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Abstract
Background  Neoadjuvant therapy improves recurrence-free survival (RFS) in resectable stage III cutaneous 
melanoma. However, accurately predicting individual recurrence risk remains a significant challenge. We investigated 
circulating tumour DNA (ctDNA) as a biomarker for recurrence in measurable stage IIIB/C melanoma patients 
undergoing neoadjuvant immunotherapy.

Methods  Plasma samples were collected pre-neoadjuvant treatment, pre-surgery and/or six weeks post-surgery 
from 40 patients enrolled in the OpACIN-neo and PRADO clinical trials. Patients received two cycles of ipilimumab 
(anti-CTLA-4) and nivolumab (anti-PD-1) before surgery. Cell free DNA (cfDNA) underwent unbiased pre-amplification 
followed by tumour-informed mutation detection using droplet digital polymerase chain reaction (ddPCR) with the 
Bio-Rad QX600 PCR system.

Results  Pre-treatment ctDNA was detectable in 19/40 (48%) patients. Among these, 17/19 (89%) zero-converted 
within six weeks of surgery and none recurred. Positive ctDNA post-surgery (N = 4), irrespective of pre-treatment 
ctDNA status, was 100% predictive of recurrence (sensitivity 44%, specificity 100%). Furthermore, ctDNA cleared 
prior to surgery in 7/9 (78%) patients who did not recur, warranting further investigation into ctDNA-guided surgical 
management.

Conclusion  Post-surgery ctDNA positivity and zero-conversion are highly predictive of recurrence, offering a window 
for personalised modification of adjuvant therapy.
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Introduction
Stage III melanoma is characterised by the spread of 
tumour to regional lymph nodes and/or subcutaneous 
sites and accounts for approximately 15% of new mela-
noma cases. Treatment for many patients with resectable 
stage III melanoma involves total lymph node dissection 
(TLND) followed by adjuvant immune checkpoint inhibi-
tor (ICI) or targeted (BRAF/MEK inhibitor) therapy. The 
use of adjuvant therapy has improved recurrence-free 
survival (RFS) by 35–50%, but 40–50% of patients will 
still recur within 3–5 years of surgery [1–3]. The true rate 
of recurrence is likely greater as 15–20% of melanoma 
patients develop disease recurrence prior to initiation of 
adjuvant therapy, indicating the presence of micrometa-
static disease at time of surgery [4].

Following the success of ICI therapy in both the adju-
vant and metastatic settings, these agents have now 
become standard of care in the neoadjuvant setting. The 
phase II SWOG-1801 study (NCT03698019) demon-
strated that patients with resectable stage III/IV mela-
noma have significantly longer event-free survival (EFS) 
when treated with single agent anti-PD-1 therapy before 
and after surgery (neoadjuvant-adjuvant treatment) com-
pared to patients receiving adjuvant anti-PD-1 therapy 
alone [5]. Additionally, the phase III NADINA clinical 
trial (NCT04949113) which utilised neoadjuvant dual 
checkpoint inhibitor therapy, confirmed the superior-
ity of neoadjuvant-adjuvant therapy over adjuvant ther-
apy alone in improving event-free survival (12-month 
EFS of 83.7% versus 57.2%) [6]. Similarly, the OpACIN 
(NCT02437279), OpACIN-neo (NCT02977052) and 
PRADO (NCT02977052) clinical trials evaluating neo-
adjuvant ipilimumab (anti-CTLA-4) in combination with 
nivolumab (anti-PD-1) in stage III melanoma, demon-
strated high pathologic response rates (pRR; 74–78%) 
[7–9]. Pathological response after neoadjuvant therapy 
in stage III melanoma is a good predictor of outcome, 
correlating with improved RFS and overall survival (OS) 
[10]. Patients achieving complete pathological response 
(pCR; 0% viable tumour cells) rarely experience recur-
rence (2-year RFS 89% and OS 95%), whereas patients 
without pCR have markedly worse outcomes (2-year RFS 
50% and OS 83%) [10].

Accurately distinguishing between patients cured by 
surgery alone (38%), those protected from recurrence by 
adjuvant systemic therapy (~ 10%), and those who will 
experience recurrence despite both treatment modali-
ties (55%) remains rudimentary [1]. Although pathologi-
cal response is a valuable and useful measure to stratify 
recurrence risk, predicting individual risk of recurrence 
is an ongoing challenge, particularly for the 35% of stage 
III patients with pathological non-response (pNR; >50% 
viable tumour cells). This group of patients exhibit var-
ied outcomes, with 50% of patients experiencing early 

recurrence (within 12 months post-surgery) [10]. Hence, 
there is an urgent need for more accurate biomarkers to 
predict outcomes and tailor the treatment of resectable 
stage III melanoma patients accordingly.

Analysis of circulating tumour DNA (ctDNA) in liquid 
biopsies allows for the dynamic molecular and biologi-
cal characterisation of disease in real-time and is eas-
ily repeatable. However, the use of ctDNA for minimal 
residual disease (MRD) detection is challenging due to 
the minute fraction (often less than 0.01%) of tumour 
DNA within the total pool of cell free DNA (cfDNA) [11]. 
In this study, we optimised tumour-informed ctDNA 
detection to investigate its predictive value in stage III 
melanoma patients receiving curative intent neoadju-
vant immunotherapy and surgery. Here, we demonstrate 
that ctDNA changes pre-treatment and post-surgery (i.e. 
ctDNA clearance versus persistence) is a sensitive and 
specific biomarker of disease recurrence which could sig-
nificantly impact clinical decision making.

Methods and materials
Patients and treatment
A total of 40 patients with resectable stage IIIB-D nodal 
melanoma receiving neoadjuvant ipilimumab and 
nivolumab as part of the phase II OpACIN-neo (N = 20) 
clinical trial and the phase II PRADO expansion cohort 
(N = 20) were included in this study [7, 9, 12]. All patient 
samples were obtained from a single institution, the 
Melanoma Institute of Australia, where 72 patients were 
enrolled (PRADO, N = 34; OpACIN-neo, N = 38). Among 
these 72 patients, 40 patients with a driver mutation and 
a commercially available ddPCR primer/probe assay were 
selected. All patients in OpACIN-neo underwent index 
node resection followed by TLND, whereas patients in 
PRADO had index lymph node resection only followed 
by pathological response-driven therapy [7, 9]. Exclud-
ing two patients who experienced delayed surgery due to 
an immune-related adverse event (grade 3 and 4 colitis) 
after receiving a single cycle of ICI, the timing of sur-
gery following the last dose of neoadjuvant immuno-
therapy ranged from 1.7 to 8 weeks (median: 3.2 weeks 
in 38 patients). Pathological response was evaluated on 
the resection specimen and defined as pathological com-
plete response (pCR; 0% viable tumour cells), near pCR 
(<10% viable tumour cells), pathological partial response 
(pPR; >10% to ≤50% viable tumour cells) and patho-
logical non-response (pNR; >50% viable tumour cells). 
Patients in PRADO with pCR and near pCR (defined as 
major pathological response; MPR) underwent surveil-
lance, patients with pPR had subsequent TLND with-
out adjuvant therapy, and patients with pNR underwent 
TLND plus adjuvant systemic treatment (nivolumab or 
dabrafenib and trametinib) for 52 weeks with or without 
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local radiotherapy [9]. All patients had a follow up CT 
scan every 12 weeks as part of surveillance [9].

Patient demographics and clinicopathological param-
eters including American Joint Committee on Cancer 
(AJCC) stage, number of tumour-involved lymph nodes 
(in the TLND specimen), maximum dimension of the 
largest melanoma deposit (in the TLND specimen), 
presence of extranodal extension (ENE), baseline serum 
lactate dehydrogenase (LDH), and maximum positron 
emission tomography (PET) standardised uptake value 
(SUV) were included in the analysis. Written consent 
was obtained from all patients and research complied 
with ethical regulation (Human Research ethics approval 
from Royal Prince Alfred Hospital Protocol No X15-0454 
& 2019/ETH06874 and Protocol No X15-0311 & 2019/
ETH06854). Plasma samples from consented healthy 
donors were acquired and analysed under Macquarie 
University Human Research ethics, Protocol No 2793.

Cell free DNA (cfDNA) analysis
Tumour mutation-informed ctDNA analysis was carried 
out on patient plasma samples collected prior to com-
mencement of neoadjuvant immunotherapy (pre-treat-
ment; median 1.0 days; range 0.0 to 8.0 days) and within 
six weeks of index lymph node resection (post-surgery; 
median 5.9 weeks; range 0.0 to 7.3 weeks). A single driver 
mutation was identified for each primary tumour tis-
sue from whole exome sequencing data. Commercially 
available primer/probe assays were used in all cfDNA 
analyses (BioRad Laboratories, CA; Supplementary Table 
1). Plasma samples (median volume 3.5  ml; range 3.0 
to 5.0  ml) were processed as previously described [13] 
except that DNA was eluted in 100  µl of ultrapure dis-
tilled water. ctDNA was amplified in 22 µl reactions using 
the BioRad QX600 AutoDG ddPCR system and only PCR 
reactions with more than 10,000 droplets were accepted 
for downstream analysis.

The DNA TOP-PCR cfDNA pre-amplification kit (Top 
Science Biotechnologies, Taiwan, Cat No. D01) was used 
to enhance ctDNA sensitivity [14]. Ligation and amplifi-
cation were performed as described by the manufacturer, 
except that input cfDNA was increased to 20ng cfDNA 
and amplified for only 5 cycles. The TOP-PCR pre-ampli-
fication method was implemented for pre-treatment 
cfDNA samples with low/undetectable ctDNA (i.e. less 
than 10 ctDNA droplets detected via standard ddPCR), 
and for all post-surgery cfDNA samples. For pre-ampli-
fication experiments, 5  µl of pre-amplified cfDNA (10-
40ng) underwent three independent ddPCR experiments 
to validate ctDNA positivity.

ddPCR specificity thresholds were derived from nega-
tive control PCR reactions using DNA derived from 
healthy individuals and neonatal human dermal fibro-
blasts (HDF1314, Cell Applications,> San Diego, CA). 

Control ddPCR reactions were performed with and with-
out pre-amplification, with an average of 15 ddPCR con-
trol runs per probe. Positive controls for ddPCR reactions 
using gblock mutant DNA (Integrated DNA Technolo-
gies, IA) were included in each ddPCR run. TOP-PCR 
amplified post-surgery samples were considered positive 
only when two independent ddPCR experiments each 
showed at least two droplets positive for ctDNA (FAM+/
HEX-). To examine dynamic ctDNA changes from pre-
treatment to post-surgery (i.e. zero conversion)>, the 
pre-treatment sample was required to have at least five 
ctDNA droplets (FAM+/HEX-) to be considered positive.

Statistical analysis
Patient and disease characteristics were summarised 
according to pre-treatment ctDNA detectability (i.e. five 
ctDNA droplets (FAM+/HEX−)). Frequencies and per-
centages according to ctDNA detectability with their cor-
responding P-values were calculated using Fisher’s exact 
test. RFS and melanoma-specific survival (MSS) were 
defined as time from surgery until date of first recur-
rence (local, locoregional or distant metastasis) or death 
from melanoma, respectively. RFS and MSS were calcu-
lated using the Kaplan–Meier method, and the log-rank 
test was used for comparison of survival. Hazard ratio 
estimates were based on the log-rank test. Follow-up 
duration was calculated from date of commencement 
of neoadjuvant therapy until date of death from mela-
noma or loss to follow-up or census date of 19 July 2024. 
Descriptive statistics was carried out using jamovi (ver-
sion 2.3.28) and all other analyses were carried out using 
GraphPad Prism (version 10.0.3).

Results
Patients and treatment
This study included 40 patients with stage IIIB/C mela-
noma enrolled in the OpACIN-neo or PRADO trials at 
Melanoma Institute Australia. Most patients (34/40; 
85%) received two cycles of neoadjuvant ICI with six 
patients receiving only one ICI cycle due to severe 
immune-related adverse events. Mean cohort age was 57 
years (range 19 to 85), 25/40 (63%) patients were male, 
and 16/40 (40%) had a BRAFV600Emutation (Supple-
mentary Fig.  1). Pre-treatment ctDNA was detectable 
(with pre-amplification) in 19/40 (48%) patients. Patient 
demographics and clinicopathological features, strati-
fied according to pre-treatment ctDNA status are sum-
marised in Table 1.

Pre-treatment ctDNA status
The average cfDNA yield prior to neoadjuvant therapy 
was 10.2 ng/mL plasma (range 5.4–27.3 ng/mL plasma). 
Pre-treatment ctDNA was detectable in 12/40 (30%, 
at least 5 ctDNA+droplets) and 19/40 (48%, at least 5 
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Characteristics Total N = 40 (%) Pre-treatment Undetectable 
ctDNA, N = 21 (%)

Pre-treatment Detectable 
ctDNA, N = 19 (%)

P-valuea

Age in Years, Range (Mean) 19–85 (57) 19–85 (55) 32–74 (59)
Sex, n (%)
  Male
  Female

25 (62.5)
15 (37.5)

14 (66.7)
7 (33.3)

11 (57.9)
8 (42.1)

0.7451

ECOG PS, n (%)
  0
  1

37 (92.5)
3 (7.5)

19 (90.5)
2 (9.5)

18 (94.7)
1 (5.3)

1.0000

Primary Site, n (%)
  Upper/Lower Limb
  Chest/Abdomen/Back
  Head/Neck
  Occultb

14 (35.0)
12 (30.0)
5 (12.5)
9 (22.5)

9 (42.9)
5 (23.8)
3 (14.3)
4 (19.0)

5 (26.3)
7 (36.9)
2 (10.5)
5 (26.3)

0.7062

Primary Tumour Breslow, n (%)
  ≤2.0 mm
  >2–4.0 mm
  >4.0 mm
  Occultb

  Unknownb

14 (35.0)
5 (12.5)
5 (12.5)
9 (22.5)
7 (17.5)

10 (47.7)
2 (9.5)
4 (19.0)
4 (19.0)
1 (4.8)

4 (21.1)
3 (15.8)
1 (5.3)
5 (26.3)
6 (31.6)

0.0937

Primary Tumour Ulceration, n (%)
  Absent
  Present
  N/A (Occult primary)b

  Unknownb

17 (42.5)
5 (12.5)
9 (22.5)
9 (22.5)

13 (61.9)
3 (14.3)
4 (19.0)
1 (4.8)

4 (21.1)
2 (10.5)
5 (26.3)
8 (42.1)

0.3022

Mutation Status, n (%)
  BRAFc

  NRASd

  TP53 or TERT

20 (50.0)
15 (37.5)
5 (12.5)

11 (52.4)
7 (33.3)
3 (14.3)

9 (47.4)
8 (42.1)
2 (10.5)

0.9094

Disease Stage (AJCC 8th ed), n (%)
  IIIB
  IIIC

23 (57.5)
17 (42.5)

13 (61.9)
8 (38.1)

10 (52.6)
9 (47.4)

0.7496

Number of Clinically Detected Lymph Nodes , n (%)
  1
  2-3
  ≥4

26 (65.0)
7 (17.5)
7 (17.5)

14 (66.7)
4 (19.0)
3 (14.3)

12 (63.2)
3 (15.7)
4 (21.1)

0.9030

Number of Tumour-Involved Lymph Nodes 
(Pathological), n (%)
  0
  1–2
  ≥3

10 (25.0)
23 (57.5)
7 (17.5)

6 (28.6)
11 (52.4)
4 (19.0)

4 (21.1)
12 (63.2)
3 (15.7)

0.8323

Size of Largest Melanoma Deposit, n (%)
  <35 mm
  ≥35 mm

23 (57.5)
17 (42.5)

16 (76.2)
5 (23.8)

7 (36.8)
12 (63.2)

0.0238

Extranodal Extension, n (%)
  No
  Yes

31 (77.5)
9 (22.5)

13 (61.9)
8 (38.1)

18 (94.7)
1 (5.3)

0.0214

Lactate Dehydrogenasee, n (%)
  ≤ULN
  ≥ULN
  Not measuredb

33 (82.5)
5 (12.5)
2 (5.0)

19 (90.5)
2 (9.5)
0 (0.0)

14 (73.7)
3 (15.8)
2 (10.5)

0.6396

PET SUV Max, n (%)
  Low (<5)
  Moderate (5–10)
  Intense (10–15)
  Very Intense (>15)
  Not availableb

2 (5.0)
9 (22.5)
8 (20.0)
17 (42.5)
4 (10.0)

1 (4.8)
7 (33.3)
4 (19.0)
8 (38.0)
1 (4.8)

1 (5.3)
2 (10.5)
4 (21.0)
9 (47.4)
3 (15.8)

0.5155

Best RECIST Response, n (%)

Table 1  Clinicopathological characteristics and neoadjuvant treatment outcomes of the study population stratified according to 
undetectable or detectable pre-treatment ctDNA
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ctDNA+droplets) patients without or with cfDNA pre-
amplification, respectively. After pre-amplification, 
pre-treatment ctDNA was detectable in 74% (14/19) of 
patients with MPR, 10% (2/19) of pPR patients and 16% 
(3/19) of pNR patients. Pre-treatment ctDNA detectabil-
ity was not predictive of recurrence (p-value = 0.1328). 
The distribution of mutations between detectable and 
undetectable ctDNA was balanced and not influenced by 
the pre-amplification step (Supplementary Fig. 2, Fisher’s 
exact test p-value = 0.2538).

There was a significant association between detect-
able pre-treatment ctDNA and the absence of extra-
nodal extension (p-value = 0.0214), larger size of 
melanoma deposit (p-value = 0.0238), and favourable 
pathological response (p-value = 0.0153) (Table  1). 
In this cohort there was no evidence of associations 
between detectable ctDNA pre-neoadjuvant therapy 
and disease stage (p-value = 0.7496), clinical nodal status 
(p-value = 0.9030), LDH levels (p-value = 0.6396), radio-
logical RECIST response (p-value = 0.0972) or PET SUV 
max (p-value = 0.5155) (Table 1).

Patient response to neoadjuvant ICI
Major pathological responses (combined pCR and near 
pCR) were seen in 22/40 (55%) patients, including 17 
(43%) with pCR and 5 (22%) with near pCR. Partial 
pathological response (pPR) was observed in 4/40 (10%) 
patients and pNR in 14/40 (35%) patients (Table  1). 
Among the 14 patients with pNR, seven received adju-
vant therapy; only four completed the 12-month adju-
vant treatment course, and three discontinued early due 
to toxicity (two on BRAF/MEK inhibitor therapy, and 
one on anti-PD-1 monotherapy). Notably, all four BRAF 
mutant pNR patients who received adjuvant therapy were 
treated with targeted BRAF/MEK inhibitor treatment 
after neoadjuvant immunotherapy. Of the remaining 

seven pNR patients who did not receive adjuvant sys-
temic therapy; six patients in OpACIN-neo proceeded 
to surveillance as per trial protocol, and one had grade 
3 toxicity whilst undergoing neoadjuvant therapy (only 
receiving one cycle pre-surgery).

After a median follow-up of 54 months (4.5 years; 
range 6 to 76 months) from commencement of neoad-
juvant therapy, 9/40 (23%) patients (eight pNR and one 
pPR) had recurred with a median time to recurrence of 
8 months (range 1 to 28 months). Two patients recurred 
locoregionally, one had locoregional followed by dis-
tant recurrence and six patients had distant recurrence 
(Fig. 1).

Dynamic peri-operative ctDNA changes predict recurrence
The predictive value of ctDNA was especially evident in 
the 19 patients with detectable pre-treatment ctDNA. 
In this subgroup, ctDNA became undetectable (i.e. zero 
converted) in 17/19 (89%) patients by six weeks post-
surgery, and none of these patients (0/17) experienced 
recurrence (Fig.  2). Most patients who achieved ctDNA 
clearance had a MPR (14/17) however, it is notewor-
thy that three patients cleared their ctDNA despite not 
achieving a MPR to neoadjuvant therapy (Supplementary 
Table 2). The remaining two patients (2/19; 11%) with 
persistently detectable ctDNA after surgery had pNR 
and both (2/2; 100%) experienced early recurrence at 
eight months post-surgery (Supplementary Fig. 3). Thus, 
when pre-treatment ctDNA was detectable, the sensitiv-
ity and specificity of ctDNA post-surgery in predicting 
recurrence were both 1.000 (95% CI: 0.1777–1.000 and 
0.8157–1.000, respectively).

Among the 21 patients with undetectable pre-treat-
ment ctDNA, the post-surgical ctDNA sample (col-
lected six weeks following surgery) was only valuable if it 
became detectable. Specifically, two (2/21; 9.5%) patients 

Characteristics Total N = 40 (%) Pre-treatment Undetectable 
ctDNA, N = 21 (%)

Pre-treatment Detectable 
ctDNA, N = 19 (%)

P-valuea

  Complete Response (CR)
  Partial Response (PR)
  Stable Disease (SD)
  Progressive Disease (PD)

3 (5.2)
20 (51.2)
14 (35.9)
3 (7.7)

2 (9.5)
7 (33.3)
10 (47.7)
2 (9.5)

1 (5.3)
13 (68.4)
4 (21.0)
1 (5.3)

0.0972

Pathological Response, n (%)
  Complete Response (pCR)
  Near pCR
  Partial Response (pPR)
  Non-Response (pNR)

17 (42.5)
5 (12.5)
4 (10.0)
14 (35.0)

8 (38.1)
0 (0.0)
2 (9.5)
11 (52.4)

9 (47.4)
5 26.3)
2 (10.5)
3 (15.8)

0.0153

aFisher’s exact probability test was used to assess the relationship between detectable and undetectable pre-treatment ctDNA and the indicated features
bNot included when calculating P-value
cBRAF mutations included BRAFV600E, BRAFV600K, BRAFK601E

dNRAS mutations include NRASQ61R, NRASQ61L, NRASQ61K

eLactate Dehydrogenase upper limit of normal used was 233u/L

ctDNA, circulating tumour DNA; ECOG, eastern cooperative oncology group; BMI, body mass index; ULN, upper limit of normal; PET, positron emission tomography

Table 1  (continued) 
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Fig. 2  ctDNA zero-conversion predicts recurrence
Bar graph shows the recurrence status of patients according to pre-treatment and post-surgery ctDNA status

 

Fig. 1  ctDNA detectability and recurrence in high-risk stage III melanoma patients treated with neoadjuvant immunotherapy
Flow chart showing pre-treatment and post-surgery plasma ctDNA detection and clinical recurrence. MPR, major pathological response; pPR, pathologi-
cal partial response; pNR, pathological non-response
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had ctDNA that transitioned from undetectable pre-
treatment to detectable post-surgery and both patients 
recurred (Fig.  2). These patients had a pNR and devel-
oped distant disease recurrence (at one month and 28 
months post-surgery). Importantly, all patients with posi-
tive ctDNA post-surgery (4/4; 100%), regardless of pre-
treatment ctDNA status, recurred.

ctDNA was of limited benefit in patients with consis-
tently undetectable ctDNA at pre-treatment and post-
surgery. Among these 19 patients, fourteen (14/19; 74%) 
remained recurrence-free, and five (5/19; 26%) experi-
enced recurrence (Fig.  2). It is noteworthy that of these 
five patients who recurred despite a negative ctDNA 
post-surgery, time to recurrence spanned 8 to 22 months 
and two patients received adjuvant therapy. The pattern 
of recurrence varied with two patients recurring locore-
gionally (managed with surgical resection), one recurred 
locoregionally (resected) followed by late distant recur-
rence (extracranial), and two recurred within 12 months 
with distant metastasis (predominantly intracranial) 
(Supplementary Fig. 3). Thus, in patients with undetect-
able pre-treatment ctDNA, the sensitivity of ctDNA 
post-surgery was only 0.2857 (95% CI: 0.0508–0.411) and 
specificity was 1.000 (95% CI: 0.7847–1.000).

In summary, positive ctDNA post-surgery accurately 
predicts patients who will recur (100% positive predic-
tive value), while zero-conversion of ctDNA post-sur-
gery identifies patients who will not recur (sensitivity 
and specificity of 100% for recurrence if pre-treatment 
ctDNA is detectable). For the whole cohort, the post-
surgery ctDNA assay demonstrated a sensitivity of 44% 
(test was positive in 4 out of 9 patients that recurred) and 
specificity of 100% (all 21 patients that did not experience 

recurrence tested negative for ctDNA). Median RFS 
was 8.0 months in patients with detectable ctDNA post-
surgery compared with median not reached in patients 
with undetectable ctDNA [HR 10.8 (95% CI 0.8-142.4); 
p < 0.0001] (Fig.  3). Furthermore, median MSS was 43.0 
months for patients who were positive for ctDNA post-
surgery compared with median not reached (approxi-
mately 4.5 year follow up) for those with undetectable 
ctDNA [HR 8.0 (95% CI 0.4–182.0); p = 0.0124] (Fig. 3).

Pre-surgical ctDNA for informed treatment decisions
We next evaluated the predictive value of ctDNA col-
lected prior to surgery. Pre-surgical plasma samples (col-
lected 3 to 12 days prior to surgery) were collected from 
nine patients who did not recur (three pCR, three near 
pCR, two pPR and one pNR) and showed ctDNA clear-
ance post-surgery. Of these nine patients, seven (78%) 
also tested negative for ctDNA after neoadjuvant ther-
apy and prior to the scheduled surgery (Supplementary 
Fig.  4). These findings indicate that ctDNA clearance 
commonly precedes surgical resection in patients who 
will not recur after receiving neoadjuvant combination 
immunotherapy.

Discussion
In this study, we evaluated the predictive utility of ctDNA 
for clinical recurrence in high-risk stage III melanoma 
patients treated with neoadjuvant immunotherapy. 
Importantly, our findings demonstrate that detectable 
ctDNA post-surgery was 100% predictive of recurrence, 
irrespective of the pre-treatment ctDNA status (sensitiv-
ity 44%, specificity 100%). Our results confirm that zero-
conversion of ctDNA post-surgery accurately identifies 

Fig. 3  Kaplan-Meier estimates in stage IIIB/C melanoma patients, post-neoadjuvant immunotherapy and surgery. (A) Recurrence-free survival and (B) 
Melanoma-specific survival comparing patients who were ctDNA positive (red) and ctDNA negative (blue) post-surgery. Median RFS was 8.0 months in 
patients with positive ctDNA compared with not reached in those with negative ctDNA post-surgery. Median MSS was 43.0 months in patients with posi-
tive ctDNA compared with not reached in those with negative ctDNA post-surgery
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patients who will not recur after undergoing neoadju-
vant ICI and surgery (sensitivity and specificity of ctDNA 
post-surgery were both 100% when pre-treatment ctDNA 
was detectable). Clearance of ctDNA was also observed 
before surgical resection in 7/9 (78%) patients who did 
not recur and had detectable pre-treatment ctDNA. For 
these patients, including one pNR, extensive TLND may 
be unnecessary and further research is warranted.

Conversely, patients with negative ctDNA pre-treat-
ment and post-surgery, retain a risk of recurrence. 
This subgroup of patients appears less likely to develop 
detectable ctDNA which may reflect specific clinical and 
tumour factors associated with ctDNA levels, including, 
age, weight, diabetes and a hypoxic tumour microen-
vironment [15, 16]. In this subgroup, caution is recom-
mended in adopting de-escalation strategies solely based 
on ctDNA negativity.

The association of pre-treatment ctDNA with clini-
copathological features, such as disease stage, primary 
tumour Breslow thickness, ulceration and extent of 
lymph node involvement has not been consistent in stage 
III melanoma patients [17–19]. The lack of association 
with many of these post-treatment features in our study 
is likely a result of neoadjuvant immunotherapy, which 
was administered to all individuals.

The strength of our retrospective study lies in the avail-
ability of prospectively collected plasma samples and 
granular clinical trial data, extended follow-up, and the 
utilisation of advanced techniques capable of detecting 
ultra-low levels of ctDNA in early-stage disease. Employ-
ing a pre-amplification step increased the detection rate 
of pre-treatment ctDNA from 30 to 48%. The potential 
for detecting false-positive PCR errors was mitigated 
through the implementation of stringent criteria for posi-
tive ctDNA detection, performing multiple independent 
ddPCR runs, and incorporating negative and positive 
controls in every analysis. Screening additional tumour-
informed mutations may also improve the sensitivity of 
ctDNA detection in early-stage disease.

Conclusion
The clinical relevance of post-surgery ctDNA in detect-
ing MRD holds substantial promise in patient care. We 
demonstrated that post-surgery ctDNA positivity was 
100% predictive of recurrence, thus adding significant 
predictive value to pathological response. Furthermore, 
we show that longitudinal analysis of ctDNA dynamics, 
particularly in patients who zero-converted from posi-
tive ctDNA pre-neoadjuvant therapy to negative post-
surgery, identifies patients who will not recur. This is 
particularly useful in patients without pCR, who would 
otherwise be subject to adjuvant systemic therapy and 
intense surveillance whereas treatment de-escalation is 
warranted based on ctDNA results. Prospective studies 

in the neoadjuvant setting are essential to confirm the 
value of ctDNA for guiding treatment and surgical deci-
sions in melanoma patients treated with neoadjuvant 
ICIs.
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