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Background: Locally advanced melanoma has a variable prognosis. Currently, there are no reliable criteria to stratify the
risk of disease relapse and identify those patients who will benefit the most from adjuvant therapies. Circulating tumor
DNA (ctDNA) is an emerging biomarker measuring the presence of tumor-derived DNA in blood.
Patients and methods: We used a bespoke, tumor-informed assay (RaDaR®, NeoGenomics, Inc.) to detect ctDNA in 276
prospectively collected plasma samples from 66 melanoma patients receiving definitive treatment. Collection time
points included landmark (after completion of local treatment) and every 3-6 months for up to 2 years.
Results: ctDNA was detected in at least one plasma sample in 19 patients (29%), including 6/65 (9%) at landmark (post-
surgical sample). Positive ctDNA at landmark was associated with shorter overall survival (OS; median OS 22.7 months
versus not reached, log-rank P value ¼ 0.01) and a trend towards a shorter relapse-free survival (RFS; median RFS 15.7
months versus not reached, log-rank P value ¼ 0.07). In 10 patients, ctDNA detection preceded disease relapse by a
median of 128 days (range 8-406 days).
Conclusions: Our data indicate that ctDNA detection after surgery can identify patients with worse prognosis, and serial
ctDNA measurements may enable earlier identification of disease recurrence.
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INTRODUCTION

Locally advanced melanoma is a highly heterogeneous dis-
ease with varying risk of relapse (e.g. 39% among patients
with stage IIIA, compared to w70% of patients with stage
IIIC disease1-3). Adjuvant treatment with immune check-
point inhibitors (ICI), or for patients whose tumors harbor
BRAF mutations with BRAF/MEK-targeted agents, is proven
to prolong relapse-free-survival (RFS) in stage III and
resected stage IV disease.4-7 Pembrolizumab and nivolumab
[anti-programmed cell death protein 1 (PD-1) ICI] have been
demonstrated to increase RFS in stage IIB and IIC dis-
ease.8-10 However, pathology-based staging systems are
limited in optimally defining the risk of recurrence, as
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relapses are observed even in the earliest disease stages.
Conversely, a significant proportion of patients treated with
adjuvant treatment are either overtreated (would be cured
with surgery alone) or experience relapse despite systemic
therapy. Reliable biomarkers to define the risk of recurrence
and identify patients who would truly benefit from adjuvant
treatment are urgently needed to improve patient
outcomes.

Circulating tumor DNA (ctDNA) is a minimally invasive
approach for the detection of tumor-related genetic mate-
rial in the peripheral blood. Widely available for clinical use
in the advanced setting, ctDNA testing to guide treatment
and follow-up decisions is currently under evaluation in
localized disease across a broad range of tumor types.11-16

In melanoma, ctDNA dynamics demonstrated the poten-
tial to reflect disease status and to predict treatment out-
comes ahead of conventional imaging.17 De Simoni et al.
recently reviewed the use of ctDNA in non-metastatic
melanoma.18 One of the main limitations in most avail-
able melanoma studies is the low throughput via the use of
https://doi.org/10.1016/j.esmoop.2024.103978 1
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droplet PCR (dPCR) methodology. This technique detects
the presence of ctDNA through the identification of a
restricted number of molecular alterations, such as BRAF
and NRAS mutations. Importantly, >20% of cutaneous
melanoma cases do not harbor a known driver genomic
alteration19; therefore, their ctDNA would be undetectable
by dPCR. The proportion is even larger when considering
rare melanoma subtypes such as mucosal or acral mela-
nomas.20 Tumor heterogeneity and clonal evolution might
render single-gene mutations found in primary melanomas
not very informative when tracking these in metastatic le-
sions.21,22 The ability to investigate the genomic profile
beyond a single driver mutation is a key element to expand
the number of patients deriving benefit from the use of
ctDNA to guide their clinical management.

Bespoke tumor-informed ctDNA panels are highly sensi-
tive assays to detect ctDNA with a potential to improve risk
stratification in the curative setting. This method consists of
sequencing tumor tissue sample and selecting relevant
mutations for a custom-built ctDNA assay. For patients with
metastatic disease receiving anti-PD-1 treatment, a
decrease in bespoke ctDNA levels has demonstrated an
association with treatment response.23 In the locally
advanced setting, molecular residual disease (MRD)
assessment through bespoke ctDNA panels yields better
prognostication in multiple cancers.24-26 Within this
context, tumor-informed bespoke ctDNA panels may
improve upfront risk stratification and early detection of
disease relapse in patients with melanoma, a hypothesis
also supported by the results of two small recently pub-
lished studies.27,28

We hypothesize that a bespoke tumor-informed ctDNA
assay can distinguish patients with MRD and predict relapse
in a cohort of patients with locally advanced melanoma,
helping to inform adjuvant treatment decisions.

PATIENTS AND METHODS

Study design and population

Serial ctDNA Monitoring as a Predictive Biomarker in
Advanced NeoplAsms (SAMBA) is a prospective, Princess
Margaret Cancer Centreeled, investigator-initiated study
(NCT03702309)29 approved by the Institutional Research
Ethics Board (#19-5694). In this study, longitudinal blood
samples were prospectively collected from high-risk mela-
noma patients (stage IIB-resected stage IV, according to the
American Joint Committee on Cancer 8th edition) during
standard-of-care surveillance follow-up or adjuvant treat-
ment (targeted agents or immunotherapy). Collection time
points included landmark (after completion of local treat-
ment), and every 3-6 months, approximately at the time of
radiological assessment for up to 2 years. Additional blood
samples were collected before local treatment and at the
time of disease progression, when feasible (study schema is
summarized in Figure 1). Up to 30 ml of peripheral blood
were prospectively collected in Streck Cell-Free DNA (La
Vista, NE) tubes at each time point. Samples were subse-
quently analyzed using the RaDaR® assay® (NeoGenomics,
2 https://doi.org/10.1016/j.esmoop.2024.103978
Inc., Cambridge UK and Durham, NC). All the patients
enrolled signed informed consent for participation in the
study. The results were not used to guide clinical decisions.
Bespoke ctDNA analysis with RaDaR assay

RaDaR® is a highly sensitive next-generation sequencing
(NGS) assay for the detection of ctDNA in patients’ blood
using a tumor-informed approach. Tumor-specific variants
were identified through whole-exome sequencing (WES) of
DNA extracted from a formalin-fixed paraffin-embedded
tumor tissue sample. Custom software was then used to
prioritize tumor variants and design a patient-specific
primer panel to interrogate up to 48 amplicons each
capturing at least one such somatic variant. Variant selec-
tion process used a proprietary algorithm to identify the
variant set most appropriate for the sensitive detection of
plasma ctDNA in each specific patient and to ensure that
the selected primer pairs were well suited for multiplex
PCR. Variant selection was independent from their
actionability.

To define the detectability of ctDNA in specific samples,
the statistical significance of the observed mutant counts
for each of the variants was determined using a statistical
framework incorporating the entire set of patient-specific
variants. Samples were classified as ‘ctDNA positive’ when
their cumulative statistical score was above a pre-set
threshold defined during the assay’s analytical
development.

Procedures for WES, panel design, cell-free DNA extrac-
tion, processing of sequencing data, and determination of
residual or recurrent disease were carried out as previously
described in detail.24,30,31 WES details are reported in
Supplementary Tables S1 and S2, available at https://doi.
org/10.1016/j.esmoop.2024.103978.
Statistical analysis

Descriptive statistics were used to summarize the clinical
characteristics of the study’s population. Differences by
ctDNA status were analyzed using the Wilcoxon rank-sum,
chi-square, and Fisher’s exact tests as appropriate. Overall
survival (OS) and RFS were compared among patients with
positive versus undetectable ctDNA status at landmark. OS
was defined as time from the date of surgery to the date of
death; otherwise, it was censored at the last follow-up. RFS
was defined as the time from the date of surgery to the
date of first recurrence or death, otherwise censored at the
last follow-up. Median follow-up time was determined from
median time to censoring using the reverse KaplaneMeier
estimator. KaplaneMeier curves, log-rank tests, and uni-
variable Cox proportional hazards regression models were
used to compare survival across groups. Time-dependent
sensitivity and specificity were assessed for predicting OS
and RFS. Cumulative sensitivity and dynamic specificity
were computed using the KaplaneMeier estimator for
predicting OS and RFS events by 6, 12, 18, and 24 months
after surgery.32 All statistical analyses were carried out in
Volume 9 - Issue 11 - 2024
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Figure 1. The Serial ctDNA Monitoring as a Predictive Biomarker in Advanced NeoplAsms (SAMBA) study schema. (A) Patients with high-risk resected stage IIB-IV
resected melanoma undergoing adjuvant treatment or surveillance were eligible for the study. Blood samples were collected at landmark (within 3 months from the
completion of local treatment) and then every 3-6 months around the time of radiological restaging for up to 2 years. Additional plasma samples were collected before
surgery and at progression, when feasible. (B) Archival tumor tissue was collected from all the patients and analyzed with whole-exome sequencing to identify somatic
mutations and design patient-specific ctDNA panel. Longitudinal plasma samples were analyzed with the RaDaR assay.
ctDNA, circulating tumor DNA.
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R (version 4.2.1), using two-sided tests with a significance
alpha level of <0.05.

RESULTS

Patient characteristics

Between July 2018 and April 2022, 66 patients were
enrolled in SAMBA, and 276 longitudinal samples were
collected for analysis. All the participants were identified
and enrolled at the Princess Margaret Cancer Centre in
Toronto, Canada. Patient characteristics are summarized in
Table 1. The median age was 65 years (range 27-87 years),
and 71% were male. Most of the patients had stage III
disease (46, 70%), followed by resected stage IV (13, 20%)
and stage II disease (7, 10%). Cutaneous melanoma was the
most common subtype (51, 77%), followed by melanoma of
unknown primary (6, 9%), mucosal (5, 8%), and acral mel-
anoma (4, 6%). BRAF and NRAS mutations were observed in
28 (42%) and 16 (24%) cases, respectively. The median
follow-up time was 39 months [95% confidence interval (CI)
27-87 months]. Seven patients (11%) received neoadjuvant
systemic treatment (three immunotherapy, three targeted
therapy, and one participating in a clinical trial). All patients
(100%) had surgical resection, followed by post-operative
radiation in 15 cases (23%). Most patients received adju-
vant anti-PD-1 ICI (41, 62%), while 14 (21%) did not receive
any systemic treatment. Of the remaining patients, eight
(12%) received adjuvant targeted therapy and three (5%)
Volume 9 - Issue 11 - 2024
were enrolled in a clinical trial randomizing to immuno-
therapy or placebo. Twenty-two patients (33%) experienced
disease progression during follow-up; the median follow-up
time was 39 months (range 6-58 months). The estimated 2-
year OS was 84% (95% CI 75% to 94%), and 2-year RFS was
68% (95% CI 58% to 81%).
ctDNA detectability in pre- and post-surgery plasma
samples

A total of 276 plasma samples from 66 patients were
analyzed. The median number of plasma collections per
patient was 4 (range 1-9). Of those, 35 (13%) samples from
19 patients (29%) had ctDNA detected by the RaDaR assay.
A total of 9/19 (47%), 5/19 (26%), and 5/19 (26%) patients
with at least one collection with detected ctDNA were
positive for BRAF mutation, NRAS mutation, or both BRAF/
NRAS wild-type, respectively. Of the 19 patients with at
least one plasma collection positive for ctDNA, 14 (74%) had
stage IIIB-IIID disease and 5 (26%) had resected stage IV
disease. None of the 12 patients with stage IIB-IIIA mela-
noma had ctDNA detected at any time point (Figure 2). The
most frequent melanoma subtype in the population with at
least one collection positive for ctDNA was cutaneous
melanoma (15 patients, 79%) followed by unknown primary
(3 patients, 16%) and mucosal melanoma (1 patient, 5%)
(Supplementary Table S3, available at https://doi.org/10.
1016/j.esmoop.2024.103978).
https://doi.org/10.1016/j.esmoop.2024.103978 3
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Table 1. Clinical characteristics of the study population

Total N of patients 66
Age, median (range), years 65 (27-87)
Follow-up, median (95% CI), months 39 (27-87)
Gender, n (%)
Female 19 (29%)
Male 47 (71%)

Stage, n (%)
II 7 (11%)
III 46 (70%)
IV 13 (20%)

Melanoma subtype, n (%)
Cutaneous 51 (77%)
Mucosal 5 (8%)
Acral 4 (6%)
Unknown primary 6 (9%)

Primary site, n (%)
Trunk 17 (26%)
Extremities 24 (36%)
Head and neck 17 (26%)
Lymph nodes (unknown primary) 5 (8%)
Genital 1 (1.5%)
GI 1 (1.5%)
Other 1 (1.5%)

BRAF, n (%)
Mutated 28 (42%)
Wild-type 38 (58%)

NRAS, n (%)
Mutated 16 (24%)
Wild-type 50 (76%)

Neoadjuvant systemic therapy, n (%)
None 59 (89%)
Immunotherapy 3 (5%)
Targeted therapy 3 (5%)
Unknown (clinical trial) 1 (1.5%)

Adjuvant systemic therapy, n (%)
None 14 (21%)
Immunotherapy 41 (62%)
Targeted therapy 8 (12%)
Unknown (clinical trial) 3 (5%)

Adjuvant radiation, n (%)
Yes 15 (23%)
No 51 (77%)

Progressive disease, n (%)
Yes 22 (33%)
No 44 (67%)

CI, confidence interval; GI, gastrointestinal.
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Plasma samples collected before definitive surgery were
available for 19/66 patients (29%). Eight of them (42%)
were positive for ctDNA with a median estimated variant
allele fraction (eVAF) of 0.0337% (range 0.00127%-2.52%)
(Figure 2). Landmark plasma samples, collected within 3
months from completion of local treatment and before the
start of systemic therapy or surveillance follow-up, were
available for 65/66 subjects (99%). Of these six (9%) had
ctDNA detected by RaDaR, with a median eVAF of 0.0437%
(Figure 3A). At least one additional longitudinal plasma
collection was carried out for 57 patients (86%), undergoing
adjuvant systemic treatment (44/57, 77%) or surveillance
follow-up (13/57, 23%). The median number of post-
operative plasma samples collected per patient was 4
(range 1-8).

Of the 22 patients who experienced disease relapse, 18/
22 (82%) had distant metastases and 4/22 (18%) had only
local recurrence. Twelve of the 18 patients with distant
relapse (67%) had at least one plasma sample collected in
4 https://doi.org/10.1016/j.esmoop.2024.103978
the 6 months before the recurrence. Of these, 8/12 (67%)
had ctDNA detected by RaDaR. Two of the four patients
with ctDNA not detected in the 6 months before radiolog-
ical progression developed disease recurrence only to the
brain, while the other two had metastatic disease to the
lung and the liver, and to the liver and the lymph nodes,
respectively.

Three of the four patients who presented with only local
disease recurrence had available plasma samples collected
within 6 months before the date of relapse. Only one pa-
tient of the three patients had detectable ctDNA at the time
of the local recurrence (1/3, 33%).
Post-operative ctDNA to identify patients with higher risk
of relapse and detect minimal residual disease

Patients with detected ctDNA at their first post-operative
collection (landmark) had a significantly shorter OS when
compared to subjects with undetected ctDNA after surgery
[median 22.7 months versus median not reached, hazard
ratio (HR) 6.04 (1.54-23.58) P ¼ 0.01] (Figure 3A). RFS was
not significantly different between those with detected
versus undetected ctDNA after surgery [median 15.7
months versus not reached, HR 2.73 (0.92-8.15) P ¼ 0.07]
(Figure 3B). A significant difference in terms of RFS between
patients with positive and undetectable ctDNA at landmark
was, however, observed if considering only patients with
systemic relapse [median 13.3 months versus not reached,
HR 3.77 (1.23-11.55), P ¼ 0.02] (Figure 3C). All the six pa-
tients with positive ctDNA at landmark were diagnosed with
stage III or IV disease. Two of them received adjuvant
immunotherapy (patients 20 and 58), one received adjuvant
targeted therapy (patient 4), one had neoadjuvant immu-
notherapy (patient 27), one had neoadjuvant targeted
therapy and adjuvant immunotherapy (patient 86), and one
received no systemic treatment (patient 16) (Figure 2). Both
patients who received adjuvant immunotherapy only
cleared ctDNA at subsequent collections. In one of them
(patient 58), ctDNA became detectable again at 9 months
from landmark and the patient developed subsequent dis-
ease recurrence. The other patient (patient 20) remained
ctDNA negative and is free of disease recurrence 51 months
after surgery. The patient who received both neoadjuvant
targeted therapy and adjuvant immunotherapy (patient 86)
had no ctDNA collections available apart from landmark
sample; he remained free of disease relapse at his last
follow-up, 12 months after surgery. The patient who
received adjuvant targeted therapy (patient 4) had only two
ctDNA collections available: one at landmark and one at 6
months which coincided with the time of disease relapse;
both collections were ctDNA positive. Similarly, the patient
who received no systemic treatment (patient 16) had only
two ctDNA collections available, one at landmark and one at
the time of progression (3 months after landmark), both
ctDNA positive (timeline of ctDNA collections and clinical
characteristics of patients 4, 16, and 58 who developed
disease progression are described in detail in the section
‘Dynamic changes in ctDNA for the early identification of
Volume 9 - Issue 11 - 2024

https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978
https://doi.org/10.1016/j.esmoop.2024.103978


Stage II

Stage III

Stage IV

L11
L12
L17
L30
L46
L55
L63
L84
L3

L20
L6

L22
L15
L31
L21
L34
L29
L26
L44
L53
L33
L49
L51
L10
L57
L62
L68
L69
L77
L72
L75
L80
L78
L76
L85
L83
L86
L39
L2

L38
L43
L45
L23
L65

−1 0 1 2 3 4 5
Time since surgery (years)

St
ud

y 
ID

Stage II

Stage III

Stage IV

L8
L74
L27
L59
L4

L24
L18
L47
L5

L58
L61
L64
L37
L67
L16
L70
L32
L73
L60
L79
L82
L50

−1 0 1 2 3 4 5
Time since surgery (years)

St
ud

y 
ID

Event
Negative ctDNA (baseline)

Positive ctDNA (baseline)

Negative ctDNA (preoperative)

Positive ctDNA (preoperative)

Negative ctDNA

Positive ctDNA

First local relapse

First systemic relapse

Death

Last follow−up, alive

Systemic treatment
Follow−up

Clinical trial

Dabrafenib + trametinib

Immunotherapy

A

B

Figure 2. Swimmer plot showing the change in ctDNA detectability during adjuvant treatment and survival follow-up (N [ 66 patients). Each line represents a
specific patient. The landmark (time 0) corresponds to the time of definitive surgery. Patients are divided according to disease stage. The length of each line cor-
responds to the duration of survival from the time of surgery to death or last follow-up. ctDNAþ and ctDNA� collections are indicated with red and black circles,
respectively. The type and duration of systemic treatment are represented by lines of different colors. Patients who did not experience progressive disease (A) and who
did experience progressive disease (B) are represented separately.
ctDNA, circulating tumor DNA.
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disease recurrence’). No statistically significant difference in
RFS was found between patients with positive and negative
landmark collection in the group who received adjuvant
systemic therapy (median 23.1 months versus 50.8 months,
P ¼ 0.664) (Supplementary Figure S1, available at https://
doi.org/10.1016/j.esmoop.2024.103978). Characteristics of
patients with ctDNA positivity at any time point and at
Volume 9 - Issue 11 - 2024
landmark are summarized in Supplementary Tables S3 and
S4, available at https://doi.org/10.1016/j.esmoop.2024.
103978, respectively.

The cumulative sensitivity and dynamic specificity of
ctDNA detected by RaDaR at landmark in predicting RFS are
reported in Supplementary Table S5, available at https://
doi.org/10.1016/j.esmoop.2024.103978. At 6, 12, 18, and
https://doi.org/10.1016/j.esmoop.2024.103978 5
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Figure 3. Overall (OS) and relapse-free survival (RFS) in patients with ctDNAD versus ctDNAL at the first collection post-surgery (landmark). We observed a
significant prolongation of median OS in patients with ctDNA� in this population (A). No significant difference was observed in terms of RFS for the overall population
based on post-op ctDNA detectability when considering both local and systemic recurrence (B). However, patients with a positive landmark collection had a
significantly shorter systemic RFS (C).
ctDNA, circulating tumor DNA; HR, hazard ratio; KM, Kaplan-Meier curves.
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24 months, the sensitivity/specificity/ positive predictive
value/negative predictive value were as follows: 6 months
(25%, 92.9%, 33.3%, 89.8%), 12 months (18.7%, 93.6%,
49.1%, 77.7%), 18 months (16.5%, 94.7%, 55.1%, 74.3%),
and 24 months (20.7%, 97.1%, 76.9%, 72.1%).
Preoperative ctDNA to identify patients with higher risk of
systemic relapse

Among patients with preoperative ctDNA collection, no
deaths were observed in n ¼ 11 patients with negative
preoperative ctDNA (median follow-up 23.3 months), and
two deaths were observed among n ¼ 8 patients with
positive preoperative ctDNA (median follow-up 27.9
months). No significant difference was observed in terms of
6 https://doi.org/10.1016/j.esmoop.2024.103978
OS (not reached versus not reached, P ¼ 0.13) or RFS [15.2
versus not reached, HR 3.15 (0.78-12.70), P ¼ 0.11] be-
tween patients with positive versus non-detectable ctDNA
in the preoperative collection (Supplementary Figure S2A
and B, available at https://doi.org/10.1016/j.esmoop.2024.
103978). However, patients with positive preoperative
ctDNA had a significantly shorter systemic RFS [HR 9.72
(1.17-80.98), P ¼ 0.036] (Supplementary Figure S2C, avail-
able at https://doi.org/10.1016/j.esmoop.2024.103978).
Dynamic changes in ctDNA for the early identification of
disease recurrence

All patientswhodevelopeddetectable ctDNA inblood samples
collected after landmark experienced disease progression
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Figure 4. Longitudinal plots showing ctDNA changes over time in 19 patients with at least one positive ctDNA collection. The red dots indicate positive for ctDNA
collections while the black dots indicate negative for ctDNA collections. The time of definitive surgery is indicated by a blue line while the time of local and systemic
progression corresponds to the orange and red dashed lines, respectively.
ctDNA, circulating tumor DNA; eVAF, estimated variant allele fraction.
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(Figure 2). Ten subjects had ctDNA detected before the evi-
dence of radiological progression (Figures 2 and 4). In these
patients, ctDNA detection preceded disease relapse by a me-
dian of 128 days (range 8-406 days). The ctDNA changes over
time and the clinical history of these 10 patients are described
in detail below. A summary of these results is provided in
Supplementary Table S6, available at https://doi.org/10.1016/
j.esmoop.2024.103978.

Patient 4: initially diagnosed with stage IVb BRAF-mutant
cutaneous melanoma with a biopsy-proven metastatic
nodule to the lung treated with definitive radiation. The
patient was started on adjuvant treatment with targeted
therapy. Landmark collection was ctDNA positive with a
0.0026% eVAF. Six months later, the patient was diagnosed
with metastatic disease to the brain. ctDNA analysis done at
the time of progression confirmed persistence of ctDNA
positivity with an increased eVAF of 0.0321%.

Patient 16: diagnosed with stage IIIC BRAF-mutant cuta-
neous melanoma who underwent surveillance, with ctDNA
positivity at landmark (eVAF of 0.0205%). At 3 months from
surgery, local progression to lymph nodes was detected on
imaging. ctDNA was positive at progression (eVAF of 0.12%).

Patient 27: diagnosed with BRAF and NRAS wild-type
stage IV cutaneous melanoma (recurrent in-transit,
Volume 9 - Issue 11 - 2024
unresectable lesion on the thigh). The patient started on
neoadjuvant anti-PD-1 ICI. The preoperative plasma sample
collected after three cycles of immunotherapy was positive
for ctDNA (eVAF 1.29E�02 %eVAF). At the time of the
surgical resection ctDNA was not detectable; however, it
rapidly increased in the following weeks up to %eVAF of
1.23E-01 at the landmark collection. The patient was diag-
nosed with systemic progressive disease 4 months after
surgery.

Patient 32: diagnosed with stage IIIC BRAF-mutated
cutaneous melanoma. After surgery, the patient started
adjuvant anti-PD-1 ICI. ctDNA was not detected at landmark
collection. At 3 months, ctDNA became detectable (%eVAF
3.66E�02), and radiological restaging confirmed progres-
sive disease a few days later.

Patient 58: diagnosed with stage IIIB, NRAS-mutant
cutaneous melanoma. Both preoperative and landmark
ctDNA were positive (%eVAF of 2.52 and 0.053, respec-
tively). The patient received adjuvant anti-PD-1 ICI with
cleared ctDNA at 3 and 6 months, following initiation of ICI.
At 9 months from landmark, ctDNA was detected again
(0.59 %eVAF). At 11 months from surgery, a new liver lesion
was detected on imaging. The biopsy was negative for
cancer and the patient continued immunotherapy with
https://doi.org/10.1016/j.esmoop.2024.103978 7
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shrinkage of the liver lesion and a slight decrease in ctDNA
levels (%eVAF 0.22). About 23 months after surgery, the
patient had clear radiological disease progression.

Patient 60: diagnosed with stage IIIB, CDKN2A-mutant,
cutaneous melanoma, received adjuvant anti-PD-1 ICI. At
landmark, ctDNA was undetectable. Radiological progres-
sive disease to liver and bone occurred 7 months from
surgery. Analysis of a plasma sample collected 2 months
before progression demonstrated ctDNA positivity (0.0073
%eVAF). ctDNA at the time of radiological progression was
positive, with an eVAF of 0.0694%.

Patient 64: diagnosed with stage IIIC, BRAF-mutant,
cutaneous melanoma, received adjuvant anti-PD-1 ICI.
ctDNA was undetectable in landmark plasma sample. All
four additional plasma collections (at 3, 5, 7, and 10
months) were ctDNA positive (%eVAF 1.5, 1.5, 0.2, and 0.2).
Radiological evidence of disease progression occurred 10
months after surgery.

Patient 70: diagnosed with stage IIIC, NRAS-mutant,
cutaneous melanoma; received adjuvant anti-PD-1 ICI. At
landmark and at 3 months, ctDNA was undetectable.
However, ctDNA became positive with eVAF 0.00271% at 6
months after surgery and continued to rise at 9 and 12
months. This patient had evidence of local and systemic
progression 1 and 2 months after ctDNA was detected,
respectively.

Patient 73: diagnosed with stage IIIB, NRAS-mutated
melanoma of unknown primary. The preoperative collection
was positive for ctDNA (eVAF 7.15E�02%), while the
landmark collection ctDNA was undetectable. Following
surgery, adjuvant anti-PD-1 ICI was initiated. At 3 months,
ctDNA was detected (%eVAF 2.60E�03). The patient was
diagnosed with radiological PD to the lymph nodes almost 5
months later.

Patient 79: diagnosed with stage IIIC, NRAS-mutant
cutaneous melanoma, received adjuvant anti-PD-1 ICI. At
landmark, ctDNA was negative, and the patient had local
progression 5 months after surgery and systemic progres-
sion to the bone and lung at 11 months. ctDNA was
detected about 2 months before systemic progression (%
eVAF 10.5).

Seven of the 22 patients who experienced disease
recurrence (32%) had undetectable ctDNA in all available
plasma samples profiled, including four subjects with sys-
temic progression. Two of them (patient 8 and patient 50)
had plasma collected only at landmark; however, they both
relapsed within 3 months from their landmark collection.
The other two (patient 37 and patient 82) had radiological
disease recurrence 1 and 6 months after the landmark,
respectively.
DISCUSSION

In our study, ctDNA was detected in 29% of patients un-
dergoing definitive treatment for locally advanced mela-
noma, with 9% exhibiting ctDNA at landmark. The presence
of ctDNA at this juncture was associated with inferior OS
and systemic RFS. These observations align with existing
8 https://doi.org/10.1016/j.esmoop.2024.103978
studies on ctDNA in melanoma,17 reinforcing the adverse
prognostic implications of ctDNA detectability post-
definitive treatment. Noteworthy is the heightened impact
of ctDNA positivity in patients who did not receive adjuvant
treatment, suggesting that systemic treatments may rescue
a subset of high-risk individuals prone to relapse. However,
the limited sample size raises caution against definitive
conclusions.

In a subset of patients with available preoperative plasma
collections, we observed an association between detect-
ability of ctDNA before surgery and shorter systemic RFS.
Our results are consistent with prior literature data. Lee
et al. reported a correlation between the presence of
positive preoperative ctDNA and worse clinical outcomes in
patients undergoing complete lymph nodal dissection,
independently of disease substage.33

Our methodology involved the application of RaDaR, a
tailored NGS technique, eliminating the necessity for spe-
cific driver mutations. This stands in contrast to most ctDNA
studies in melanoma,17,34-38 utilizing droplet PCR (dPCR)
targeting distinct mutations. Indeed, 26% of patients with
detectable ctDNA in our study were BRAF and NRAS wild-
type, underscoring the broader applicability of this tech-
nology, especially in non-cutaneous melanoma, which
frequently does not harbor driver alterations.19

Although the sensitivity of ctDNA assay at landmark was
w20%, it had a high clinical specificity at w94%. These
figures align with most ctDNA studies in melanoma focusing
on MRD.34,35,37,39,40 For instance, Long et al., using an
alternative tumor-informed ctDNA assay detecting up to
200 variants (Invitae Personalized Cancer Monitoring) in
locally advanced melanoma patients, reported a sensitivity
of 23% for relapse detection at 24 months, with a specificity
of 88%.34 However, a study by Eroglu et al. using a set of up
to 16 variants (Signatera) reported a higher sensitivity of
83%.27 This study included 69 melanoma patients; however,
only 30 of them received local treatment while the others
had unresectable disease. Despite the encouraging results,
there were only six relapses in this study (in contrast with
18 relapses in our study). As these are very small numbers,
new recurrences may significantly affect the results, and
therefore these data should be carefully followed up. In a
study recently published by Weber et al., the RaDaR assay
was used to detect minimal residual disease in patients with
high-risk melanoma receiving adjuvant treatment with
pembrolizumab alone or in combination with a personalized
RNA-based vaccine.40 The authors observed a trend for
shorter recurrence-free survival in patients with detectable
ctDNA at landmark, in line with our results.

Compared to other published studies,27,28 our population
included a greater proportion of patients with rare mela-
noma subtypes. Only 1/5 mucosal melanoma patients and
0/4 acral melanoma patients had at least one collection
positive for ctDNA (see Supplementary Table S3, available at
https://doi.org/10.1016/j.esmoop.2024.103978). Despite
the small number of patients, this observation might sug-
gest that ctDNA has a lower sensitivity in rare melanoma
subtypes. Interestingly, the mucosal melanoma patient who
Volume 9 - Issue 11 - 2024
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had detectable ctDNA in his preoperative collection (patient
59, see Figure 4) is the only one in this group who experi-
enced disease relapse.

Our findings diverge from the application of RaDaR in
detectingMRD in other cancers such as locally advanced head
and neck squamous cell carcinoma,24 breast,41 and non-
small-cell lung cancer,25 where sensitivity rates reached up
to 100%. In a systematic review by Mittal et al. investigating
MRD utility by ctDNA following a definitive treatment across
multiple tumor types and varying ctDNA techniques, the
aggregated sensitivity for ctDNA at landmark was 58.3%.42

The reasons for the perceived decreased sensitivity of
ctDNA in melanoma MRD detection remain elusive. We
speculate that even in locally advanced disease, melanoma
sheds limited ctDNA, possibly due to its skin/lymph node
location, falling below the detection threshold of current
methods. Favoring that hypothesis, Al-Mondhiry et al., in a
small study of stage III melanoma with satellite/in-transit or
nodal metastases, found that only 4 (28%) of 14 patients had
ctDNA detected before surgery.43 Of note, all cases with
ctDNA positivity had a nodal burden of >1.5 cm, suggesting
that a minimal burden of disease is required for ctDNA to be
detected in nodal-only disease. Conversely, in our cohort and
in the study by Brunsgaard et al.,28 42% and 46% of patients
had ctDNA detected before surgery, suggesting that lymph
nodes and satellites may function as ‘sanctuary’ sites.

Importantly, 10 patients exhibited ctDNA detection pre-
ceding conventional imaging, with a median lead time of 128
days. In a small study published by Brunsgaard et al., bespoke
ctDNA detection with the Signatera assay preceded disease
relapse in 3/6 patients.28 To our knowledge SAMBA is the
largest study demonstrating the possibility to use bespoke
ctDNA for the early detection of disease relapse in high-risk
melanoma patients. The ability to intercept disease progres-
sion before radiological PD offers a window for altering
treatment, and potentially leads to better oncology outcomes.

Our study has several limitations. Firstly, it was conducted
in parallel with standard-of-care management, with minimal
procedure burden to patients. Therefore, blood draws for
ctDNA acquisition were only typically carried out every 3-4
months, which may limit the ability of ctDNA to intercept
disease recurrence even sooner than what we encountered.
Furthermore, the adjuvant treatment regimen decision was
based on patients’ preference and physicians’ recommen-
dation. The lack of randomization could confound the ac-
curacy analysis of RaDaR. Secondly, the median number of
plasma samples analyzed per patient was 4. This was largely
due to the coronavirus disease 2019 (COVID-19) outbreak
when blood sample collections were temporarily inter-
rupted for several months to prioritize patients’ safety and
reduce the risk of contagion. It is known that longitudinal
sampling increases the likelihood of MRD detection by
ctDNA,42 which may also partially explain the overall low
detection rate observed.42 Lastly, less than half of our pa-
tients had pre-definitive treatment samples collected,
impacting the interpretation of results.

Despite these constraints, our study underscores the
potential of ctDNA as a predictive tool and advocates for
Volume 9 - Issue 11 - 2024
further clinical trials exploring its role in guiding treatment
decisions. Our findings have led to the development of the
investigator-initiated CLEAR-Me trial, an interception study
to detect and clear MRD in patients with high-risk mela-
noma (NCT06319196). CLEAR-Me is a phase II trial in which
high-risk melanoma patients are pre-screened for detect-
able ctDNA following definitive surgery and, if ctDNA posi-
tive, are then randomized (2 : 1) to receive adjuvant
treatment with an anti-PD-1 agent alone or in combination
with an anti-lymphocyte activating 3. If, as demonstrated by
the SAMBA study, ctDNA analysis can identify patients with
poorer survival, a multiagent adjuvant treatment might
improve patients’ outcomes as compared to current stan-
dard of care. This interventional study is only an example of
the potential applications of ctDNA for the implementation
of novel therapeutic strategies aimed at improving the care
of cancer patients.
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