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Current melanoma prognostic tools have limited clinical use at the bedside,
highlighting the need for more effective biomarkers. Dermatoscopy correlates
with established prognostic markers obtained through invasive procedures.
However, its direct predictive value for metastasis remains unexplored. In this
multinational study, 30 dermatologists evaluated 776 dermatoscopic images
of melanomas (stage IB and above) for predefined criteria including structures,
colors and vessels. Extensive dermatoscopic ulceration and blue-white veil are
associated with increased risk of metastasis in the total cohort and reduced
recurrence-free survival in early-stage melanomas, while extensive regression
is associated with reduced metastasis risk and improved recurrence-free sur-
vival. Three predictive models of metastasis: (1) dermatoscopic features only,
(2) histopathologic features only, and (3) a combination of both demonstrate
comparable prognostic accuracy. Here, we show that dermatoscopy may offer
valuable prognostic insights into melanoma’s biological behavior before
excision and help guide therapeutic decisions. Prospective validation in future
trials is essential.

The 8th edition of melanoma staging designated Breslow thick-
ness (BT) and ulceration as the key determinants of prognosis, and
essential factors in guiding adjuvant treatment for early-stage tumors'.
However, evidence from randomized trials on adjuvant immunother-
apy suggested that approximately 30% of stage IIB/IIC patients will
experience recurrence despite treatment, which is comparable to

stage IIA-IIB>*. Furthermore, registry-based studies indicate that a
considerable number of stage I/lIA will relapse, potentially contribut-
ing to increased melanoma-related mortality*’.

The need for more accurate melanoma prognostication, com-
bined with the impact of metastatic events on survival, has driven the
development of various prognostic tools®. Clinical information and
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histopathologic factors of the primary tumor have been incorporated
into nomograms to identify patients at high risk of relapse’”. Addi-
tionally, gene expression profiles on FFPE specimens of the primary
tumor (GEPs), such as the CP-GEP or 31-GEP, tried to stratify patients
into recurrence risk groups, based on their genetic profile’®*%. How-
ever, despite external validation, these tools have shown limited clin-
ical use to date.

Dermatoscopy has been shown to significantly improve the early
diagnosis of melanoma™'. In addition, studies suggest that certain
dermatoscopic features may predict Breslow thickness, ulceration,
and sentinel lymph node (SLN) positivity, indicating their potential for
indirect prognostic assessment™'. However, evidence directly linking
dermatoscopic structures to the risk of melanoma spread at locor-
egional or distant sites remains limited.

In this work, we evaluate the role of dermatoscopy in predicting
melanoma prognosis by investigating whether specific dermatoscopic
criteria are associated with the development of tumor metastasis. To
this end, we recruit patients with cutaneous melanoma and adequate
follow-up time for metastasis occurrence in a multinational, multi-
center retrospective study conducted in skin cancer centers across the
globe. Also, we invite dermatologists, experienced in dermatoscopy,
to evaluate dermatoscopic images of the primary tumor based on
predefined criteria via a web-based interface. According to their rat-
ings, we identify dermatoscopic criteria predictive of metastasis, which
are included in a predictive model of metastasis (model 1). We validate
the performance of the model internally by using a stratified split into
training and test sets and 5-fold cross-validation, and we explore the
clinical relevance by comparing with the performance of models based
on established histopathologic prognostic factors, such as Breslow
thickness and ulceration (model 2), and the current AJCC classification
(model 4). Additionally, we conduct subgroup analyses to evaluate the
performance of model 1 in patients with early-stage tumors and sen-
sitivity analyses to examine the validity of our results. Here, we show
that dermatoscopy can predict metastasis development with com-
parable accuracy to current determinants of melanoma staging, while
the combination of models proves the most accurate approach. Also,
among non-metastatic patients at presentation, specific dermato-
scopic features are indicative of metastasis during follow-up, setting
the hypothesis for the preoperative prognostic risk evaluation.

Results

Descriptive analysis of the sample

The study included 524 patients with cutaneous melanoma. Their
baseline clinical and histopathologic characteristics are presented in
Table 1. Metastasis occurred in 222 patients (42.4%), either at the time
of initial diagnosis or during the follow-up period. The remaining 302
patients did not develop metastases, with a median follow-up duration
of 50 months (IQR, 32-72 months). A detailed breakdown of mela-
noma stages at diagnosis and during follow-up is available in Table 1
and Fig. 1f.

Reader analysis

The study evaluated 776 dermatoscopic images of primary melanomas,
assessed by 30 readers (Fig. 1b-e). These evaluations resulted in 3346
assessments, with a median of five reads per image (range: 1-26). Each
reader evaluated a median of 104 images (range: 21-208), with balanced
proportions of metastatic and non-metastatic lesions analyzed (Sup-
plementary Table 1). Of the melanomas assessed, 403 (76.9%) had single
or multiple images depicting the same anatomical area, while 121 (23.1%)
had multiple images capturing different areas of the lesion. The dis-
tribution of multi-image cases was comparable between non-metastatic
(54/121, 44.6%) and metastatic melanomas (67/121, 55.4%). Interrater
agreement varied across features, ranging from fair agreement for color
assessment to moderate agreement for pigmentation grade, ulceration,
and vascular structures (Supplementary Table 2).

Association of dermatoscopic features with metastasis — Uni-
variate analysis

Dermatoscopic features more frequently present in metastatic
melanomas compared to non-metastatic ones included blue-
white veil (64.0% vs 42.1%), ulceration (48.7% vs 21.2%), white
shiny streaks (60.4% vs 50.0%), red color (74.3% vs 48.3%), blue/
gray color (69.4% vs 57.9%), white color (68.9% vs 49.3%), and
mixed-type vessels (32.9% vs 9.9%). All these differences were
statistically significant (x2-test, p < 0.05).

In contrast, dermatoscopic features less frequently observed
in metastatic melanomas compared to non-metastatic ones
included pigmentation occupying more than 75% of the lesion
(32.4% vs 73.5%), regression structures occupying more than 50%
of the lesion (6.3% vs 12.3%), as well as brown (73.9% vs 89.1%) and
black color (41.1% vs 51.3%). These differences were also statisti-
cally significant (x2-test, p <0.05).

The frequencies of dermatoscopic criteria in both groups are
detailed in Supplementary Table 3, while the results of the univariate
analysis for predicting melanoma metastasis based on dermatoscopy
are presented in Supplementary Table 4.

Multivariable analysis

We developed a predictive model for melanoma metastasis by apply-
ing backward elimination to significant dermatoscopic criteria identi-
fied in univariate analysis (Table 2, Fig. 2a, Supp. Table 4) and after
adjusting for clinical cofounders (i.e. age, sex, anatomic location). The
presence of a blue-white veil and extensive ulceration (occupying
>50% of the lesion surface area) conferred a 6.43-fold and 3.45-fold
elevated risk of metastasis, respectively. Conversely, heavy pigmen-
tation (occupying >75% of the lesion surface area) compared to its
absence, as well as extensive regression (occupying >50% of the sur-
face area), emerged as negative predictors of metastasis.

Comparative analysis of the accuracy of models

The dermatoscopy-based predictive model (Model 1) underwent
5-fold cross-validation on the training set (n=425), demonstrating
79.1% accuracy (336/425 correct classifications) in predicting
metastasis status, with an AUC of 0.802 (95% Cl: 0.752-0.854)
(Fig. 2b). Clinical and histopathologic associations with metastasis
are detailed in Supplementary Table 5. Model 2, incorporating only
Breslow thickness and histopathologic ulceration (Table 2), achieved
marginally lower performance - 74.5% accuracy (317/425 correct
classifications) and an AUC of 0.758 (95% Cl: 0.707-0.801). Model 3,
combining dermatoscopic and histopathologic predictors, showed
superior performance with an AUC of 0.824 (95% CI: 0.784-0.877)
(Table 3, Fig. 2b). These patterns persisted during independent
validation in the test set (n=99), where all three models maintained
comparable and no statistically significant different performance
[AUC (95%Cl), model 1. 0.814 (0.732-0.896), model 2: 0.772
(0.682-0.870), model 3: 0.834 (0.757-0.912), DelLong’s test, p-
value > 0.05 for pairwise comparisons] (Fig. 2b).

RFS and DMFS in early-stage melanomas

After a median follow-up of 60 months (IQR, 37-83.3 months), 79 of
381 patients (20.7%) with early-stage melanomas developed any type of
metastasis, while distant metastases occurred in 63 patients (16.5%).
The median time to first metastasis development was 17 months (IQR,
12-36 months). Cox regression analysis of the full dataset of early-
stage melanomas, adjusted for clinical cofounders, revealed the fol-
lowing predictors of recurrence-free survival (RFS): In the
dermatoscopy-based model (Model 1), extensive ulceration and blue-
white veil were associated with reduced RFS, while extensive regres-
sion predicted increased RFS. In the histopathology-based model
(Model 2), Breslow thickness and ulceration were linked to decreased
RFS. In the combined model (Model 3), Breslow thickness,
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Table 1| Baseline characteristics of the total cohort and in
patients with and without metastasis at diagnosis or during
follow-up

Total Non Metastatic p-value
sample metastatic (N=222)
(N=524) (N=302)
Follow-up time 50 (32-72)
(median, IQR)
(months)
Age (mean, SD)  61.6 (16.6) 60.1(17.3) 63.7 (15.5) 0.032
Sex (n, %) 0.582
Male 283 (54) 160 (53) 123 (55.4)
Female 241 (46) 142 (47) 99 (44.6)
Anatomic loca- 0.009
tion (n, %)
Head and neck 84 (15.9) 47 (15.6) 37 (16.7)
Trunk 182 (34.8) 109 (36.1) 73 (32.9)
UE 72 (13.7) 44 (14.6) 28 (12.6)
LE 10 (21) 72 (23.8) 38 (17.1)
Acral 72 (13.8) 27 (8.9) 45 (20.3)
Subungual 4 (0.8) 3(1) 1(0.4)
Breslow thick- 3.08 (3.36) 1.96 (1.74) 4.59 (4.32) <0.001
ness
(mean, SD)
Histopatholo- 174 (33.2) 56 (18.5) 18 (53.2) <0.001
gic ulceration
(Present) (n, %)
Mitosis <0.001
(n=444) (n, %)
Absent 72 (16.2) 63 (25.4) 9 (4.6)
1-5/mm? 221 (49.8) 138 (55.6) 83 (42.3)
>5/mm? 151 (34) 47 (19) 104 (53.1)
SLNB (n, %) <0.001
Not performed 177 (33.9) 119 (39.6) 58 (26.1)
Negative 234 (44.8) 181(60.4) 53(23.9)
Positive 111 (21.3) 111 (50)
CLND (n, %) <0.001
Not performed 411 (78.7) 299 (99.7) 112 (50.5)
Negative 58 (11.1) 1(0.3) 57 (25.7)
Positive 53(10.2) 53(23.9)
AJCC stage (8"  Stage at diagnosis (n, %) Stage at last f.u (n, %)
edition)
1B 227 (43.3) 204 (38.9)
1A 66 (12.6) 52(9.9)
1IB 53 (10.1) 31(5.9)
IIcC 35 (6.7) 15 (2.9)
1] 95 (18.1) 67(12.8)
I\ 48 (9.2) 155 (29.6)

N number of patients, IQR interquartile range, SD standard deviation, UE upper extremities, LE
lower extremities, n: number of patients included in the variable, SLNB sentinel lymph node
biopsy, CLND complete lymph node dissection, AJCC American Joint Committee on Cancer.
Two-sided p values for continuous variables were obtained from the Mann-Whitney U test, as
appropriate. Two-sided p-values for categorical variables were obtained from the Pearson’s chi-
squared test. Exact p-values are provided for Breslow thickness (1.70 x10%), ulceration (p=9.36
x10"), mitosis (p=4.71x10"), SLNB (p=>5.18 x10*%) and CLND (p=8.14 x10*").

dermatoscopic ulceration, blue-white veil and extensive regression
remained significant predictors of RFS (Supp. Table 6).

After splitting the dataset of early-stage melanomas into
training and test sets, stratified by TNM, age, and sex (Supp.
Table 7,8), the 5-fold cross-validation in the training set provided
similar AUC values for all three models [AUC (95%Cl), model 1:

0.795 (0.721-0.868), model 2: 0.736 (0.650-0.823), model 3:
0.814 (0.764-0.892), DelLong’s test, p-value >0.05 for pairwise
comparisons] (Supp. Table 9, Fig. 3a) When applied to the test
set, Model 3 showed a numerically higher AUC compared to
Models 1 and 2 (Fig. 3a). Regarding prediction of metastatic
events during follow-up, among the 66 patients in the training set
who developed metastases, Models 1 and 2 correctly identified 51
(77.2%) and 43 patients (65.1%), respectively, while Model 3
identified 53 patients (80.3%) (Fig. 3c). In the test set, 13 of 13
metastatic patients were correctly classified by Model 1 and 3,
while Model 2 identified 11 metastatic patients (84.6%) (Fig. 3d).

The same criteria were found to predict distant metastasis-free
survival (DMFS) in all three models (Supp. Table 6). There was no
significant difference in accuracy among the models (DeLong’s test,
p>0.05) (Supp. Table 9, Fig. 3b).

In addition, the incorporation of dermatoscopic features along with
AJCC stage into a multivariable model (model 4) deemed blue-white veil
and AJCC stage as significant predictors of RFS and DMFS (Supp.
Table 10). The accuracy of the model was similar to models 1,2,3 (Supp.
Table 11). The prediction of metastatic events of early-stage melanomas
based on dermatoscopy (model 1) and according to AJCC stage risk (low
risk: stage IB/IIA, high risk: stage IIB/IIC) is shown in Fig. 4a, b. Of note, in
AJCC low-risk group, Model 1 accurately split patients into risk cate-
gories and captured 23 out of 33 relapses in the training set (69.7%), and
four out of four in the test set (100%) (Fig. 4c, d).

Sensitivity analyses

To enhance the robustness and reproducibility of our results, several
additional analyses were conducted. First, acral and subungual mela-
nomas potentially confer aggressive biologic behavior and a higher
tendency for metastasis development. The exclusion of patients with
those lesions from multivariable models renders extensive regression
marginally not statistically significant for metastasis prediction in
model 1 only (OR 0.46, p=0.05, 95%CI 0.20-1.00) (Supp. Table 12).
Similar results were drawn for extensive regression and RFS for both
models 1 and 3, but not for DMFS (Supp. Table 13). Additionally, Holm-
Bonferroni correction for multiple comparisons in univariate analysis,
deemed extensive regression structures marginally not significant for
metastasis prediction (Supp. Table 14). Furthermore, patients with
metastatic disease at diagnosis might exhibit different biological and
morphological characteristics compared to patients who developed
metastasis during follow-up. Despite the absence of statistically sig-
nificant association of initial metastatic status (regional or distant) and
frequencies of dermatoscopic criteria (Supp. Table 15), when patients
with metastasis at diagnosis were excluded, extensive regression ren-
dered marginally not significant in multivariable model 1 (OR 0.35,
p=0.06, 95%Cl 0.12-1.07) (Supp. Table 16). Also, despite limited data
availability for histopathologic subtype of the primary tumor (n =291),
further adjustment of model 1 for that parameter did not alter primary
results (Supp. Table 17).

In addition, analyses based on clinically relevant thresholds across
Breslow thickness continuum (i.e., BT >2 mm constitutes a criterion
for selection for adjuvant treatment) revealed significant predictors.
For example, the subgroup of thick melanomas exhibiting extensive
regression and heavy pigmentation conferred lower risk for metas-
tasis. In contrast, in thin tumors with BT <2mm or BT <1 mm, we
found increased metastatic potential for tumors displaying blue-white
veil and extensive dermatoscopic ulceration and blue-white veil alone,
respectively. Similar results were drawn for early-stage melanomas,
RFS, and DMFS (Supp. Table 18,19).

Discussion

The role of dermatoscopy in assessing the biological course of mela-
noma remains underexplored in medical literature. This analysis
identified specific dermatoscopic features associated with an
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524 patients from 10 skin
cancer centers across the globe

Web-based interface — Source
of dermatoscopic images

Human — reader evaluation

Model 1: Dermatoscopy Model 2: Breslow / Ulceration Model 3: Dermatoscopy /
Breslow / Ulceration

Stratified split into training & test
5-fold cross-validation in training set

Full dataset [ Patients with early-stage melanoma J

[ Prediction of metastasis (OR)J RFS (HR) DMFS (HR)

Fig. 1| Workflow of the study, representative examples of dermatoscopic
images of patients with melanoma and melanoma stage transitions. a. Work-
flow of the study. Figure 1b-e denotes dermatoscopic images of primary tumor of
patients with melanoma who shared similar prognostic characteristics according to
current AJCC classification and there were correctly classified by model 1 [b: Bre-
slow thickness (BT): 0.8 mm without ulceration correctly classified as non-

Melanoma stage transitions

400
Stage at diagnosis

72}

E |
‘gsoo 1A
S B
E nc
E 200 n
2 o

0
At Diagnosis At Last Follow-Up

metastatic, ¢: BT: 0.8 mm without ulceration correctly classified as metastatic, d:
BT:2.0 mm without ulceration correctly classified as non-metastatic, e: BT: 2.0 mm
with ulceration correctly classified as metastatic). Figure f represents melanoma
stage transitions at diagnosis and during follow-up. Source data are provided as a
Source Data file. (OR: Odds Ratio, HR: Hazard Ratio, RFS: Recurrence-free survival,
DMEFS: Distant metastasis-free survival).

increased risk of metastasis, including blue-white veil, extensive der-
matoscopic ulceration, low pigmentation, and the absence of regres-
sion structures. A predictive model based on these non-invasive
features performed as accurately as the current standard histopatho-
logic predictive TNM staging model, which relies on Breslow thickness
and histopathologic ulceration.

Data on the role of dermatoscopy in melanoma prognosis are
limited. To date, only two small retrospective analyses have explored
the association between dermatoscopic features and tumor metas-
tasis. De Giorgi et al. conducted a case-control study with 16 patients
with thin melanomas and found that multiple colors (more than three),
an atypical vascular pattern, and blue-gray areas were more frequent in
metastatic cases than in non-metastatic controls”. They also observed
that acral melanomas developing distant metastasis, particularly lung
metastasis, tended to exhibit low pigmentation on dermatoscopy. A
single-center Austrian study investigated dermatoscopic features
associated with ulceration and mitotic rate, aiming to indirectly pre-
dict melanoma’s biological course. The study identified the blue-white
veil and milky-red areas as predictors of distant metastasis, while
dermatoscopy could not predict SLN status'®.

In our analysis, heavy pigmentation (primarily brown) was associated
with a favorable prognosis, appearing in 73.5% of non-metastatic cases.
This relationship may be explained by the fact that heavy dermatoscopic
pigmentation reflects increased melanin levels. In vivo and in vitro studies
suggest that melanin affects the nanochemical and elastic properties of
melanoma cells. Higher melanin content may promote a well-defined
cellular shape and tight cell junctions, which could reduce the tumor’s
ability to invade, migrate, and metastasize®”. Additionally, heavily

pigmented melanomas represent a more differentiated tumor state
compared to hypopigmented lesions. These hyperpigmented tumors
express higher levels of MHC class I molecules and release melanogenesis-
related proteins (MPRs), which serve as tumor antigens™ . As a result,
they form tighter cell junctions and demonstrate enhanced antigen pre-
sentation capacity, leading to increased immune cell recruitment and
potentially lower rates of metastasis.

The association between brown color and a good prognosis is
easier to explain. Dermatoscopic colors reflect the location of chro-
mophores within the skin, with brown and black indicating melanin
presence in the epidermis or upper dermis. A crucial step in melanoma
metastasis is the ability of tumor cells to grow beyond the basement
membrane and access dermal lymphatic and blood vessels** .
Importantly, the density of these vessels is significantly lower in the
upper dermis compared to the deeper dermis”. Thus, brown-colored
melanomas observed dermatoscopically are likely in a radial growth
phase within the epidermis or upper dermis, a stage associated with
very low metastatic potential®*~=°.

In contrast, blue and red colors, especially the presence of a blue-
white veil, were associated with a higher risk of metastasis. A plausible
explanation is that melanocytes located in the deep dermis are sur-
rounded by a dense vascular network, increasing the likelihood of vas-
cular invasion and subsequent dissemination””, Additionally, the blue-
white veil corresponds to a raised or palpable area of a lesion, often seen
in nodular melanomas, which are inherently more aggressive®™>.

Dermatoscopic ulceration emerged as another significant predictor
of metastasis in our multivariable analysis. The AJCC melanoma staging
system recognizes histopathologic ulceration as an independent
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Table 2 | Prediction of melanoma metastasis based on models derived from multivariate logistic regression

Model 1 Model 2 Model 3

OR 95%CI OR 95%CI OR 95%Cl
Breslow thickness (Cont.) 1.37 1.24-1.54 1.21 1.10-1.35
Histopathologic ulceration (Present) 2.78 1.78-4.34 214 1.27-3.59
Pigmentation
Absent Ref. Ref.
25 1.07 0.45-2.54 112 0.45-2.73
50 0.50 0.20-1.22 0.59 0.23-1.50
75 0.14 0.05-0.33 0.20 0.08-0.51
100 0.07 0.03-0.18 0.10 0.04-0.27
Dermatoscopic ulceration
Absent Ref. Ref.
1-49 1.46 0.87-2.42 110 0.63-1.89
>50 3.45 1.63-7.69 1.68 0.74-3.97
Regression structures
Absent Ref. Ref.
1-49 0.75 0.44-1.27 0.85 0.49-1.47
>50 0.42 0.19-0.89 0.36 0.15-0.81
Blue - white veil 6.43 3.87-11.06 5.91 3.48-10.40

N number of patients, OR Odds ratio, CI confidence interval, Ref. Reference level.

*Breslow thickness was included as a continuous variable, and histopathologic ulceration as binary (present vs absent). Pigmentation, dermatoscopic ulceration, and regression structures are

expressed as percentages of feature extent in the lesion. Variables included in the first step of multivariable logistic regression for model 1: brown, blue/gray, red, white, black color, pigmentation,
dermatoscopic ulceration, regression structures, white shiny streaks, blue-white veil, eccentric blotch, parallel ridge, vessels. Significant variables included in the last step of backward elimination
are presented. Variables included in the first step of multivariable logistic regression for model 2: Breslow thickness, histopathologic ulceration. Variables included in the first step of multivariable
logistic regression for model 3: Breslow thickness, histopathologic ulceration, pigmentation, dermatoscopic ulceration, regression structures, blue-white veil. Al models were adjusted for age, sex,

and anatomic location.

negative prognostic factor'. Mechanistically, the loss of epidermal
integrity and tumor cell infiltration through the basement membrane,
visible as structureless dark red areas in dermatoscopy, facilitates tumor
migration®. This is further supported by increased neovascularization at
the ulceration site and the secretion of pro-inflammatory cytokines,
both of which promote tumor spread®. While the prognostic sig-
nificance of the extent of histopathologic ulceration remains debated in
the literature®*¥, our findings suggest that extensive dermatoscopic
ulceration poses the highest risk for metastatic progression.

Our analysis identified dermatoscopic regression as a positive
prognostic factor in melanoma. In dermatoscopy, scar-like depigmen-
tation and gray granules correspond to papillary dermal fibrosis and
melanophages, which are definitive markers of melanoma regression®,
Previous observational studies reported higher frequency of dermato-
scopic regression structures in melanoma in situ or thin invasive tumors
compared to thick lesions**°, and in patients with negative as compared
to positive SLN status®, implicating favorable prognostic characteristics.
Regarding histopathologic regression, recent large-scale observational
studies have linked regressive melanomas to improved survival
outcomes** ™, Those results were further verified by meta-analyses®*®,
which highlight regression as a good prognostic factor leading to
decreased risk for distant metastasis®. This may be attributed to an
activated immune response against melanoma cells, further supported
by higher response rates and better survival in patients with regressive
melanomas treated with immunotherapy compared to other treatment
modalities***”. Additionally, in vitro studies have linked the presence of
melanophages to improved long-term patient outcomes*, Notably, our
findings emphasize the prognostic significance of the extent of der-
matoscopic regression, revealing that melanomas with extensive
regression carry a lower risk of metastasis.

The interplay between dermatoscopy and melanoma prognosis
has recently gained research interest. Initially, dermatoscopic features
were found to correlate with indirect prognostic markers, including
histopathologic and molecular parameters**°. More recently, a

multicenter cohort study demonstrated that machine learning algo-
rithms analyzing dermatoscopic images could directly predict metas-
tasis development with accuracy comparable to established
prognostic factors™. This, along with our reader-based analysis, sug-
gests that dermatoscopic morphology holds prognostic value in mel-
anoma. Integrating this information could enhance risk stratification
both pre- and post-operatively for melanoma patients.

Currently, risk stratification and treatment decisions for
melanoma primarily rely on histopathologic factors. Adjuvant
immunotherapy is recommended not only for stage Ill melanoma,
but also for stages IIB and IIC, which are defined solely by Breslow
thickness and ulceration*>. However, only a subset of stage Il
patients will relapse, and among them, only a fraction benefits
from adjuvant immunotherapy. Rather than exposing all stage Il
patients to the potential risks of immune-related side effects, a
more precise approach would involve identifying and treating
high-risk patients while de-intensifying therapy for those at low
risk. Additionally, some stage | patients will relapse or progress,
and SEER data suggest that stage | melanomas account for nearly
25% of melanoma deaths®. Currently, these patients are treated
only after relapse, as no reliable method exists to identify them in
advance. Molecular and genetic biomarkers, such as CP-GEP, are
under investigation in clinical trials as potential prognostic
tools'®*, Findings from primary and subgroup analyses of our
study suggest that further research should explore the develop-
ment of “digital” biomarkers based on dermatoscopy to assess
melanoma progression risk and refine treatment strategies.

A key advantage of dermatoscopy is that its prognostic informa-
tion is available preoperatively, unlike histopathologic or molecular
markers, which are only accessible after surgery, unless a diagnostic
biopsy is performed beforehand. The obvious benefit is more effective
prioritization of surgical interventions. A less obvious but particularly
promising implication is the potential role of dermatoscopy in guiding
neoadjuvant immunotherapy. Two prospective clinical trials have
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Fig. 2 | Predictive model of metastasis based on dermatoscopic features, per-
formance metrics of three models and classification of patients according to
Model 1 prediction. a. Forest plot showing Odds Ratios (ORs) (squares) and 95%
Confidence Intervals (CI) (error bars) for the prediction of metastasis based on
predictors entered the last step of multivariable analysis in the total cohort (n = 524
patients). b. Boxes show the Area under the curve (AUC) values from 5-fold cross-
validation in training set (n =425) and test set (n =99) for the prediction of
metastasis. The middle line denotes the AUC value and the upper and lower parts
demonstrate the upper and lower 95%Cl, respectively. Dots indicate AUCs for
individual folds. Two-sided p-values derived from DeLong’s test and stars (*) denote
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pairwise comparisons of AUC values between three models [training set: M1/M2
p=0.20, MI/M3 p = 0.52 M2/M3 p = 0.10, test set: M1/M2 p = 0.51, M1/M3 p=0.72,
M2/M3 p = 0.31]. Correction for multiple comparisons was not applied. c. Accurate
(TP: true positive, TN: true negative) and false predictions (FP: false positive, FN:
false negative) according to status of parameters included in model 1 by AJCC stage
in training set (n=425). The order of variables in y axis is Pigmentation (Pigm.) -
Ulceration (Ulcer.) - Regression (Regres.) - Blue-white veil (BWV). H: high, M/L:
moderate/low, A: absent. Source data are provided as a Source Data file. (Ref.:
reference level).

Table 3 | AUC values with 95%Cls for the prediction of metastasis based on 3 models in stratified training and test set

Training set

Model 1

Model 2

Model 3

Fold 1

0.784 (0.694-0.874)

0.699 (0.587-0.811)

0.803 (0.720-0.888)

Fold 2 0.765 (0.646-0.884) 0.766 (0.656-0.876) 0.822 (0.711-0.932)
Fold 3 0.906 (0.830-0.981) 0.821(0.719-0.922) 0.908 (0.843-0.972)
Fold 4 0.795 (0.700-0.890) 0.804 (0.703-0.904) 0.857 (0.774-0.941)
Fold 5 0.760 (0.650-0.870) 0.696 (0.575-0.817) 0.751(0.638-0.864)
Average 0.802 (0.752-0.854) 0.758 (0.707-0.801) 0.824 (0.784-0.877)

Delong’s test

p>0.05 (vs Model 2)

p>0.05 (vs Model 3)

p>0.05 (vs Model 1)

Test set

Model 1

Model 2

Model 3

0.814 (0.732-0.896)

0.772 (0.682-0.870)

0.834 (0.757-0.912)

Delong’s test

p>0.05 (vs Model 2)

p>0.05 (vs Model 3)

p>0.05 (vs Model 1)

AUC area under the curve, Cl confidence interval. Two-sided p-values derived from DeLong’s test and pairwise comparisons of AUC values between 3 models were conducted. Exact p-values are
provided below (training set: M1/M2 p =0.20, M1/M3 p=0.52, M2/M3 p = 0.10, test set: M1/M2 p =0.51, M1/M3 p=0.72, M2/M3 p = 0.31). Correction for multiple comparisons was not applied.

found significantly improved RFS in stage Ill melanoma patients trea-
ted with neoadjuvant compared to adjuvant immunotherapy™*.
However, whether neoadjuvant therapy is superior in earlier-stage
melanoma remains an open question. Preoperative risk assessment

would be essential to explore this possibility. Our findings suggest that
dermatoscopic morphology could provide valuable preoperative
prognostic information as a digital biomarker, potentially aiding in
patient selection for future neoadjuvant therapy trials. Notably, the
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comparisons of AUC values between three models [RFS: training set, M1/M2
p=0.30, MI/M3 p=0.70 M2/M3 p=0.15, test set, MI/M2 p = 0.61, M1/M3 p=0.71,
M2/M3 p = 0.37 and DMFS: training set, M1/M2 p = 0.39, M1/M3 p = 0.46, M2/M3
p=0.12, test set, M1/M2 p = 0.52, M1/M3 p = 0.90, M2/M3 p = 0.49]. Correction for
multiple comparisons was not applied. ¢, d Survival curves according to model 1
classifications in training and test set. Two-sided p-values derived from log-rank
test (3c: exact p=3.52 x10™ and 3 d: exact p=1.02 x10°). Survival curves are
truncated at 120 months for graphical reasons and no events occurred afterwards.
Source data are provided as a Source Data file.

comparative analysis of preoperative dermatoscopic models with
postoperative gold standards, such as Breslow thickness and ulcera-
tion, revealed a non-significant difference, further supporting the
aforementioned implication.

Our study has several limitations. First, the interobserver agree-
ment among readers for the dermatoscopic criteria used as predictors
was fair to moderate, indicating variability in the interpretation of
dermatoscopic images. Still, among the most prominent dermato-
scopic predictors that were used in the models, pigmentation and
ulceration had moderate agreement, while blue/gray color and blue-
white veil had fair agreement, but with alpha values in the upper
quartile of the fair agreement range. To address the known limitation
of poor intraobserver agreement on dermatoscopic features, we
focused on the most common dermatoscopic features in the evalua-
tion process. However, this approach does not exclude the possibility
of other significant dermatoscopic predictors that were not included
as variables in our analysis. Additionally, the retrospective nature of
our study is prone to selection bias, especially considering the lack of
information on the total population of melanoma patients treated in
the participating centers. Indeed, the median Breslow thickness of
3.8 mm may indicate a bias towards thicker tumors that are followed
up more closely and may not reflect the melanoma patient population.
In addition, nodular and acral histopathologic subtypes are considered
biologically aggressive melanoma subtypes, but this information was

available only in almost half of our patients, and adjustment of multi-
variable models should be evaluated in that context. Another con-
sideration could be the wide confidence intervals in multivariable
models, which could possibly derive from the combination of cate-
gories of dermatoscopic predictors with low frequencies, such as
extensive ulceration in non-metastatic lesions. These limitations
highlight the need for further validation through prospective studies
to confirm our findings.

In summary, dermatoscopy has the potential to serve as an
additional non-invasive prognostic tool of melanoma, offering valu-
able insights into the tumor’s biological behavior before excision. This
approach could enhance patient risk stratification and decision-
making regarding adjuvant and neoadjuvant treatments. Further vali-
dation in prospective trials is essential to confirm its utility.

Methods

Guidelines followed

This study followed REMARK guidelines (Supplementary File) with the
workflow outlined in Fig. 1a. Each participating center complied with
its respective data protection and ethical regulations during image
collection. Ethics committee approval was obtained by the School of
Medicine of Aristotle University of Thessaloniki. The study was retro-
spective, had no impact on patient management, and used fully
anonymized datasets and de-identified dermatoscopic images.
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Source Data file.

Data source - Patient population

Ten tertiary skin cancer centers worldwide participated in the study,
including seven in Europe, one in South America, one in Asia, and one
in the United States. Clinical and histopathologic data from patients
diagnosed with first primary cutaneous melanoma stage IB and above
between 2013 and 2018, along with dermatoscopic images of the pri-
mary tumor, and documented follow-up were collected from colla-
borating institutions. The median time to metastasis in the literature
ranges from 25 to 30 months after diagnosis®™*°. Therefore, we con-
sidered a lesion as non-metastatic if no metastasis was detected after a
36-month follow-up period. Exclusion criteria were missing clin-
icopathological data, lack of dermatoscopic image of the primary
lesion, an inadequate follow-up period and patients with more than
1 simultaneous melanoma.

Participant selection—Web-based study interface—Procedure
for lesion evaluation

Thirty raters were invited via e-mail to annotate pseudonymized cases
on a web-based platform using structured questions. The goal was to
recruit at least two readers from each center, each with a minimum of 5
years of experience in dermatoscopy. Finally, the median years of
experience in dermatoscopy was 19 and 1 evaluator had a 2-year of
experience. Further details on the collaborators and number of readers
per center are available in Supplementary Table 20.

During registration, each reader provided information on age,
sex, and years of experience in dermatoscopy. Subsequently, readers
were granted access to the web-based platform, which contained only
dermatoscopic images from different patients. For each new rating,
the image was randomly selected from the dataset, prioritizing images
with fewer ratings. Readers could skip a case if they perceived quality
issues. The questionnaire included assessments of pigmentation, fea-
tures and vessels (Supp. Fig. 1). There was no time limit for completing
a case, and annotations were collected between the 21st of October
2023 and the 10th of March 2024.

Criteria for lesion evaluation

Dermatoscopic images were independently evaluated by human

readers in a blinded manner, based on pre-specified criteria and

according to established terminology®. Some criteria assessed the

extent of a feature within the lesion, expressed in quantiles (0, 25, 50,

75, 100%), while others examined the presence or absence of specific

features as binary variables. The dermatoscopic criteria included in the

evaluation were as follows:

1) Grade of pigmentation, ulceration, regression structures (ordinal
variables)

2) Colors: brown, black, blue/gray, red, and white (binary variables)

3) Structures: white shiny streaks, blue-white veil, eccentric blotch,
angulated lines, parallel ridge (binary variables)
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4) Extent of vascularity in the lesion (ordinal variable) and vessel
type (dotted/coiled vessels and linear/irregular vessels)

A complete list of dermatoscopic variables and their possible
values is shown in Supplementary Table 21.

Assessment of ratings from readers
Following the initial assessment, ratings from each reader were
extracted in a pre-specified format for further analyses. The evaluation
outcome on the presence or absence of a dermatoscopic feature was
determined using a majority vote per image, based on the most
common reader response. For patients with multiple dermatoscopic
images of the primary tumor, two authors (K.L., A.L.) independently
reviewed the images to assess whether they depicted the same or
different areas of the tumor. Multiple images of the same area were
treated as a single entry, with a majority vote approach applied to the
combined assessments. For images depicting different tumor areas, a
majority vote was first applied to each image separately. Then, based
on the number of different images (n), each image was rated using the
following approach:

Rate = (V1/n) + (V2/n) +...(V,/n), where V1. is the majority vote for
image 1, V2 is the majority for image 2, and n: number of different
images per patient.

Outcomes

The primary outcome of the study was to investigate the association
between dermatoscopic features of primary melanoma and metastasis
(number of patients of the total cohort=524). Metastasis was defined as
any metastatic event occurring either at initial diagnosis or during
subsequent follow-up, encompassing regional disease (i.e., in-transit
and satellite metastases, sentinel lymph node biopsy positivity, or
completion lymph node dissection positivity) and distant metastatic
spread.

Secondary outcomes included developing a predictive model for
metastasis based on dermatoscopy (Model 1) and comparing its
diagnostic accuracy with a model incorporating established melanoma
prognostic factors (i.e., Breslow thickness and ulceration) (Model 2), as
well as a combined model integrating both dermatoscopic and histo-
pathologic predictors (Model 3). An additional secondary outcome
was the comparison of the accuracy of all three models in predicting
RFS and DMFS in early-stage tumors at diagnosis (number of
patients=381).

Statistical analysis

Continuous variables were expressed as mean + standard deviation,
and categorical variables were summarized using frequencies. Inter-
rater agreement was evaluated with Krippendorff’s alpha coefficient,
interpreted according to the Landis and Koch classification®’. Median
follow-up time was estimated via the reverse Kaplan-Meier method.
Group comparisons for continuous variables (Breslow thickness and
age) used the Mann-Whitney U test. Associations between dermato-
scopic features and melanoma metastasis were analyzed using x? tests.
We employed univariate and multivariable logistic regression models
to calculate odds ratios (ORs) and 95% confidence intervals (Cls) for
metastasis risk and to develop predictive models based on dermato-
scopic, clinical, or histologic predictors. Backward elimination was
used for automated variable selection during model construction.

To further assess the predictive utility of dermatoscopy, we con-
ducted Cox proportional hazards regression analyses exclusively in
early-stage melanomas (AJCC stage IB-Il), excluding cases with meta-
static events at diagnosis. Study endpoints included recurrence-free
survival (RFS), defined as the time from diagnosis to first metastasis,
and distant metastasis-free survival (DMFS), defined as the interval
from diagnosis to distant metastatic spread. Hazard ratios (HRs) and
survival probabilities were calculated, with model performance

quantified using the area under the receiver operating characteristic
curve (AUC).

For robustness, logistic and Cox regression analyses were per-
formed using a dataset split into training (80%) and test sets (20%),
stratified by TNM stage, age, and sex. A 5-fold cross-validation approach
was applied to the training set to evaluate the diagnostic accuracy of the
three models, followed by independent validation in the test set. We
used DeLong’s test to compare AUC values across models®™. All statistical
tests were two-sided, and analyses were conducted using R packages (R
version 4.5.1) and IBM SPSS Statistics (v29.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw clinical data and dermatoscopic images are not publicly available
due to lack of permission from data sources to have those data dis-
tributed to third parties. Access can be obtained for academic and
research purposes by submitting a request to the corresponding
author (A.L.), by email at alallas@auth.gr. Requests should include the
applicant’s name, contact details, affiliation and the intended use of
the data. The corresponding author is responsible to contact colla-
borating centers and initiate the data-sharing process. Applications
will be evaluated based on institutional policies. Clinical data and
digitally annotated dermatoscopic image will only be shared following
necessary institutional approvals. For centers that cannot provide
consent for data sharing, specific reasons will be communicated to the
applicants. An initial response from the corresponding author is
anticipated within one month of request submission and the final
acceptance or not from collaborating centers will be provided within
the next three months. All remaining data supporting this work are
available in the main article, supplementary information or Source
data File. Source data are provided with this paper.

Code availability

Analyses were performed in R with publicly available packages. R code
used in DMFS calculation is available under MIT license on Zenodo at
https://doi.org/10.5281/zenodo0.17418482.
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