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Serial ctDNA analysis predicts clinical progression in patients
with advanced urothelial carcinoma
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BACKGROUND: Targeted sequencing of circulating tumour DNA (ctDNA) is a promising tool to monitor dynamic changes in the
variant allele frequencies (VAF) of genomic alterations and predict clinical outcomes in patients with advanced urothelial
carcinoma (UC).
METHODS: We performed targeted sequencing of 182 serial ctDNA samples from 53 patients with advanced UC.
RESULTS: Serial ctDNA-derived metrics predicted the clinical outcomes in patients with advanced UC. Combining serial ctDNA
aggregate VAF (aVAF) values with clinical factors, including age, sex, and liver metastasis, improved the performance of prognostic
models. An increase of the ctDNA aVAF by ≥1 in serial ctDNA samples predicted disease progression within 6 months in 90% of
patients. The majority of patients with aVAFs ≤0.7 in three consecutive ctDNA samples achieved durable clinical responses
(≥6 months).
CONCLUSIONS: Serial ctDNA analysis predicts disease progression and enables dynamic monitoring to guide precision medicine in
patients with advanced UC.
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INTRODUCTION
Urothelial carcinoma (UC) is known to have a high tumour
mutational burden (TMB) [1, 2]. Using whole-exome sequencing of
paired primary-metastatic tumour samples, we previously dis-
covered a significant degree of clonal heterogeneity and
continuous evolution in patients with advanced UC [3]. However,
biopsies of metastatic lesions are invasive and are associated with
potential complications. Tumour cells shed small fragments of
circulating tumour DNA (ctDNA) which are 120–200 base pairs in
length, into the circulation [4, 5]. Several methods have been
developed to interrogate the ctDNA in plasma obtained from
cancer patients [4, 6, 7]. UC is among the cancer types with the
highest detection rates of ctDNA (range 75–90%) [8]. The value of
ctDNA has been explored in the clinically localised stages of UC
using targeted sequencing, personalised tumour-specific ddPCR,
or tumour-informed multiplexed PCR assays to predict recurrence
or progression to invasive disease [9–11]. A cross-sectional
analysis of genomic alterations (GAs) in ctDNA samples from
369 patients with advanced UC was previously published [8].
Longitudinal monitoring of ctDNA has demonstrated promising
prognostic and predictive values in patients with various cancer
types [4, 12–16]. Exploratory analyses from early phase clinical

trials revealed that changes in ctDNA VAF were associated with
survival outcomes and response to targeted therapeutics and
immune checkpoint blockade in patients with UC [17–20]. In the
current study, we evaluated the utility of serial ctDNA measure-
ments to predict clinical progression and map the evolutionary
trajectories of advanced UC.

METHODS
Patients and clinical samples
We evaluated a cohort of 53 patients with advanced UC from two
institutions (Weill Cornell Medicine and the Comprehensive Cancer
Centers of Nevada). Analysis of plasma samples using Guardant360® was
approved by the Western Institutional Review Board (Protocol No.
20152817). A total of 182 serial individual plasma samples were collected,
and ctDNA was analysed using the Guardant360® NGS assay (Guardant
Health, Redwood City, CA). The testing was performed in a CLIA-certified,
CAP-accredited laboratory and included analysis of 73 genes for single-
nucleotide variants (SNVs), insertion-deletion mutations (indels), fusions,
and amplifications [21] (Supplementary Table 1). Clinical data, including
age, presence of visceral or liver metastasis, prior lines of treatment,
response status to active anti-cancer treatment, and overall survival, were
collected. Overall survival was measured from the time of diagnosis of
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invasive urothelial cancer to death or last follow-up. Non-progressive
disease (non-PD) was defined as stable disease, partial response, or
complete response based on restaging scans done within four weeks of
the corresponding ctDNA sample. Scans were assessed at each study site
using RECIST v1.1 criteria by the study investigators. ctDNA samples with
corresponding radiographic scans outside the four-week window were
excluded from the final analysis.

Sequencing and analysis
A total of 182 serial individual plasma samples were collected, and ctDNA
was analysed using the Guardant360® NGS commercial assay (Guardant
Health, Redwood City, CA). The testing was performed in a CLIA-certified,
CAP-accredited laboratory and included analysis of up to 73 genes for
single-nucleotide variants (SNVs), insertions-deletion mutations (indels),
fusions, and amplifications. The methods of the Guardant360® test have
been previously described in detail [21]. Briefly, patient samples are
collected in two 10ml Streck Cell-Free DNA blood collection tubes and
sent to Guardant Health for analysis. Cell-free DNA is extracted from the
plasma aliquots. Extracted cfDNA is enriched by hybrid capture (Agilent
Technologies), pooled, and sequenced using paired-end synthesis
(NextSeq 500 or HiSeq 2500). The average depth of coverage is 15,000×,
and sequencing reads are mapped to hg19/GRCh37. A computational
pipeline was trained and validated for variant detection with a detection
limit of 0.04% for SNVs and 0.02% for indels. Six patients had their FFPE
tumour samples undergo whole-exome sequence (WES) as previously
described [7, 22]. Select FFPE tumours were tested using Oncomine
(143 genes) and Caris Molecular Intelligence (592 genes) targeted
sequencing panels [23, 24] (Supplementary Notes). We used several
sources to curate a list of therapeutically actionable genomic alterations,
including the COSMIC cancer census list https://cancer.sanger.ac.uk/cosmic
and https://www.mycancergenome.org/. In addition, we used two preci-
sion oncology databases, PMKB (https://pmkb.weill.cornell.edu/) [25] and
OncoKB (https://www.oncokb.org/) [26], to identify oncogenic actionable
GAs with strong clinical evidence in patients with UC, i.e., levels 1–3 in
OncoKB and tier 1 in PMKB. We included GAs that were annotated as
oncogenic or likely oncogenic in OncoKB.

Statistical analysis
The comparison of categorical variables was performed using Fisher’s exact
test. The comparison of continuous variables among responders and non-
responders was performed using the non-parametric Wilcoxon rank-sum
(Mann–Whitney) test. The ctDNA aggregate VAF (aVAF) was defined as the
sum of VAF of all identified genomic alterations in a given sample. The
ctDNA delta aVAF was calculated by subtracting the ctDNA aVAF of the
second sample from the ctDNA aVAF of the previously collected sample
within a three-month period. Figures and analyses were produced using
GraphPad Prism 8.3. Overall survival was estimated from the time of
diagnosis to the time of death or loss to follow-up. Overall survival was
analysed using Kaplan–Meier curves. The equality of two survivor functions
was tested using the Log-rank test, and the hazard ratio was reported
using the Mantel–Haenszel method. Lollipops of genomic alterations
were produced using the ProteinPaint tool (https://pecan.stjude.cloud/
proteinpaint).

RESULTS
Patient characteristics and study design
The clinical characteristics of patients in our cohort are outlined in
Table 1 and Supplementary Table 2. The median age was 69 years
(range 38–88). 39 (74%) were men. A median of 3 (range 1–10)
ctDNA samples per patient were collected. Distant metastases were
found in 39 patients (74%), and 24 patients (45%) had visceral
metastases. The median number of treatment lines per patient was
2 (range 0-6). A total of 36/53 (68%) patients received first-line
platinum-based chemotherapy (Table 1). The median overall survival
was 70 months from the time of the initial diagnosis.
The study included 53 patients diagnosed with advanced UC,

including patients with nodal and distant metastases. A total of
182 serial individual plasma samples were collected for ctDNA
analysis between 2015 and 2020 (Fig. 1). An individual plasma
sample was considered ctDNA positive if one or more GAs were
identified. Using this definition, 76% (138/182) of all plasma
samples were ctDNA positive (Fig. 1). The most common active
therapies received proximate to ctDNA collection were immune
checkpoint blockade (ICB) (35%), antibody–drug conjugates (ADC)
(9.3%), and platinum-based (8.2%) (Fig. 1). The median follow-up
period following the collection of the first ctDNA sample was 185
(range 42–1151) days. During the follow-up period, 45 PD and 82
non-PD events were documented on radiographic scans within
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4 weeks from collecting the respective ctDNA sample (Fig. 1).
Overall, 462 different GAs were identified in 58 genes in 138/182
(75.8%) of ctDNA samples. The landscape of ctDNA genomic
alterations (GAs) identified in patients with advanced UC is
described in Supplementary Notes and Supplementary Fig. 1.

Serial ctDNA sampling identifies additional actionable GAs
The genes most commonly harbouring GAs were TP53 (64%),
BRCA1/2 (22.6%), PIK3CA, EGFR, and ERBB2 (each in 19% of
patients) (Fig. 2a). FGFR3 GAs were identified in 10 patients (19%,
two patients with FGFR3-TACC3 fusions, and 8 with SNVs,
including two novel mutations P250R, and Y760*), that were not
previously reported in the COSMIC database (Fig. 2a and
Supplementary Table 3). Actionable GAs with US FDA-approved
targeted agents were identified in 15 genes. The median
frequency of patients harbouring actionable GAs in each gene
was 7.5% (range 2–19%) (Supplementary Table 4). Frequently

co-occurring actionable GAs were observed (Supplementary
Table 5). ERBB2 GAs frequently co-occurred with either PIK3CA
(11.3%) or ARID1A GAs (9.4%). We defined actionable oncogenic
GAs in patients with advanced UC as those from tier 1 or 2 in our
Precision Medicine Knowledgebase PMKB [25] or levels 1–3 in the
OncoKB database [26]. We identified 19 GAs in 6 genes, including
FGFR3, ERBB2, BRCA2, TSC1, HRAS, and NTRK1, affecting 30% (16/
53) of patients (Supplementary Fig. 2). Patients with UC harbour-
ing these GAs were shown to respond to the corresponding
targeted agents in clinical studies [17, 25–28]. In addition, somatic
ctDNA GAs in the BRCA1/2 and ATM homologous recombination
repair genes were identified in 32% (17/53) of patients. Using the
OncoKB [26] and Findlay et al. [29] functional annotations, six
patients harboured pathogenic mutations in BRCA1/2 and ATM,
and the remaining variants were of unknown significance.
Serial ctDNA sampling identified more patients with actionable

GAs than single timepoint ctDNA sampling at a frequency of 31/53

V004
C004
V010
V008
V003
V001
C002
V007
C006
C001
V019
V012
V027
V005
V013
V026
C003
V018
V014
V023
V031
V032
V022
V030
V029
V038
V024
V028
C015
C012
C005
V017
V037
V006
V025
V033
V021
C007
V009
C014
V015
V016
C013
V011
C009
C011
V036
C008
C010
V002
V035

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Patient ID

ICB

Chemotherapy

Erdafitinib

ADC

No available data

PD

Non-PD

ctDNA positive

ctDNA negative

Time since first ctDNA sample (days)

Fig. 1 Swimmer plot showing the disease course in each patient, treatment, ctDNA status, and radiographic response. Red dots represent
positive ctDNA samples, blue dots represent a negative ctDNA samples, vertical red lines represent PD, and vertical blue lines represent non-
PD. ICB: immune checkpoint blockade, ADC: antibody–drug conjugates.

K.S. Shohdy et al.

432

British Journal of Cancer (2022) 126:430 – 439



T
12

5R
S

12
7C

K
13

2R
K

13
9T

C
14

1Y
V

14
3M

P
15

2f
s

K
16

4*
R

17
4W

R
17

5H
P

17
7H

H
17

9Y
R

18
1R

S
18

3*
P

19
0L

Q
19

2*
L2

01
fs

N
21

0f
s

R
21

3*
V

21
6M

Y
22

0C
N

23
9S

G
24

5S
R

24
8Q

V
27

2M

P
27

8L
D

28
1V

R
28

3G
E

28
5K

100 200 300 400 500 600 700 800 900 1000

E
70

F

E
54

2K

E
72

6K

M
10

43
I

H
10

47
R

a

S
24

9C
P

25
0R

A
26

5V

F273F

S
37

1C

Y373C K650M Y760* TACC3

CDK2NA

FGFR3

ERBB2

TERT

ARID1A

TP53

PIK3CA

NF1

EGFR

MET

Mean VAF

b c

FGFR3

PIK
3C

A

EGFR

ERBB2
M

ET

NTRK1

0

5

10

15

F
re

q
u

en
cy

 (
# 

p
at

ie
n

ts
)

Initial samples

Serial samples

10050 200150 250 350300

P53 DNA-binding domain

P53 tetramerisation motif

P53 transactivation motif

Nonsense

Frameshift

Missense

Nonsense

Missense

Nonsense

Fusion transcript

Missense

S241F

R401* E545K T727R

I3
48

L

E81K

E11K Q38fs Q331*S241C
R273L
R273H

TP53

PIK3CA

FGFR3

PI3-kinase family, p85-binding domain

PI3-kinase family, ras-binding domain

C2 domain present in class I alpha phosphatidylinositol 3-kinase (PI3Ks)

PI3K class I, accessory domain

Immunoglobulin

Second immunoglobulin (Ig)-like domain of fibroblast growth factor

Third immunoglobulin (Ig)-like domain

Protein kinases, catalytic domain

Catalytic domain of class IA phosphoinositide 3-kinase alpha

100 200 300 400 500 600 700 800

0 1 2 3 4 5

Fig. 2 Serial ctDNA captures actionable genomic alterations. a Lollipop plots showing the location and type of mutations identified
in ctDNA samples of patients with UC in the TP53, PIK3CA, and FGFR3 genes. b ctDNA analysis of serial samples from 53 patients
with advanced UC detected significantly more actionable GAs than analysis of a single sample from each patient. Vertical red bars
represent the frequency of patients harbouring actionable GAs from a single ctDNA sample, and vertical blue bars represent the
frequency of patients harbouring actionable GAs from serial ctDNA samples. c The mean ctDNA VAF across serial samples for commonly
altered genes.

K.S. Shohdy et al.

433

British Journal of Cancer (2022) 126:430 – 439



(58.5%) vs. 14/53 (26.4%) patients with any actionable GAs (Fisher’s
p= 0.02) and a median of 10 vs. 3 patients per each actionable
gene, paired rank p= 0.003)(Fig. 2b). This suggests that using single
snapshot ctDNA testing to select patients for clinical trials based on
their ctDNA molecular profiles may miss a significant number of
patients with actionable GAs.
Among the top 10 commonly altered genes, CDKN2A, FGFR3,

ERBB2 GAs were associated with the highest mean ctDNA aVAF
across all serial samples (Fig. 2c), indicating that tracking GAs in
these genes should be prioritised in ctDNA-based strategies to
monitor patients receiving the corresponding targeted therapies.
We noted that 120/462 of the identified GAs had very low
frequency (VAF ≤ 0.2). To test whether the low-frequency GAs are
UC-related, generated by clonal hematopoiesis of indeterminate
potential (CHIP) or sequencing artifacts, we performed the
following analyses: first, we manually reviewed these GAs and
confirmed that none were previously reported in a CHIP database
[30], second, we analysed the dynamic changes of the VAFs of
these low abundance GAs in serial ctDNA samples. We postulated
that the ctDNA delta aVAF changes of UC-associated low
abundance GAs would track the clinical response status. Indeed,
seven out of nine GAs followed the clinical response status
(Supplementary Fig. 3). These data suggest that very low-
frequency GAs are potentially informative and should not be
excluded from serial ctDNA analyses.

Initial and serial ctDNA measurements are prognostic
We hypothesised that an initial low ctDNA aVAF and subsequent
clearance over serial samples would be associated with improved

survival outcomes. We found that patients with lower initial ctDNA
aVAF (≤0.2) had longer overall survival (hazard ratio (HR): 0.31, 95%
CI: 0.11–0.90, p= 0.03) (Fig. 3a). Higher ctDNA aVAF level was
associated with shorter overall survival (HR: 1.07, 95% CI: 1.03–1.10,
p < 0.0001). Moreover, a higher number of GAs in the initial sample
of each patient was associated with shorter overall survival (HR:
1.12, 95% CI: 1.02–1.24, p= 0.025). These associations remained
significant in multivariate regression analyses after adjusting for
age at diagnosis, sex, liver metastasis, and the number of prior
treatment lines (Supplementary Table 6), suggesting that the
ctDNA aVAF and the number of identified GAs are independent
prognostic factors in this setting. Clearance of ctDNA (i.e., no
detectable GAs) in any serial sample (n= 19/53) was associated
with longer overall survival (median OS: not reached vs. 65 months).
In a multivariate regression analysis adjusting for age, sex, and liver
metastasis, ctDNA clearance at any time point was independently
associated with a significantly reduced hazard of death (HR: 0.26,
95% CI: 0.08–0.85, adjusted p= 0.027) (Fig. 3b).
To evaluate whether the ctDNA aVAF value and ctDNA delta

aVAF between two serial ctDNA samples (‘Methods’) added value
to the radiographic assessment of progression, we compared the
predictive power of survival models including baseline clinical
characteristics along with ctDNA aVAF at the initial sample
(ctDNA1), and the second sample (ctDNA2). The baseline clinical
model included age, sex, and liver metastasis. Using these clinical
characteristics in multivariate cox regression analysis yielded an
accuracy of 0.65 Harrel’s C-statistic in predicting overall survival
consistent with previously published models [31, 32]. The addition
of ctDNA1 and ctDNA2 to the baseline prognostic model improved
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the accuracy of multivariate regression models of overall survival
(Harrel’s C-statistic improved from 0.65 to 0.84) (Fig. 3c), suggest-
ing an added prognostic value for including ctDNA aVAF values
across serial samples. We tested the performance of different
ctDNA-derived parameters to predict radiographic progression.
The area under the curve (AUC) was 0.71–0.84, supporting the
predictive value of serial ctDNA-derived parameters (Supplemen-
tary Notes and Supplementary Fig. 4a–c).
Somatic ctDNA GAs identified in BRCA1/2 and ATM (n= 17/

53), were not significantly associated with overall survival in
univariate (HR= 1.02, p= 0.9) or multivariate analysis (HR= 1.2,
p= 0.7). Patients with detectable PIK3CA ctDNA GAs at any time
point (n= 10/53) had shorter overall survival in univariate
analysis (HR: 3.27, 95% CI:1.08–9.92, p= 0.03) (Fig. 3d) and
multivariate analysis (HR: 2.87, p= 0.038) (Supplementary
Table 6). Consistent with the previously described association
between ARID1A-mutations in UC tumours and response to anti-
PD-L1 therapy [33], we identified seven patients with ARID1A
ctDNA GAs who received immune checkpoint inhibitors as
salvage therapy. Three out of the seven patients achieved a
durable clinical response to immune checkpoint inhibitors
(range 8–31 months).

Serial ctDNA changes predict treatment response
We hypothesised that the aVAF in individual ctDNA samples
correlates with the radiographic cancer burden. We limited our
analysis to 127 ctDNA samples collected within 4 weeks before or
after restaging scans. The mean interval between imaging and

ctDNA sampling was 12 days. Overall, there were 45 PD and 82
non-PD events in our cohort.
Positive ctDNA samples were significantly more likely to be

associated with PD events than non-PD events (odds ratio (OR)
3.02, 95% CI: 1.20–8.72, p= 0.02). Samples with higher ctDNA
aVAF (>median for the cohort) were significantly more likely to be
associated with PD events (OR: 4.05, 95% CI: 1.89–9.11, p= 0.0005)
within the same time window. The mean ctDNA aVAF was
significantly increased at PD events compared to non-PD events
(12.31 vs. 2.10, p < 0.0001) (Fig. 4a). The median number of GAs
per ctDNA sample was significantly higher in PD vs. non-PD events
(3 vs. 1, p= 0.0006) (Fig. 4b), suggesting the emergence of new
genomic alterations with progression. We hypothesised that the
ctDNA delta aVAF defined as the difference between ctDNA aVAF
in two consecutive samples collected within a three-month
interval correlates with UC progression. We found that ctDNA
delta aVAF between two consecutive ctDNA samples increased
significantly in PD events and decreased in non-PD events (8.64
compared to −1.12, p= 0.0017) (Fig. 4c). Patients with a ctDNA
delta aVAF ≤0 (unchanged or decreased) were more significantly
likely to have non-PD events on their subsequent scans (OR: 4.27
(95% CI: 1.80–10.38, p= 0.0006).
We posited that ctDNA aVAF reduction reflects radiographic volu-

metric reduction of disease burden. We found that patients with
scans showing complete or partial response had significant mean
ctDNA delta aVAF reduction compared to scans with stable disease
(SD) or progression (PD) (ctDNA delta aVAF was −0.28 for CR,
−10.41 for PR, 0.51 for SD, and 8.64 for PD, p= 0.011). In a subgroup
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of patients receiving ICB at the time of ctDNA collection, maintaining
a ctDNA delta aVAF ≤0.9 (the third quartile) was significantly
associated with achieving non-PD events (45/52 (87%) compared to
9/22 (40%) PD events (p= 0.006).

Serial ctDNA predicts clinical outcomes in patients with
urothelial cancer
To test the added value of serial ctDNA on top of radiographic
response assessment in predicting overall survival, we stratified
the patients into four categories based on ctDNA delta aVAF
(increased vs. decreased) and radiographic response (PD vs. non-
PD). We found that using ctDNA delta aVAF improved the
stratification of patients into risk subgroups that correlated with
overall survival. The subgroup of patients with both decreased
ctDNA delta aVAF and non-PD had the longest overall survival
(Log-rank p= 0.05) (Fig. 5a).
In 8/9 patients who achieved a durable radiographic response

of six months, the ctDNA aVAF was ≤0.7 in a median of three
successive samples (Fig. 5b). These observations indicate that
continuous molecular ctDNA remission by ctDNA aVAF measure-
ment in three serial ctDNA samples is associated with durable
clinical responses.
To test the predictive value of the increase in ctDNA aVAF

occurring before clinical progression, we identified 20 patients
with ctDNA delta aVAF above the third quartile (>0.9) with one or
more subsequent radiographic scans within 6 months. 18/20
patients achieved PD event with a median lead time of 92 days
over the imaging (Fig. 5c). These data suggest that an increase in
ctDNA aVAF by 1 or more is predictive of disease progression.
We provide several molecular case studies to demonstrate

how serial ctDNA measurements can provide insights into the

clonal evolutionary trajectories of UC patients during treatment
(Supplementary Notes and Supplementary Fig. 5). Concordance
analysis between genomic alterations detected by ctDNA and
tissue sequencing was provided in Supplementary Notes and
Supplementary Table 7.

DISCUSSION
Serial ctDNA measurements potentially capture subclonal
dynamics and their respective evolutionary trajectories during
UC progression or in response to treatment. Before this study, it
was unclear whether longitudinal monitoring of serial ctDNA
samples has additional prognostic and predictive benefits for
patients with advanced UC. We show that serial ctDNA monitoring
identified patients who were more likely to achieve durable
clinical responses. On the other hand, an increase in ctDNA VAF ≥1
predicted disease progression within 6 months.
Our study provides direct evidence supporting the feasibility of

tracking genomic alterations in serial ctDNA samples. We tested
the association of several serial ctDNA-derived metrics with clinical
outcomes, including the number of GAs identified per ctDNA
sample, the aVAF in a single ctDNA sample, and the delta
aVAF between successive ctDNA samples. We show that serial
sampling detected more patients with actionable GAs emerging
during progression compared to the analysis of ctDNA at a single
time point. For example, serial sampling identified six additional
patients with FGFR 2/3 alterations (13 vs. 7). These alterations
would not have been detected in the initial ctDNA samples. In
addition, 30% of patients harboured at least one actionable GA
(defined as tier 1–2 in PMKB or level 1–3 in OncoKB). For instance,
three patients harboured potentially actionable TSC1 E1044fs and
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the HRAS G12S mutations in our cohort. Patients with the
nonsense TSC1 and missense HRAS mutations have been reported
to have higher responses to everolimus and tipifarnib, respectively
[27, 34]. This suggests a potentially critical role for serial ctDNA
sampling to identify actionable targets.
A previous study by Christensen et al. showed that the detection

of ctDNA was highly prognostic in patients with localised UC [10].
In this study, we show that ctDNA aVAF ≤0.2 was associated with
longer overall survival in patients with advanced UC. This is
consistent with the data by Vandekerkhove et al. [16] showing
that patients with advanced UC having ctDNA in the first quartile
had longer overall survival. We show that patients with advanced
UC and undetectable GAs at any timepoint in their clinical course
achieved longer overall survival, suggesting that ctDNA persis-
tence is an adverse prognostic factor. In addition, Our findings are
consistent with the recent results from the phase III IMvigor010
trial, which showed that patients who achieved ctDNA clearance
after adjuvant atezolizumab had longer disease-free and overall
survival [20].
Several models were developed to predict prognosis in patients

with advanced UC. These models often rely on clinical factors
without including molecular data. This applies to the Memorial
Sloan-Kettering Cancer Center (MSKCC) risk-score model [35] and
another four-parameter model developed by Apolo et al. [36]. The
c-statistic for these models ranges from 0.64 to 0.67 [36]. In the
current study, we demonstrate that adding the ctDNA aVAF
significantly improved the performance of the baseline model,
including age, sex, and liver metastasis for predicting survival
[31, 32]. As ctDNA is minimally invasive and easily obtained,
incorporating it into the initial patient stratification will potentially
improve prognostic accuracy.
Our results also support using the ctDNA aVAF change as a tool

to predict response to therapy [15, 37]. We showed that each time
a patient progressed clinically, the ctDNA delta aVAF increased by
a mean of 8.64 from the previous sample, and each time a patient
achieved clinical response, the ctDNA delta aVAF decreased by a
mean of 1.12. This is consistent with an earlier observation
showing a significant decrease in the mean post-treatment VAF in
patients with advanced UC responding to durvalumab [18].
Notably, a ctDNA delta aVAF increase ≥1 heralded disease
progression within 6 months in most patients. This information
potentially enables oncologists to change management earlier to
avoid treatment failure.
Our study provides evidence that monitoring the molecular

UC burden, defined by ctDNA aVAF, potentially adds value to
the conventional imaging-based assessments of disease burden.
In the clinically localised setting, the presence of ctDNA as a
dichotomous outcome (detectable vs. none) was previously
linked to cancer recurrence [10, 15, 38]. In the metastatic setting,
dynamic ctDNA-derived metrics that quantify the depth and the
durability of responses to treatment are needed to predict
progression events. A recent study by Avanzini et al. developed
a mathematical model of tumour evolution and ctDNA shedding
to predict the imaging-based tumour size in patients with lung
cancer, inferring that the death of each tumour cell death sheds
0.014% of ctDNA into the bloodstream [39]. The extent of ctDNA
shedding from tumour cells potentially varies in different cancer
types and the clinical stage. More precise models to predict
tumour size from the quantity of ctDNA and a better under-
standing of the factors contributing to ctDNA shedding are
needed in patients with advanced UC.
Limitations of our study include the heterogeneity of the

treatments received during ctDNA sample collection and the
variability in the timing of sampling and radiographic assess-
ments. However, it is important to note that our data reflect real-
world practices and highlight how incorporating longitudinal
ctDNA analysis could yield additional prognostic value to
radiographic assessment regardless of treatment. Mutations

with low VAF may have originated from other mutational
processes unrelated to UC, such as CHIP. However, we showed
that these mutations expand significantly with UC progression,
suggesting they were most likely UC-related. The number of
serial samples varied between patients, and matched tumour
tissue sequencing was unavailable for most patients. While the
Guardant360® assay is a tumour-only sequencing assay, the
Guardant computational pipeline can distinguish between
somatic and germline variants [21]. Other limitations inherent
to our retrospective study design include the lack of a
randomised control group and the potential selection and
confounding biases.
In conclusion, our study shows that serial ctDNA monitoring

predicts clinical outcomes, augments radiographic assessment of
clinical response, and provides insights into the clonal evolu-
tionary trajectories in patients with advanced UC. Minimally-
invasive serial ctDNA testing is a promising option for real-time
monitoring of treatment effectiveness, predicting outcomes, and
guiding adaptive therapy paradigms. Future prospective studies
are needed to confirm the value of serial ctDNA dynamics for
predicting radiographic progression.
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