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Background and objective: Circulating tumor DNA (ctDNA) can be used for sensitive
detection of minimal residual disease (MRD). However, the probability of detecting
ctDNA in settings of low tumor burden is limited by the number of mutations analyzed
and the plasma volume available. We used a whole-genome sequencing (WGS) approach
for ctDNA detection in patients with urothelial carcinoma.
Methods: We used a tumor-informed WGS approach for ctDNA-based detection of MRD
and evaluation of treatment responses. We analyzed 916 longitudinally collected plasma
samples from 112 patients with localized muscle-invasive bladder cancer who received
neoadjuvant chemotherapy (NAC) before radical cystectomy. Recurrence-free survival
(primary endpoint), overall survival, and ctDNA dynamics during NAC were assessed.
Key findings and limitations: We found that WGS-based ctDNA detection is prognostic
for patient outcomes with a median lead time of 131 d over radiographic imaging.
WGS-based ctDNA assessment after radical cystectomy identified recurrence with sen-
sitivity of 91% and specificity of 92%. In addition, genomic characterization of post-
treatment plasma samples with a high ctDNA level revealed acquisition of platinum
therapy–associated mutational signatures and copy number variations not present in
the primary tumors. The sequencing depth is a limitation for studying tumor evolution.
Conclusions and clinical implications: Our results support the use of WGS for ultrasensi-
tive ctDNA detection and highlight the possibility of plasma-based tracking of tumor
evolution. WGS-based ctDNA detection represents a promising option for clinical use
lsevier B.V. on behalf of European Association of Urology. This is an open access article
org/licenses/by/4.0/).
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owing to the low volume of plasma needed and the ease of performing WGS, eliminating
the need for personalized assay design.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
ADVANCING PRACTICE

What does this study add?
Our study supports the clinical potential of using a tumor-informed WGS-based strategy for sensitive ctDNA detection in
patients with MIBC. WGS-based ctDNA detection has low requirements for plasma input and facilitates local sample pro-
cessing without any need for designing bespoke assays for each patient, while still allowing patient customization
through computational modeling. Thus, WGS-based ctDNA detection constitutes a promising option for clinical imple-
mentation of ctDNA testing.

Clinical Relevance
The article demonstrates that, in addition to further validating the role of ctDNA as a prognostic factor in urothelial can-
cer, the use of WGS-based ctDNA assessment enables the potential tracking of tumor evolution as patients progress
through treatment paradigms. This approach allows for both the monitoring of disease recurrence and the detection of
tumor evolution, facilitating rapid and precision-based treatment interventions before conventional radiographic imaging
can provide evidence of recurrence.
Associate Editor Laura Bukavina, M.D., MPH

Patient Summary
Detection of tumor DNA in blood samples from patients with cancer of the urinary tract is associated with poorer out-
comes. Disease recurrence after surgery can be identified by the presence of tumor DNA in blood before it can be detected
on radiography scans.
1. Introduction
Recent studies have shown that circulating tumor DNA
(ctDNA) is a powerful biomarker for early detection of

recurrence and monitoring of treatment responses in multi-
ple cancer types [1,2] including bladder cancer [3–6].
Curative-intent radical cystectomy (RC) preceded by neoad-
juvant chemotherapy (NAC) is a standard of care for local-
ized muscle-invasive bladder cancer (MIBC). However,
nearly half of patients will experience recurrence, mainly
within the first 2 yr after surgery [7]. Therefore, reliable
diagnostic and prognostic biomarkers are needed for better
detection of minimal residual disease (MRD) and recurrence
to guide adjuvant treatment and to prompt oncological
treatment of recurrence at an early time point. With the
low tumor fractions typically observed after surgery, the
probability of detecting ctDNA is limited by the number of
mutations analyzed, the plasma volume available, and the
sequencing depth [8]. Recent studies have demonstrated
the feasibility of using tumor-informed whole-genome
sequencing (WGS) for ultrasensitive ctDNA detection
[9,10]. Here, we used a tumor-informed WGS-based
approach for ctDNA detection in 112 patients with MIBC.
Furthermore, we performed a de novo genomic characteri-
mail.com) en National Library o
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zation of plasma samples with a high ctDNA level to explore
the potential for characterizing tumor evolution.

2. Patients and methods

The Supplementary material provides full details of the clin-
ical samples and the methods used.

2.1. Patients and biological samples

In total, 112 patients diagnosed with MIBC treated with
NAC and RC were enrolled between 2013 and 2021 at Aar-
hus University Hospital in Denmark. Tumor samples were
obtained during transurethral resection of the bladder at
the time of diagnosis (n = 112) and blood samples were col-
lected at scheduled clinical visits. Patients without clinical
recurrence had median follow-up of 1841 d after RC. All
patients provided informed written consent, and the study
was approved by The National Committee on Health
Research Ethics (#1302183 and #1706291).

2.2. Whole-genome sequencing

Libraries of tumor and matching germline DNA were pre-
pared using the Twist Library preparation EF kit (Twist Bio-
f Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
rización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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Fig. 1 – Study design and analysis scheme. (A) Study design showing the schedule for computed tomography (CT) scans (thorax-abdomen) and clinical sample
collection. To exclude distant metastasis, full body positron emission tomography/CT scans were performed after diagnosis. (B) Whole-genome sequencing
(WGS) approach for detection of circulating tumor DNA (ctDNA). WGS of tumor/germline pairs was performed and patient-specific genomic tumor signatures
were generated using signals from genome-wide alterations coupled with advanced signal processing and error suppression (panel 1). The patient-specific
tumor signatures were used to determine the presence or absence of ctDNA inWGS data from plasma cell-free DNA (panels 2 and 3). (C) Reproducibility of the
WGS-based ctDNA detection method was established via independent processing and analysis of technical replicates (tumor, PBMC, and plasma DNA) at two
different laboratories (in Denmark and the USA). The Pearson correlation coefficient and the coefficient of determination are shown in the plot. The diagonal
indicates x = y. TURBT = transurethral resection of bladder tumor; NAC = neoadjuvant chemotherapy; RC = radical cystectomy; PBMC = peripheral blood
mononuclear cell.
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Fig. 2 – Longitudinal ctDNA results for all patients. Horizontal lines represent the disease course and circles denote ctDNA status. Treatment and imaging
information is indicated for each patient as described in the color key. Patients are ordered by decreasing overall survival for patients with and without
disease recurrence. Patients 4175 and 4250 were not able to undergo radical cystectomy; time 0 for these patients is the scheduled time for surgery. The 4-mo
and 12-mo landmark lines are positioned at 6 mo and 14 mo, respectively, to encompass all delayed visits originally scheduled for the 4-mo and 12-mo time
points. BC = bladder cancer; CIS = carcinoma in situ; ctDNA = circulating tumor DNA; IO = immuno-oncology agent; Mets = metastases.
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science) with an input of 200 ng of DNA. Libraries of cell-
free DNA (cfDNA) from plasma were prepared using a KAPA
HyperPrep kit (Roche) with the xGEN UDI-UMI adapters
(Integrated DNA Technologies) using a cfDNA input equal
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
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to 1–2 ml of plasma and seven cycles of polymerase chain
reaction after ligation (minimum input of 5 ng). All libraries
were paired-end sequenced (2� 150 bp) on a NovaSeq 6000
platform (Illumina, San Diego, CA, USA).
f Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Fig. 3 – ctDNA detection for assessment of prognosis. (A) Association between plasma ctDNA status before NAC and recurrence status within 1 yr after RC. For
patients without recurrence, only patients with at least 2 yr of follow-up after RC were included. (B, C) Kaplan-Meier analysis of (B) RFS and (C) OS by plasma
ctDNA status before NAC. (D) Association between plasma ctDNA status before RC (after NAC) and recurrence status within 1 yr after RC. For patients without
recurrence, only patients with at least 2 yr of follow-up after RC were included. (E, F) Kaplan-Meier analysis of (E) RFS and (F) OS by plasma ctDNA status
before RC. (G) Association between accumulated plasma ctDNA status up until the 1-yr post-RC visit (12-mo landmark) and recurrence status within 18 mo
after the last plasma sample was analyzed for ctDNA. For patients without recurrence, only patients with at least 18 mo of follow-up after the last plasma
sample were included. (H, I) Kaplan-Meier analysis of (H) RFS and (I) OS by accumulated plasma ctDNA status after RC. Hazard ratios (HRs), 95% confidence
intervals (CIs; Cox regression), and corresponding p values (log-rank test) are shown on each Kaplan-Meier plot. The statistical significance of associations
between ctDNA status and recurrence was determined using Fisher’s exact test. ctDNA = circulating tumor DNA; NAC = neoadjuvant chemotherapy;
OS = overall survival; RC = radical cystectomy; RFS = recurrence-free survival.
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2.3. Estimation of tumor fraction in solid tumor tissue and
cfDNA

The tumor fraction for both solid tumor samples and plasma
samples was determined using a proprietary bioinformatics
pipeline that uses techniques previously outlined [9]. Tumor
samples with an estimated tumor fraction of <10% were dis-
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of 
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carded because of insufficient tumor signals for reliable
mutation identification. The qualified tumor samples com-
bined with the matched normal samples were used to gener-
ate patient-specific tumor signatures comprising the broad
spectrum of somatic mutations found in the patient’s tumor,
including single nucleotide variants (SNVs), insertions and
deletions (indels), and copy number alterations (CNAs). To
Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
zación. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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compensate for WGS artifacts, the signatures were cleaned
by filtering out the components found in at least three out
of 45 cfDNA samples from healthy individuals. In addition,
cfDNA read-level error suppression was applied to remove
SNV-like artifacts on the basis of concordance between over-
lapping read-pair sequences, as outlined by Zviran et al [9].
The cfDNA tumor fractions were estimated as the number
of patient-specific tumor signature components detected
divided by the total number of reads.
2.4. Statistical analysis

Survival and cumulative incidence curves were compared
using the Kaplan-Meier method (log-rank tests). Hazard
ratios (HRs) and corresponding 95% confidence intervals
(CIs) were calculated using Cox regression analysis (R pack-
ages survminer version 0.4.9 and survival version 3.2.13; R
Foundation for Statistical Computing, Vienna, Austria). The
Kruskal-Wallis test, Wilcoxon rank-sum test, Fisher’s exact
test, and Pearson’s correlation coefficient were used to
determine statistical significance of associations.
3. Results

3.1. Patient characteristics and WGS data generation

A total of 112 patients with localized MIBC treated with
NAC before RC were prospectively enrolled for longitudinal
ctDNA analysis at Aarhus University Hospital, Denmark
(Fig. 1A and Supplementary Table 1). RC was performed
for 110 of the patients, with median follow-up of 53.6 mo
after RC. We observed a recurrence rate of 24% (26/110),
pathologic downstaging to a noninvasive stage (�ypTa/Tis
N0) for 61% (67/110) of the patients, and a pathologic com-
plete response (ypT0/Tis N0) for 58% (64/110). WGS of
tumor and matched peripheral blood mononuclear cell
(PBMC) DNA was performed at a mean genome coverage
of 59� (range 35�–106�) for formalin-fixed, paraffin-
embedded tissue, 33� (range 28�–127�) for fresh-frozen
samples, and 31� (range 11�–108�) for PBMC DNA. WGS
of cfDNA from plasma samples (n = 916) was performed
at a mean genome coverage of 28� (range 20�–90�).
3.2. ctDNA detection via tumor-informed WGS models

For ctDNA detection we developed patient-specific, tumor-
informedWGS models by integrating genome-wide somatic
alteration patterns with advanced signal processing and
error suppression (Fig. 1B). The patient-specific models
were applied to WGS data for plasma cfDNA for ctDNA
detection. For initial validation of the robustness of the
WGS ctDNA analysis pipeline, we evaluated technical repli-
cates (tumor, PBMC, and plasma DNA) analyzed indepen-
dently in two different laboratories (USA and Denmark)
using similar protocols. The ctDNA calls were concordant
for 92% (208/226) of the plasma samples, and high correla-
tion of estimated tumor fractions between laboratory sites
was observed (R2 = 0.995, r = 0.998; Fig. 1C). Site-specific
protocol factors such as sequencing depth are a likely
source of the variation in ctDNA calls for the remaining 8%
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
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(18/226) of samples, indicating a need for standardized
sequencing strategies.

3.3. ctDNA analysis for assessment of prognosis and
detection of recurrence

The prognostic value of ctDNA was investigated using 916
plasma samples collected during the disease courses for
the 112 patients (Fig. 2 and Supplementary Fig. 1). Detec-
tion of ctDNA was highly prognostic of patient outcomes
at diagnosis before NAC (recurrence-free survival [RFS]:
HR 7.7, 95% CI 2.3–26.3; p = 0.0001; overall survival [OS]:
HR 9.2, 95% CI 2.7–31.5; p = 0.0001), after NAC and before
RC (RFS: HR 3.4, 95% CI 1.5–7.8; p = 0.0018; OS: HR 4, 95%
CI 1.8–8.8; p = 0.0003), and during disease surveillance after
RC (accumulated ctDNA status up to 1 yr after RC; RFS: HR
23, 95% CI 7.9–67.1; p < 0.0001; OS: HR 31.6, 95% CI 10.8–
92.9; p < 0.0001. The results are shown in Figure 3 and Sup-
plementary Table 2.

To evaluate post-RC ctDNA detection within a landmark
analysis framework, we used the accumulated ctDNA status
up to the 1-yr post-RC visit as the 12-mo landmark. The
recurrence status of the patients was evaluated within an
18-mo period following the last ctDNA analysis. For patients
without recurrence, only patients with at least 18 mo of
follow-up after the last plasma sample were included. Land-
mark ctDNA positivity was observed for 27/101 patients
evaluable for landmark MRD analysis (27%), of whom 21
had recurrence within 18 mo after the last ctDNA analysis
(sensitivity 91% and specificity 92%; Fig. 3G). In addition,
to increase clinical translatability for guiding adjuvant
treatment, we evaluated the accumulated ctDNA status up
to the 4-mo visit after RC. ctDNA analysis at the 4-mo land-
mark identified disease recurrence with sensitivity of 87%
and specificity of 94% when using the same follow-up per-
iod as for the 12-mo landmark.

In 70% of patients with recurrence (18/26), ctDNA was
detected before clinical recurrence on radiographic imaging
(including full follow-up of the patients; Fig. 2). Overall, the
median lead time with ctDNA detection was 131 d (range
�106 to 1156; p < 0.00001) over radiographic imaging for
patients with detectable ctDNA after RC (full follow-up;
Fig. 4A). To assess the value of serial ctDNA monitoring,
we calculated the cumulative incidence of ctDNA detection
after RC (Fig. 4B). Among patients with recurrence, the
cumulative ctDNA detection was 85% (22/26) at 1 yr after
RC, in comparison to 6% for patients without recurrence
(5/82; p < 0.0001). Notably, 95% (21/22) of all ctDNA-
detected recurrences were found within the first 6 mo after
RC (Fig. 4B).

As the level of ctDNA detected after RC varied, we
hypothesized that the tumor fraction could be related to
the metastatic site. Interestingly, we observed significantly
lower tumor fractions for patients with lung metastasis in
comparison to metastasis at other sites (Fig. 4C, D).

3.4. ctDNA monitoring for evaluation of treatment response

ctDNA status before NAC (p < 0.00001) and before RC
(p = 0.009) was significantly associated with pathologic
downstaging (Fig. 4E, F and Supplementary Fig. 2). ctDNA
f Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
rización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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dynamics during NAC, that is, whether ctDNA remained
detectable, remained undetectable, or was cleared, was also
a predictor of pathologic downstaging (p < 0.00001; Fig. 4G,
H). Pathologic downstaging was per se a strong predictor of
recurrence, with a recurrence rate of 2% (one of 54) for
patients with and 40% (12/30) for patients without patho-
logic downstaging (Fig. 4I, J). While pathologic downstaging
uses the local tumor response to NAC as a proxy for sys-
temic response, ctDNA status before RC provides a direct
measure of metastatic disease burden. Patients remaining
ctDNA-positive throughout NAC (n = 9) had particularly
poor outcomes, while patients remaining ctDNA-negative
during NAC (n = 38) had favorable outcomes, with only
one patient experiencing recurrence within 1 yr after RC
(Fig. 4K, L). For patients with ctDNA clearance during NAC,
19% (five of 26) experienced recurrence within 1 yr.
3.5. Genomic characterization of primary tumors

WGS analysis of the primary tumor for 112 patients
revealed a median of 23 851 SNVs and 674 indels per tumor,
which is comparable to a previous WGS analysis of bladder
tumors [11]. TP53, RB1, KMT2D, ARID1A, and KDM6A were
the genes most frequently mutated, and 55% of tumors
had a TERT promoter mutation (Supplementary Fig. 3A
and Supplementary Table 3). Whole-genome doubling
(WGD) was identified in 51% of tumors (57/112; Supple-
mentary Fig. 3B). WGD has been associated with worse
prognosis [12]; however, we observed no correlation to
worse RFS or OS (Supplementary Fig. 3C, D).

We performed de novo extraction of single-base substi-
tution (SBS) signatures and small insertion-and-deletion
(ID) signatures (Supplementary Fig. 3A). Among the SBS sig-
natures extracted, APOBEC-induced mutagenesis was iden-
tified as the primary contributor to the mutational
landscape of the tumors; the median percentage of SNVs
per patient attributed to SBS2 or SBS13 mutational contexts
was 42%. Among the ID signatures extracted, ID1, ID3, and
ID8 were identified as the primary contributors, each
accounting for >15% of all indels observed. We observed
that tumors from current smokers had a significantly higher
number of SBS92-related mutations in comparison to
tumors from former and never smokers (p < 0.0001; Supple-
mentary Fig. 4A), in line with previous studies linking SBS92
to smoking-induced mutagenesis in both malignant and
Fig. 4 – ctDNA measurement for detection of recurrence and treatment response
clinical recurrence (positive radiographic imaging). The statistical significance
Cumulative incidence of ctDNA detection after RC. (C) Association between th
detected. Only post-RC samples with a tumor fraction above zero were include
analysis. The asterisk denotes an outlier observed in a patient with concurrent lu
and lung metastases versus other metastatic sites. Only post-RC samples with a t
per patient could be included in the analysis. The asterisk denotes an outlier
Association between ctDNA status (E) before NAC and (F) before RC and downst
downstaging. (H) Comparison of ctDNA tumor fractions before and after N
undetectable (black), was cleared during NAC (green), or appeared (gray). (I) Asso
after RC for patients who received at least three cycles of NAC. (J) Kaplan-Meier a
at least three cycles of NAC. (K) Association between ctDNA clearance after NAC
three cycles of NAC. (L) Kaplan-Meier analysis of RFS by ctDNA clearance s
ctDNA = circulating tumor DNA; NAC = neoadjuvant chemotherapy; OS = overall
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nonmalignant bladder tissue [13,14]. Of note, patient 5350
had a novel SBS signature characterized by T ? A and
T ? C mutations (referred to as SBSX; Supplementary
Fig. 5) that could not be reconstructed using known signa-
tures in existing databases [15,16]. The note in the Supple-
mentary material provides details on SBSX and extended
genomic characterization of tumors.
3.6. Tumor evolution according to WGS-based ctDNA
analysis

WGS of cfDNA from plasma samples with a high tumor frac-
tion allows characterization of genomic changes occurring
de novo in ctDNA, that is, genomic changes not detected
in the tumor biopsies [17,18]. Using plasma WGS data, we
explored the potential for plasma-based characterization
of tumor evolution using �20� WGS. For 38% of the
patients with recurrence (ten of 26), the cfDNA tumor frac-
tion was sufficient (>10%) to perform de novo somatic vari-
ant calling independent of the initial tumor biopsy
(performed for 15 plasma samples for those ten patients).
Six plasma samples from four patients (5408, 5113, 4119,
and 4105; 40% of the plasma samples included) showed a
contribution of the platinum therapy–associated muta-
tional signatures SBS31 and SBS35 (Fig. 5A). As expected,
the two chemotherapy-induced mutational signatures were
not observed in any of the primary tumors (collected before
NAC) and were only observed for plasma-specific muta-
tions. For all four patients, the SBS31/35 signatures were
observed in plasma samples collected 239–571 d after initi-
ation of NAC (plasma samples collected earlier in the dis-
ease course for the patients were not characterized
because the tumor fraction was too low). None of the four
patients had a pathologic response to NAC; however, the
presence of chemotherapy-induced mutational signatures
in the plasma samples may indicate clonal expansion after
gemcitabine/cisplatin treatment.

We observed evolution of the CNAs detected in post-
treatment plasma samples in comparison to the primary
tumor for all ten patients, suggesting that the metastatic
lesion differs from the sequenced part of the primary tumor
(Fig. 5B and Supplementary Fig. 6). In the two plasma sam-
ples collected after RC for patient 4105 (one of the patients
who had chemotherapy-induced mutational signatures), we
observed a focal amplification on chromosome 4 affecting
. (A) Lead time in days between molecular recurrence (ctDNA positivity) and
of differences was calculated using a paired Wilcoxon signed-rank test. (B)
e plasma-based tumor fraction and the metastatic site of the recurrence
d and more than one plasma sample per patient could be included in the
ng and brain metastases. (D) Association between the ctDNA tumor fraction
umor fraction above zero were included and more than one plasma sample
observed in a patient with concurrent lung and brain metastases. (E, F)

aging. (G) Association between ctDNA clearance after NAC and pathological
AC. Colors indicate whether ctDNA remained detectable (red), remained
ciation between pathological downstaging and recurrence status within 1 yr
nalysis of RFS by pathological downstaging status for patients who received
and recurrence status within 1 yr after RC for patients who received at least
tatus after NAC for patients who received at least three cycles of NAC.
survival; RC = radical cystectomy; RFS = recurrence-free survival.

f Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
rización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



Fig. 5 – Genomic characterization of plasma samples with a high tumor fraction. (A) Relative contribution of mutational signatures in primary tumors and
plasma samples with a tumor fraction >10%. Each patient is represented by three bars corresponding to the contribution of signatures for mutations present
only in the primary tumor (left), mutations present both in the primary tumor and ctDNA (middle), and mutations present exclusively in ctDNA (right). The
top panel indicates the fraction of mutations that are shared or unique to either tumor or plasma for each patient, whereas the lower panel is normalized by
the total number of SNVs per sample. The day for plasma sample collection in relation to RC is shown along with the treatment status at sample collection. (B)
The percentage of genome-wide copy number changes in ctDNA in comparison to the initial primary tumor sample for all plasma samples with a tumor
fraction >10%. (C) Examples of changes in copy numbers between the primary tumor (top row) and ctDNA (following rows) for patient 4105 and 5113.
ctDNA = circulating tumor DNA; NAC = neoadjuvant chemotherapy; RC = radical cystectomy.
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the primary tumor driver variant FGFR3 p.S249C, and an
increase in copy number on chromosomes 19q and 20 not
detected in the primary tumor (Fig. 5C). In the plasma sam-
ple collected during NAC for patient 5408, newly acquired
copy-number gains on chromosomes 17, 19p, and 22 were
observed (Supplementary Fig. 6). In contrast to these large
genomic changes, the three plasma samples collected after
RC for patient 5113 were all highly representative of the pri-
mary tumor, with only few recurrence-acquired variations,
indicating limited evolution after treatment (Fig. 5C).

4. Discussion

We used a WGS approach to monitor ctDNA in patients with
localized MIBC and documented the prognostic role of ctDNA
at diagnosis, before RC, and during surveillance. Our findings
underline a role for ctDNA in guiding treatment decisions in
bladder cancer, in line with previous findings for other patient
cohorts [3,4,6,19,20]. An important aspect of the WGS
approach is its high sensitivity and specificity, which are com-
parable to other established tumor-informed ctDNA tests
applied in this setting, matched with the ease of performing
WGS without any need for the design of personalized assays.
WGS-based ctDNA analysis facilitates local sample processing
and rapid generation of test results, and may thus drive the
ctDNA field forwards faster and pave the way for novel trial
designs requiring immediate test results. Prospective WGS-
based ctDNA analysis for MRD detection seems very promis-
ing with low false-negative rates, and may soon be imple-
mented for informed selection of patients for adjuvant
treatments. In line with this, ongoing clinical trials will
demonstrate if early ctDNA-guided treatment in the adjuvant
setting is more beneficial in comparison to treatment initia-
tion on detection of recurrence via radiographic imaging
[21,22]. In addition, our study supports the rationale behind
investigating the benefit of NAC administration for ctDNA-
negative patients and whether bladder-sparing approaches
can be applied on the basis of ctDNA testing.

We identified significantly lower tumor fractions for
patients with lung metastasis in comparison to metastasis
at other sites, indicating a correlation between the extent
of detectable ctDNA and the location of metastasis. These
findings are in accordance with a recent study on metastatic
colorectal cancer that showed that patients with lung-only
and peritoneum-only metastatic disease had significantly
lower levels of ctDNA in comparison to patients with
metastasis at other sites [23], indicating a lower detection
sensitivity. WGS-based ctDNA detection approaches may
potentially result in better MRD detection in patients with
lung metastasis.

Our WGS strategy for ctDNA detection allows direct
genomic characterization of plasma cfDNA independently
of the initial tumor biopsy. With a greater sequencing depth
and accompanying deep targeted sequencing of the variants
detected, this approach holds potential for increasing our
understanding of tumor evolution and treatment resistance
mechanisms. It has been demonstrated that ctDNA contains
multiple subclones and that synchronous metastatic tissue
biopsies only comprise a small fraction of the total ctDNA
[24]. Analysis of plasma samples can thereby overcome tis-
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
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sue sampling bias leading to clonal illusion and underesti-
mated heterogeneity to recapitulate complete metastatic
tumor biology [25]. Furthermore, tumor evolution and
therapy-induced shifts in selection pressure can be longitu-
dinally tracked. In the post-treatment plasma samples for
patient 4105, we observed an acquired focal amplification
of the FGFR3 gene on chromosome 4, indicating that erdafi-
tinib (pan-FGFR inhibitor) could be a potential treatment
option for this patient. This observation highlights the
importance of having a real-time snapshot of the current
tumor biology when making treatment decisions in the
metastatic setting to improve identification of therapeutic
targets and provide information on possible treatment
resistance at an early time point. Among the patients with
recurrence (n = 26, full follow-up included), only four had
negative ctDNA status after RC. Future studies investigating
non–tumor-informed genomic characterization of post-
treatment plasma samples may be relevant for identifica-
tion of novel genomic alterations acquired during tumor
evolution. This may demonstrate that the tumor-informed
ctDNA detection was limited by the tumor biopsy analyzed
and/or extensive tumor evolution.

The sequencing depth of�28� is a limitation for assessing
individual sites; a greater sequencing depth is required to
improve the genomic characterization and study clinically
actionable genemutations. A greater sequencing depthmight
also allow biological characterization of plasma samples with
a tumor fraction below the currently applied cutoff of 10%.
Furthermore, to build on our findings presented here, WGS
of metastatic tissue biopsies could be performed to study
whether ctDNA profiling provides a more complete genomic
characterization of all metastatic tumor sites in comparison
to analysis of a singlemetastatic lesion, as has previously been
demonstrated in advanced prostate cancer [24].
5. Conclusions

Our study shows that WGS-based analysis of cfDNA allows
ultrasensitive ctDNA detection in patients with MIBC.
ctDNA testing holds huge potential to change the current
clinical management of patients towards more individual-
ized treatment. We also showed that the WGS-based ctDNA
detection approach provides an opportunity to perform de
novo characterization of genomic changes acquired after
treatment, which is not possible with bespoke ctDNA detec-
tion methods. Plasma-based tracking of tumor evolution
may ultimately open opportunities to refine precision
oncology.
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