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Background: The outcomes of patients with stage III cutaneous melanoma who undergo complete surgical resection can be
highly variable, and estimation of individual risk of disease recurrence and mortality remains imprecise. With recent
demonstrations of effective adjuvant targeted and immune checkpoint inhibitor therapy, more precise stratification of patients
for costly and potentially toxic adjuvant therapy is needed. We report the utility of pre-operative circulating tumour DNA
(ctDNA) in patients with high-risk stage III melanoma.

Patients and methods: ctDNA was analysed in blood specimens that were collected pre-operatively from 174 patients with
stage III melanoma undergoing complete lymph node (LN) dissection. Cox regression analyses were used to evaluate the
prognostic significance of ctDNA for distant metastasis recurrence-free survival and melanoma-specific survival (MSS).

Results: The detection of ctDNA in the discovery and validation cohort was 34% and 33%, respectively, and was associated
with larger nodal melanoma deposit, higher number of melanoma involved LNs, more advanced stage and high lactate
dehydrogenase (LDH) levels. Detectable ctDNA was significantly associated with worse MSS in the discovery [hazard ratio (HR)
2.11 P< 0.01] and validation cohort (HR 2.29, P¼ 0.04) and remained significant in a multivariable analysis (HR 1.85, P¼ 0.04).
ctDNA further sub-stratified patients with AJCC stage III substage, with increasing significance observed in more advanced stage
melanoma.

Conclusion: Pre-operative ctDNA predicts MSS in high-risk stage III melanoma patients undergoing complete LN dissection,
independent of stage III substage. This biomarker may have an important role in determining prognosis and stratifying patients
for adjuvant treatment.
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Introduction

The presence of lymph node (LN) metastases in cutaneous mel-

anoma patients is associated with increased risk of recurrence

with 5-year survival rates ranging from 93% in surgically

resected American Joint Committee on Cancer (AJCC 8th edi-

tion) stage IIIA disease to 32% for patients with resected stage

IIID melanoma [1]. Despite these prognostic estimates, the

calculation of individual risk of disease recurrence and mortal-

ity remains imprecise [2]. The need for accurate prognostic bio-

markers is particularly relevant and timely with the recent

demonstration that adjuvant mitogen-activated protein kinase

(MAPK) and immune checkpoint inhibitors improve

recurrence free survival (RFS) in resected stage III melanoma

patients [3–5]. Indeed, a more precise stratification of AJCC
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stage III patients for costly and potentially toxic adjuvant ther-

apy will provide significant benefits.

There has been extensive research attempting to identify bio-

markers that more accurately sub-stratify risk in stage III melan-

oma patients. Clinicopathological factors such as Breslow

thickness and ulceration of the primary melanoma, older age,

increased number of tumour-positive LNs, higher LN ratio (pro-

portion of LN containing metastases in radical LN dissection speci-

mens) and the presence of extranodal spread have been shown to

be independent predictors of poorer survival in stage III patients

[6–8]. The presence of BRAF and NRAS mutations and the absence

of an immune-related transcriptome signature in melanoma tissue

was also found to be associated with poor survival in this group

[9]. Similarly, serum markers such as S100a and lactate dehydro-

genase (LDH) were associated with poor prognosis, but S100a was

an unreliable prognostic marker and LDH produced an unaccept-

ably high false positive rate and has yet to be validated [10, 11].

The prognostic utility of circulating tumour DNA (ctDNA) has

been demonstrated in stage IV melanoma patients, with undetect-

able or low ctDNA associated with longer progression-free survival

in patients treated with MAPK inhibitors or immunotherapy [12,

13]. The mechanistic basis for the predictive and prognostic utility

of ctDNA is not well understood, but presumably reflects its posi-

tive association with tumour burden and rate of tumour growth

[14]. In this study, we sought to determine whether ctDNA meas-

ured within 1 month before surgery can further stratify patients

with high-risk stage III melanoma (AJCC stage IIIB/C/D).

Methods and materials

Patients and treatment

Patients with confirmed LN metastasis amenable to curative LN dissec-
tion and managed at hospitals affiliated with Melanoma Institute
Australia; Royal Prince Alfred Hospital, Mater hospital and Westmead
Hospital; between October 2010 and July 2017 were included in the
study. Written consent was obtained from all patients under approved
Human Research Ethics Committee protocols from Royal Prince Alfred
Hospital (Protocol X15-0454 and HREC/11/RPAH/444).

Patients with clinically occult (i.e. detected by sentinel LN biopsy) or
clinically and/or radiologically detected, pathologically confirmed stage
IIIB/C/D melanoma according to the AJCC staging system 8th edition
were eligible for this study [1]. To ensure melanoma ctDNA was being
measured, an established gene mutation in BRAF, NRAS or KIT detected
in tumour tissue using commercially available methods was required for
inclusion in the study. ctDNA analysis was carried out on blood samples
drawn within 1 month before surgery. Patients with in-transit metastases
only were excluded from the analysis, but the presence of in-transit meta-
stases concurrently with LN metastases was permitted. All patients were
staged to exclude distant metastases with computerised tomography
(CT) and/or fluorodeoxyglucose-positron emission tomography and
magnetic resonance imaging or CT imaging of the brain.

In total 174 patients were eligible for the study; 119 patients recruited
from multiple centres were in the discovery cohort (referral source B-L)
and 55 patients recruited from a single and separate referral source (refer-
ral source A) were in the validation cohort (Figure 1).

Disease characteristics and response assessment

Patient demographics and clinicopathological features including AJCC
stage, extranodal extension, number of tumour-involved LNs, serum

LDH, clinical presentation (clinically/radiologically detected nodal metas-
tasis or detected by sentinel LN biopsy) and maximum dimension of the
largest melanoma deposit were included in the analysis. Following sur-
gery, patients were reviewed routinely with a combination of clinical as-
sessment and imaging. Recurrence was defined as distant metastatic
disease and the date when new metastatic disease was identified was
recorded. Follow-up duration was calculated from the date of lymph node
dissection to the following three dates: date of death from melanoma, loss
to follow-up or 31 March 2018. Primary outcome measure is melanoma-
specific survival (MSS) with secondary outcome of distant metastasis re-
currence-free survival (DM-RFS). Patients who died from non-melanoma
causes were censored at their date of death, and only MSS is reported in
this study.

Plasma collection, ctDNA extraction and
quantification

Patient peripheral blood samples were collected prospectively at baseline
using 10 ml EDTA vacutainer tubes and processed within 4 h of collection
as previously described [13]. Droplet digital PCR was used to quantify
DNA (supplementary Methods, available at Annals of Oncology online).

Statistical analysis

Patient and disease characteristics were summarised according to ctDNA
detectability before surgery. Frequencies and percentages according to
ctDNA detectability with their corresponding P-values were calculated
using Fisher’s exact test. DM-RFS and MSS were calculated using the
Kaplan–Meier method, and the log-rank test was used for comparison of
survival.

Multivariable Cox proportional hazard regression analyses for DM-RFS
and MSS were carried out using the Wald test to assess the predictive ability
of ctDNA detection categorised in two groups; detectable (�1 positive drop-
lets) versus undetectable (no positive droplets). Other factors found to have a
predetermined level of association with the clinical outcomes (P-value�0.15
from a univariable analysis) were included in a multivariable model. Model
discrimination was assessed using the C-index, and calibration was assessed
using calibration plots [15]. All analyses were carried out using statistical soft-
ware Graphpad Prism (version 7.02) and R script 3.3.1. The reported P-val-
ues were considered significant if<0.05.

Results

Patient characteristics

One hundred and nineteen stage IIIB/C/D melanoma patients

with somatic tumour-associated mutations and pre-operative

plasma samples from multiple hospitals affiliated with

Melanoma Institute Australia were identified. Patients from a

single, independent referral source were further recruited as the

validation cohort (n¼ 55) (Figure 1). ctDNA was detectable in

40/119 (34%) patients in the discovery cohort (median 38 copies/

ml plasma, range 4–2275) and 18/55 (33%) patients in the valid-

ation cohort (median 17 copies/ml plasma, range 4–510). The

cohorts were similar across all clinical and pathological character-

istics (supplementary Table S1, available at Annals of Oncology

online).

ctDNA biomarker status

Pre-operative blood samples were analysed in 119 patients in the

discovery cohort to determine whether ctDNA detectability

could be used as a prognostic biomarker in patients undergoing
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complete surgical resection with AJCC stage III melanoma.

ctDNA detectability was strongly associated with disease burden

including size of largest melanoma deposit (P< 0.01), number of

tumour-involved LNs (P< 0.01), method of detection (P¼ 0.01)

and elevated LDH (P< 0.01). There was no association between

ctDNA detection and AJCC stage or presence of extranodal ex-

tension (Table 1). These findings were consistent in the validation

cohort except that ctDNA detectability was not associated with

elevated LDH in the validation group (P¼ 1.0; supplementary

Table S2, available at Annals of Oncology online).

Size of largest melanoma deposit showed the strongest associ-

ation with ctDNA (P< 0.01). Furthermore, no patients with larg-

est melanoma deposit <10 mm had a detectable ctDNA across

both the discovery and validation cohorts (58/174 patients; sup-

plementary Figure S1, available at Annals of Oncology online ).

However, there was no direct correlation between size of largest

melanoma metastasis and ctDNA copies/ml plasma (Spearman

rank; R2 ¼0, not significant) (supplementary Figure S2, available

at Annals of Oncology online).

Detectable ctDNA associated with worse
melanoma-specific and distant metastasis
recurrence-free survival

Pre-operative blood samples were analysed to determine whether

ctDNA can predict outcome in stage III patients undergoing cura-

tive surgical resection. At a median follow-up of 26 months in the

discovery cohort, 62 (52%) patients had died from melanoma.

Patients with detectable ctDNA had a median MSS of 17.6 months

compared with 49.4 months in patients with undetectable ctDNA

[log-rank test; HR 2.11 (95% CI 1.20–3.71), P< 0.01; Figure 2A].

In the separate validation cohort, 23/55 (42%) patients had died

from melanoma at a median follow-up of 24.8 months. Patients

with detectable ctDNA had a median MSS of 23.9 months com-

pared with 92.1 months in patients with undetectable ctDNA

[log-rank test; HR 2.29 (95% CI: 0.89–5.88), P¼ 0.04; Figure 2B].

Clinicopathological factors which were significant for MSS in a

univariable analysis in the discovery cohort were LDH, stage and

ctDNA. In a multiple Cox regression analyses, ctDNA and pres-

ence of extranodal extension were the only parameters which

remained significant for MSS in both the discovery and validation

cohort (Tables 2 and 3). Kaplan–Meier curves for MSS based on

the Cox multivariable model including ctDNA detectability,

stage, number of LNs, size of LNs and extranodal extension, dem-

onstrated similar discrimination in both cohorts (Figure 2C).

The C-index for MSS was 0.712 (discovery) and 0.705 (valid-

ation), with the prognostic index in the two cohorts centred on

the mean (supplementary Figure S3, available at Annals of

Oncology online).

At the time of analysis, 96/119 (81%) patients in the discovery

cohort and 39/55 (71%) patients in the validation cohort had dis-

tant metastatic recurrence. Patients with a detectable ctDNA had

a median DM-RFS of 6.2 months compared with 13.9 months in

patients with undetectable ctDNA in the discovery cohort [log-

rank test; HR 1.59 (95% CI: 1.0–2.52), P¼ 0.027; supplementary

Figure S4, available at Annals of Oncology online]. Patients with

detectable ctDNA had a median DM-RFS of 8.7 months com-

pared with 14.5 months in patients with undetectable ctDNA in

the validation cohort [log-rank test; HR 2.15 (95% CI: 1.04–

4.47), P¼ 0.014, supplementary Figure S5, available at Annals of

Oncology online]. In a multivariate analysis, no clinicopathologi-

cal factors remained significant for DM-RFS in the discovery co-

hort (supplementary Table S3, available at Annals of Oncology

online), but ctDNA and extranodal extension remained signifi-

cant in the validation cohort (supplementary Table S4, available

at Annals of Oncology online).
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Figure 1. Flow diagram of patients included in the study. Patients referred from multiple centres affiliated with Melanoma Institute Australia
were the discovery cohort and patients from a single and separate referral source (referral source A) were the validation cohort. Rare muta-
tions; BRAF (V600G, G469A, G469*, D594G, L597S), NRAS (G12D/E, G12R/P, G13C, G13S/N, G13S), KIT (L576P), KRAS (G12S, G12S/M, Q61R), MET
(T992I). MAPK, mitogen-activated protein kinase; ctDNA, circulating tumour DNA; ddPCR, droplet digital polymerase chain reaction.
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Table 1. Clinicopathological characteristics of the discovery patient cohort (N 5 119) according to ctDNA

Characteristic Total N 5 119 (%) Undetectable ctDNA N579 (%) Detectable ctDNA N540 (%) P-valuea

Age in years, median (range) 64 (20–90) 61 (30–89) 68 (20–90)

<65 63 (53) 46 (58) 17 (43) 0.1

�65 56 (47) 33 (42) 23 (57)

Sex

Male 78 (66) 51 (67) 27 (68) 0.8

Female 41 (34) 28 (33) 13 (32)

Primary site

Upper/lower limb 44 (37) 26 (33) 18 (45) 0.07

Chest/abdomen/back 47 (39) 38 (48) 9 (23)

Head/neck 15 (13) 10 (13) 5 (13)

Occultb 11 (9) 4 (5) 7 (17)

Unknownb 2 (2) 1 (1) 1 (2)

Primary tumour (T stage)

T1a–T2b 36 (30) 22 (28) 14 (35) 0.2

T3a–T4b 69 (58) 52 (66) 17 (42)

Occultb 11 (9) 4 (5) 7 (18)

Unknownb 3 (3) 1 (1) 2 (5)

Primary tumour ulceration

No 51 (43) 39 (50) 12 (30) 0.4

Yes 51 (43) 34 (42) 17 (43)

N/A (occult primary)b 11 (9) 4 (5) 7 (17)

Unknownb 6 (5) 2 (3) 4 (10)

Mutation status

BRAF 84 (71) 59 (74) 25 (63) 0.2

Non-BRAF (NRAS/KIT) 35 (29) 20 (26) 15 (37)

Year of surgery

2010–2013 66 (55) 46 (58) 20 (50) 0.4

2014–2017 53 (45) 33 (42) 20 (50)

LN site of surgical resection

Axilla 55 (46) 39 (49) 16 (40) 0.7

Groin 46 (39) 29 (37) 17 (43)

Cervical 18 (15) 11 (14) 7 (17)

AJCC stage III subgroup

B 41 (34) 32 (40) 9 (23) 0.1

C 65 (55) 40 (51) 25 (62)

D 13 (11) 7 (9) 6 (15)

Number of tumour-involved LNsc

1–2 63 (53) 49 (63) 14 (35) <0.01

�3 56 (47) 30 (37) 26 (65)

Size of largest melanoma depositc

�20 mm 65 (54) 52 (66) 13 (33) <0.001

>20 mm 52 (44) 25 (32) 27 (67)

Not reportedb 2 (2) 2 (2) 0 (0)

Extranodal extension

No 56 (47) 38 (48) 18 (45) 0.8

Yes 59 (50) 38 (48) 21 (53)

Not reportedb 4 (3) 3 (4) 1 (2)

Method of detection

Sentinel node biopsy 36 (30) 30 (37) 6 (15) 0.01

Clinically/radiologically detected 83 (70) 49 (63) 34 (85)

Lactate dehydrogenase

�ULN 94 (79) 69 (87) 25 (62) <0.01

>ULN 10 (8) 3 (4) 7 (18)

LDH not measuredb 15 (13) 7 (12) 8 (20)

aP-values were calculated using the Fisher’s exact probability test.
bNot included when calculating P-value.
cMedian values were used for these cut-offs—median number of LNs¼2 (range 1–56), median size of largest LN¼20 mm (0.5–120 mm).
ctDNA, circulating tumour DNA; LN, lymph node; LDH, lactate dehydrogenase; ULN, upper limit of normal.
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ctDNA stratifies prognosis determined by AJCC
stage III subgroup

The ability of ctDNA to further differentiate high- and low-risk

patients within the AJCC stage III subgroups was analysed in all

patients (n¼ 174). As expected, MSS decreased from AJCC stage

IIIB to IIIC to IIID (P¼ 0.02, supplementary Figure S6, available

at Annals of Oncology online). ctDNA was detectable in 16/64

(25%) stage IIIB patients and in 35/96 (36%) patients with IIIC

disease. The 12-month MSS rates in stage IIIB patients with de-

tectable and undetectable ctDNA were similar at 88% and 96%,

respectively [HR 2.0 (95% CI 0.74–5.43), P¼ 0.09; supplemen-

tary Figure S7, available at Annals of Oncology online] whereas the

12-month MSS rates in stage IIIC patients with detectable and

undetectable ctDNA was 57% and 85% [HR 1.7 (95% CI 0.95–

3.11), P¼ 0.05; Figure 3A].

The MSS of AJCC stage IIIC patients who were stratified

according to ctDNA detectability was compared with patients

with stage IIIB melanoma. There was no difference in MSS be-

tween stage IIIC patients with undetectable ctDNA and all

patients with stage IIIB disease [HR 1.4 (95% CI 0.80–2.35),

P¼ 0.2]. However, the hazard ratio for MSS was 2.4 (95% CI

1.25–4.53, P< 0.01) for patients with stage IIIC and detectable

ctDNA compared with stage IIIB patients (Figure 3A).

The difference in MSS was greatest in the 14 patients who had

stage IIID disease, where ctDNA was detectable in 7 (50%)

patients and undetectable in seven. All seven patients with

detectable ctDNA have died, with four patients dying from mel-

anoma within 6 months from date of surgery (2.9, 3.6, 4.0 and

4.9 months). Of the seven patients with undetectable ctDNA,

four patients were still alive at 18.5, 53.7, 60 and 80.2 months

follow-up and two patients died from melanoma at 8.4 and

21.2 months. One patient died after 5 months with cause of death

unknown. The HR for death was 6.4 (95% CI 1.63–25.04,

P< 0.01, Figure 3B) with a median OS for patients with detect-

able ctDNA at 4.9 months and unreached in patients with un-

detectable ctDNA.

Discussion

This study shows that detectable ctDNA before complete surgical

resection in patients with AJCC stage IIIB/C/D (high-risk stage

III) with a BRAF, NRAS or KIT mutant melanoma is an inde-

pendent predictor of worse MSS in patients receiving no systemic

adjuvant therapy. This has important implications with recent

data demonstrating the efficacy of adjuvant therapy in stage III

melanoma patients [3–5].

Patients with a detectable ctDNA before surgical resection had

a median DM-RFS of only 6 months, indicating the presence of

micrometastatic disease at time of surgical resection. Thus, if

combination immunotherapy proves more effective than single

agent PD1 inhibitors in the adjuvant setting (NCT03068455),

ctDNA may identify patients requiring combination
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Figure 2. Kaplan–Meier estimates according to ctDNA profile groups of (A) MSS in the 119 patients in the discovery cohort (HR 2.1, P< 0.01)
and (B) MSS in the 55 patients in the validation cohort (HR 2.3, P¼ 0.04). (C) Kaplan–Meier curves for MSS in the discovery and validation
cohorts, based on Cox multivariate model including ctDNA detectability, stage, number of lymph node metastases, size of largest melanoma
metastasis and extranodal extension.
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immunotherapy. We also suggest that ctDNA analysis should be

incorporated into future clinical trials examining optimal dur-

ation of adjuvant immunotherapy (i.e. 6 versus 12 months).

Recent data have confirmed the benefit of neoadjuvant immuno-

therapy in clinically detectable stage III melanoma [16] and based

on stage IV data [13], we expect that ctDNA pre- and post-neoad-

juvant therapy may be valuable in guiding the type of surgery and

the need for post-operative adjuvant treatment. ctDNA detect-

ability was associated with larger size of nodal melanoma deposit

and clinical/radiological detectability, which is consistent with

stage IV melanoma data that demonstrated a correlation between

ctDNA mutation fraction and baseline disease volume [17]. The

size of the largest tumour-involved LN did not correlate with

MSS in our cohort, indicating that the prognostic significance of

ctDNA detectability was not solely due to tumour volume.

An interesting finding is the ability for ctDNA to stratify out-

come of patients within the AJCC substage. Despite no associ-

ation between ctDNA detectability and AJCC stage III substage,

these two pathological parameters independently predicted MSS

in our cohort. Furthermore, the difference in MSS between

patients with detectable and undetectable ctDNA was more pro-

nounced in those with stage IIID compared with IIIC disease,

indicating the importance of ctDNA with more advanced stage

III subclass. We propose that ctDNA measurement before surgi-

cal resection of high-risk stage III melanoma may be an import-

ant addition to the current AJCC staging system for more

accurate prediction of MSS. Larger prospective studies would

help validate the prognostic value of including ctDNA analysis to

the AJCC staging system, but this may not be possible as adjuvant

melanoma therapy has now become the standard of care.

Table 2. Univariate and multivariate analysis for MSS in patients in the discovery cohort (N 5 119)

Variables Univariable for MSS Multivariable for MSSa

HR (95% CI) P-valueb HR (95% CI) P-valueb

ctDNA detectable
Yes versus no 2.12 (1.28–3.50) 0.003 1.85 (1.02–3.35) 0.042

Stage
IIIC/IIID versus IIIB 2.13 (1.19–3.81) 0.011 2.10 (1.03–4.30) 0.042

Number of LN
� 3 versus 1–2 1.45 (0.88–2.40) 0.147 0.85 (0.46–1.58) 0.618

Size of LN
>20 mm versus �20 mm 1.51 (0.91–2.49) 0.110 1.12 (0.63–2.00) 0.708

Extranodal extension
Yes versus no 1.61 (0.96–2.69) 0.070 1.72 (1.02–2.90) 0.042

Age �65
�65 versus <65 1.04 (0.63–1.72) 0.864

Gender
Male versus female 0.71 (0.42–1.20) 0.201

Primary site
Central versus peripheryc 1.03 (0.59–1.81) 0.514

Primary tumour (T stage)
T3a–T4b versus T1a–T2b 1.53 (0.85–2.74) 0.152

Primary ulceration
Yes versus no 1.01 (0.59–1.75) 0.962

Mutation (BRAF)
Yes versus no 0.73 (0.43–1.23) 0.234

LN resection site
Cervical versus axilla 0.60 (0.25–1.45) 0.518
Groin versus axilla 0.96 (0.57–1.62)

Method of detection
Clinically detectable versus SLN biopsy 1.08 (0.63–1.88) 0.777

Lactate dehydrogenased

>ULN versus �ULN 2.80 (1.31–6.01) 0.008

aVariables with a P-value �15% from the univariable cox regression are included in the multivariable model.
bWald statistics, C-index ¼ 0.71.
cCentral: back, chest and abdomen; Periphery: upper and lower limbs.
dLDH was not included in the multivariable model given the high proportion of missing values (n¼ 15, 12%).
ctDNA, circulating tumour DNA; LN, lymph node; SLN, sentinel LN; ULN, upper limit of normal.
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Table 3. Univariate and multivariate analysis for MSS in patients in the validation cohort (N 5 55)

Variablesa Univariable for MSS Multivariable for MSSa

HR (95% CI) P-valueb HR (95% CI) P-valueb

ctDNA detectable
Yes versus no 2.36 (1.01–5.49) 0.046 3.02 (1.15–7.93) 0.025

Stage
IIIC/IIID versus IIIB 1.17 (0.50–2.74) 0.720 0.81 (0.31–2.12) 0.668

Number of LN
�3 versus 1–2 1.77 (0.76–4.09) 0.184 1.58 (0.65–3.82) 0.314

Size of largest LN deposit
>20 mm versus �20 mm 1.14 (0.49–2.66) 0.758 0.64 (0.23–1.77) 0.388

Extranodal extension
Yes versus no 2.32 (0.98–5.45) 0.054 2.93 (1.15–7.46) 0.024

Age
�65 versus <65 0.47 (0.20–1.12) 0.088

Gender
Male versus female 1.22 (0.51–2.92) 0.657

Primary site
Central versus peripheryc 1.08 (0.41–2.82) 0.992

Primary tumour (T stage)
T3a–T4b versus T1a–T2b 0.75 (0.29–1.92) 0.940

Primary ulceration
Yes versus no

Mutation status
BRAF versus non-BRAF 0.57 (0.25–1.31) 0.183

LN resection site
Cervical versus axilla 0.63 (0.18–2.35) 0.397
Groin versus axilla 0.54 (0.21–1.34)

Method of detection
Clinically detectably versus SLN biopsy 3.34 (0.98–11.43) 0.054

LDH
>ULN versus �ULN 3.01 (1.01–8.92) 0.047

aOnly variables selected from the discovery analysis are included in the validation regression.
bWald statistics, C-index¼0.71.
cCentral: back, chest and abdomen; periphery: upper and lower limbs.
ctDNA, circulating tumour DNA; LN, lymph node; LDH, lactate dehydrogenase; ULN, upper limit of normal.
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Figure 3. (A) Kaplan–Meier estimates for MSS ctDNA profile groups in patients with AJCC stage IIIC disease (N¼ 96) compared with all
patients with stage IIIB melanoma (N¼ 64) in all patients. The Hazard ratio between detectable ctDNA and stage IIIC versus stage IIIB was 2.4
(P< 0.01). (B) Kaplan–Meier estimates for MSS patients with stage IIID disease only (HR 6.4, P< 0.01).
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It is worth noting that the high-rate of recurrence in our pa-

tient cohorts was due to tumour tissue mutation testing not being

routine for stage III melanoma patients, and only carried out at

time of recurrence. Nevertheless, pre-operative ctDNA was pre-

dictive of DM-RFS in both cohorts. In addition, ctDNA analysis

could only be carried out in patients with mutations affecting

BRAF, NRAS or KIT. Although these mutations occur in �80%

of all cutaneous melanomas [18], ctDNA analysis in melanoma

can be expanded with the availability of sensitive sequencing

technologies, such as CAPP-seq, that simultaneously monitor

many loci [19].

In this study, we did not analyse ctDNA after surgery, as a re-

cent study found that post-operative ctDNA was only detectable

in 12% of high-risk melanoma patients [20]. Nevertheless,

ctDNA post-surgery was predictive of recurrence and survival in

high-risk resected melanoma, and a direct comparison of the pre-

dictive value of pre- and post-operative ctDNA in stage III

patients is warranted.

In summary, ctDNA measured before surgical resection predicts

MSS in patients with high-risk stage III disease with a driver muta-

tion. When used in combination with AJCC staging, detectability

of ctDNA may provide more precise risk stratification, although

further validation is required. Longer follow-up in larger cohorts

of patients with prospective molecular testing, receiving adjuvant

treatment with immunotherapy or targeted therapy, would pro-

vide more robust data regarding patient selection and RFS.
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