

Several translational insights emerge from TOMBOLA. First, prespecified biomarker analyses showed that ctDNA 
status and levels, together with immune-related gene-expression signatures, were associated with recurrence risk and 
response to immunotherapy, supporting ctDNA as a dynamic biomarker rather than a purely binary postoperative 
classifier.14 Second, this interpretation is concordant with independent tumor-informed cystectomy cohorts in which 
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ctDNA detectability before and after radical cystectomy was associated with adverse pathology and shorter disease-free 
survival, indicating that molecular residual-risk assessment can add information beyond conventional clinicopathological 
staging.23,24 Third, the use of a patient-specific tumor-informed ddPCR workflow indicates that clinically informative 
ctDNA-guided management may be achievable beyond a single centralized commercial platform, although cross- 
platform clinical equivalence remains unproven.9,14

A key limitation of TOMBOLA is its single-arm design, which precludes causal quantification of the incremental 
benefit of ctDNA-triggered atezolizumab versus observation in ctDNA-positive patients.14 Nevertheless, its directional 
consistency with the randomized IMvigor011 trial, together with broader bladder-cancer syntheses that frame ctDNA as 
a treatment-guiding and surveillance biomarker, supports the ctDNA-guided postoperative paradigm while still falling 
short of within-trial randomized confirmation for de-escalation or platform interchangeability.9,10,14

The MODERN Trial: A Dual-Track Randomized Evaluation of Escalation and 
De-Escalation
The MODERN trial (Alliance A032103; ClinicalTrials.gov identifier: NCT05987241) is an ongoing phase II/III 
randomized ctDNA-guided study in high-risk muscle-invasive urothelial carcinoma after radical surgery. According to 
the registered trial record, patients are assigned to cohorts according to postoperative ctDNA status: ctDNA-positive 
patients are randomized to adjuvant nivolumab alone versus nivolumab plus relatlimab, whereas ctDNA-negative 
patients are randomized to immediate adjuvant nivolumab versus ctDNA surveillance with nivolumab initiated only 
after ctDNA conversion.21,22

A key unresolved question after IMvigor011 is whether the favorable observational outcomes seen in persistently 
ctDNA-negative patients are sufficient to support treatment de-escalation in a randomized setting.10 By prospectively 
comparing immediate adjuvant nivolumab with ctDNA surveillance in the ctDNA-negative cohort, MODERN is 
designed to test this question directly.21,22

If nivolumab plus relatlimab improves molecular and clinical outcomes in ctDNA-positive disease, MODERN would 
provide prospective support for biomarker-directed postoperative intensification beyond single-agent checkpoint block
ade. Whether this strategy would redefine standard care will depend on the magnitude, durability, safety, and general
izability of benefit.

Emerging Complementary Biomarkers: UtDNA, Methylation, and Multi-Analyte 
Integration
Although plasma ctDNA has led MRD research in MIBC, urinary tumor DNA (utDNA) appears to provide comple
mentary rather than redundant information, particularly for residual disease confined to the bladder. In bladder- 
preservation cohorts and peri-cystectomy localized bladder cancer cohorts, utDNA has shown stronger performance 
for detecting residual local disease and has been associated with lack of pathologic complete response and worse 
oncologic outcomes.30,31 Accordingly, utDNA seems most informative when local bladder failure is the dominant 
concern, whereas plasma ctDNA remains more closely aligned with systemic residual-risk assessment.

Methylation- and fragmentomics-based cell-free DNA (cfDNA) assays represent attractive next-generation MRD 
strategies because they interrogate tumor-associated signals beyond sequence variants alone. This rationale is particularly 
relevant in low-burden disease, in which tumor fraction can approach the analytical limits of mutation-only assays.6,55,56 

However, in MIBC, direct prospective evidence that these approaches reduce false-negative postoperative MRD 
classification beyond current mutation-based platforms remains limited.

The most defensible forward-looking model is biomarker complementarity rather than simple biomarker substitution. 
A future MIBC platform may integrate plasma ctDNA for systemic residual-risk assessment with utDNA for local 
urothelial disease, potentially augmented by orthogonal cfDNA features such as methylation and fragmentomics.9,55 

However, the incremental value, optimal sequencing, and clinical thresholds of such multi-analyte frameworks remain to 
be prospectively defined before they can be regarded as established postoperative tools.
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Toward Standardization: Regulatory Pathways and Clinical Practice Integration
The most defensible implication of IMvigor011 is not that a specific assay–drug pairing is already ready for routine 
companion-diagnostic deployment, but that prospective therapeutic validation of a tumor-informed ctDNA MRD strategy 
in postoperative MIBC is now demonstrably feasible. This provides a credible clinical foundation for future assay–drug 
co-development and regulatory translation, without overstating the immediacy of any specific approval pathway.10

However, broader clinical adoption remains constrained by assay heterogeneity. Tumor-informed and tumor-agnostic 
platforms differ in analytical architecture, sensitivity, specificity, and practical feasibility, and standardized interpretation, 
reporting, and validation frameworks for ctDNA MRD testing remain incomplete across laboratories and disease settings. 
ASCO and CAP have provided a general framework for ctDNA assay evaluation,38 but postoperative MIBC still lacks 
disease-specific, assay-harmonized implementation standards.9,39

Routine implementation of ctDNA testing will also depend on rigorous control of pre-analytical variables, appropriate 
laboratory infrastructure, and assay-specific interpretive expertise. Pre-analytical handling is not a minor operational 
detail: blood-collection conditions, time to processing, and specimen storage can materially influence cfDNA quantity, 
fragmentation profiles, and downstream analytical reliability.38,40

Limitations of This Review
Several limitations of this review should be acknowledged. First, this article is a narrative review rather than a systematic 
review or meta-analysis; therefore, it does not apply a prespecified search strategy, formal risk-of-bias assessment, or 
quantitative evidence synthesis. The aim was instead to provide a critical and clinically oriented interpretation of 
a rapidly evolving field. Second, several key datasets discussed in this review were published or updated in 2025– 
2026, and some aspects of their long-term follow-up, regulatory implications, assay-specific implementation, and cross- 
platform generalizability may continue to evolve after publication. Third, formal health-economic evidence for ctDNA- 
guided postoperative management in MIBC remains limited, and the economic analyses discussed in Health-Economic 
Considerations and Accessibility derive from colorectal cancer models. Direct extrapolation to MIBC should therefore be 
cautious because patient demographics, disease biology, treatment pathways, recurrence patterns, assay use cases, and 
downstream therapeutic costs differ between colorectal cancer and MIBC. Accordingly, the conclusions presented here 
should be interpreted as a calibrated synthesis of the currently available evidence rather than as final practice standards 
for all postoperative MIBC settings.

Conclusion
The post-IMvigor011 era should not be interpreted as the arrival of a universally deployable ctDNA standard, but as the 
point at which ctDNA became clinically actionable in one clearly defined postoperative state: molecular relapse after 
cystectomy. Randomized evidence now supports ctDNA-triggered treatment escalation, whereas ctDNA-guided omission 
of therapy, cross-platform assay interchangeability, and generalization across increasingly heterogeneous perioperative 
regimens remain incompletely validated.

Future research should therefore focus on several clinically decisive priorities. First, randomized data are needed to 
determine whether persistently ctDNA-negative patients can safely avoid immediate adjuvant therapy while remaining 
under structured surveillance. Pending such data, a pragmatic interim approach for persistently ctDNA-negative patients 
is not treatment abandonment, but protocolized surveillance: serial ctDNA reassessment should be maintained at 
relatively short intervals during the first postoperative year, where feasible reflecting trial-based monitoring intensity, 
while guideline-based cross-sectional imaging continues in parallel, for example every 6 months during the first 3 years 
after cystectomy and annually thereafter. Any subsequent ctDNA conversion, radiographic abnormality, or new clinical 
concern should prompt repeat staging and reconsideration of systemic therapy. Second, prospective studies should define 
optimal sampling intervals, monitoring duration, and response-adaptive thresholds based on serial ctDNA kinetics. Third, 
assay platforms require disease-specific validation, including standardization of CHIP filtering, pre-analytical handling, 
reporting thresholds, and the complementary use of plasma and urine analytes. Finally, health-economic analyses specific 
to MIBC are needed before ctDNA-guided postoperative strategies can be broadly implemented.
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The main take-home message is that ctDNA should currently be viewed as a powerful postoperative risk-refinement 
tool rather than a stand-alone replacement for clinicopathologic assessment, imaging, or clinical judgment. In ctDNA- 
positive molecular relapse, treatment escalation is now supported by prospective randomized evidence. In persistently 
ctDNA-negative patients, surveillance-based de-escalation is clinically plausible but remains a research question until 
randomized evidence confirms that treatment omission is safe.
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