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Preface

The global rise in skin cancer has made it a major public health concern. Recent technological

advances enable more precise diagnoses and novel treatments for advanced disease. This Special Issue

showcases 11 contributions, spanning rare case reports to key developments in diagnostics, therapy,

and AI-assisted decision-making. Within this scope, the featured articles reflect a rapidly evolving

field, covering topics such as explainable AI, advanced imaging, and innovations in immunotherapy

and cellular approaches. Through this publication, we aim to highlight these breakthroughs, motivate

further research, and improve patient outcomes. This issue is intended for clinicians, researchers, and

healthcare professionals dedicated to advancing skin cancer care. The authors, a multidisciplinary

group of experts, hope to foster collaboration and inspire ongoing progress in the understanding and

management of skin cancer.

Choon Chiat Oh

Guest Editor
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Editorial

Editorial for “Latest Advances in Diagnosis and Management of
Skin Cancer”

Shi Huan Tay 1 and Choon Chiat Oh 2,*

1 Department of Internal Medicine, Singapore General Hospital, Singapore 169608, Singapore;
tay.shi.huan@mohh.com.sg

2 Department of Dermatology, Singapore General Hospital, Singapore 169608, Singapore
* Correspondence: oh.choon.chiat@singhealth.com.sg

The rising global incidence of skin cancer has established this disease as a critical
public health issue. In recent years, numerous technological innovations have enabled more
precise and timely diagnoses, while novel treatments have emerged for advanced stages
of the disease. To highlight these significant developments, this Special Issue presents
11 valuable contributions to the field—ranging from detailed observations of rare and
atypical cases to crucial advancements in diagnostics, treatment, and artificial intelligence
(AI)-assisted decision-making.

The future of skin cancer diagnoses is increasingly poised to incorporate AI-assisted
technologies, as the field moves toward integrating multi-modality data from global
sources [1]. One study in our Special Issue explored Explainable AI (XAI) using ABELE for
skin lesion classification. The saliency maps generated by ABELE provided useful topo-
graphical information that enhanced physicians’ confidence in their diagnoses. To realise
ABELE’s potential, the training dataset must be expanded to include a broader range of
lesion types, disease stages, and patient demographics. Future international collaborations
will be essential for advancing our knowledge amidst increasingly complex experimental
designs and analytical methodologies.

Beyond the promise of AI, the field of cutaneous melanoma has also witnessed ad-
vances in bedside, histopathological, and molecular diagnostics [2,3]. In particular, novel
imaging techniques have emerged to improve early melanoma diagnosis. D’Onghia et al.
highlighted the strengths of high-magnification dermoscopy and fluorescence-assisted
videodermatoscopy in a study involving 85 patients with facial skin lesions [4]. Alongside
the advent of line-field confocal optical coherence tomography [5], we are one step closer
to untangling this Gordian knot non-invasively, potentially reducing the need for biopsies.

The emergence of programmed cell death-1 (PD1) inhibitors has transformed the
management of metastatic melanoma; however, clinicians must remain vigilant regarding
immune-related adverse events [6]. Another study in our Special Issue contributes a
Southeast Asian perspective to the growing body of evidence on anti-PD1 inhibitors.
Consistent with findings from other parts of the world, these inhibitors were shown to
increase overall median survival, although a subset of melanoma patients developed
cutaneous adverse reactions. Interestingly, the development of such reactions may be
associated with improved overall survival, underscoring the need for future mechanistic
work to unravel the underlying intricacies.

Cellular therapy represents the next frontier in skin cancer treatment, offering tailored
therapeutic potential for patients who are unresponsive to current standard-of-care treat-
ment. Indeed, several landmark trials involving tumour-infiltrating lymphocytes (TILs)
and personalised, neoantigen-specific autologous T cells have demonstrated significant

Diagnostics 2025, 15, 1196 https://doi.org/10.3390/diagnostics15101196
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efficacy and safety in advanced melanoma refractory to immune checkpoint inhibitors
(ICIs) and BRAF/MEK inhibitors [7,8]. Additionally, T cell-based vaccines against com-
monly occurring β-human papillomaviruses (β-HPVs), along with β-HPV-specific T cell
immunotherapy, are also promising strategies in the fight against HPV-related cutaneous
squamous cell carcinoma (cSCC).

All in all, we are witnessing a paradigm shift in skin cancer, marked by multiple
breakthroughs across diagnostics and therapeutics. We hope this Special Issue will inspire
continued contributions to the scientific understanding and clinical management of skin
cancer, ultimately advancing patient care worldwide.

Author Contributions: Writing—original draft preparation, S.H.T.; writing—review and editing,
C.C.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Article

DNA Methylation Array Analysis Identifies Biological
Subgroups of Cutaneous Melanoma and Reveals Extensive
Differences with Benign Melanocytic Nevi

Simon Schwendinger 1, Wolfram Jaschke 2, Theresa Walder 1, Jürgen Hench 3, Verena Vogi 1, Stephan Frank 3,

Per Hoffmann 4, Stefan Herms 4, Johannes Zschocke 1, Van Anh Nguyen 2, Matthias Schmuth 2 and Emina Jukic 1,*
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4 Institute of Human Genetics, University Hospital Bonn, 53127 Bonn, Germany
* Correspondence: emina.jukic@i-med.ac.at; Tel.: +43-512-9003-70539

Abstract: Background/Objectives: Genetics and epigenetics play an important role in the
pathogenesis of cutaneous melanoma. The majority of cases harbor mutations in genes
associated with the MAPK signaling pathway, i.e., BRAF, NRAS, or NF1. The remaining
neoplasms, often located on acral sites, are condensed as the triple-wildtype subtype and
are characterized by other molecular drivers. This study aimed to elucidate genetic and
epigenetic differences within cutaneous melanoma and to compare it with melanocytic
nevi. Methods: DNA was extracted from archived tissue samples of cutaneous melanoma
(n = 19), melanocytic nevi (n = 11), and skin controls (n = 11) and subsequently analyzed
by massive parallel (next generation) gene panel sequencing and genome-wide DNA
methylation array analysis. The sample size was increased by including repository data
from an external study. Results: There were major differences in the genomic landscape of
MAPK-altered and triple-wildtype cutaneous melanoma, the latter presenting with a lower
number of mutations, a different pattern of copy number variants, and a low frequency
of TERT promoter mutations. Dimensional reduction of DNA methylation array analysis
clearly separated cutaneous melanoma from melanocytic nevi but revealed no major
differences between classical cutaneous melanoma and the triple-wildtype cases. However,
it identified a possible biological subgroup characterized by intermediately methylated
CpGs. Conclusions: Dimensional reduction of methylation array data is a useful tool for
the analysis of melanocytic tumors to differentiate between malignant and benign lesions
and may be able to identify biologically distinct subtypes of cutaneous melanoma.

Keywords: cutaneous melanoma; melanocytic nevi; genetics; epigenetics

1. Introduction

Cutaneous melanoma (CM) is characterized by activating mutations in the MAPK
signaling pathway, including BRAF mutations in 50% of cases, RAS alterations in about
30% of cases, and NF1 deficiencies in 15% of the neoplasms [1,2]. CMs lacking these
common mutations have been classified as the triple wildtype (TWT) subtype. This group
of neoplasms is very heterogeneous, and different molecular drivers, such as KIT gene
mutations, seem to play a role [2]. TWT-CMs are often located at acral sites. TWT-CMs, in
general, and acral CM, in particular, are usually not associated with sun damage and have
fewer genetic alterations than classical MAPK-activated CM [1]. The most common subtype

Diagnostics 2025, 15, 531 https://doi.org/10.3390/diagnostics15050531
3



Diagnostics 2025, 15, 531

of acral CM is acral lentiginous melanoma (ALM), which has a characteristic lentiginous
growth pattern. Rarer manifestations at acral sites are nodular or superficial spreading
CMs [3,4].

Epigenetic alterations play an important role in the development of CM. The DNA
methylation pattern (methylome) of CM is characterized by global hypomethylation com-
bined with local hypermethylation. Both mechanisms contribute to tumorigenesis by
activation of oncogenic factors and suppression of tumor suppressor genes [5,6]. Various
studies have found that the methylation status of CM changes during disease progres-
sion [7,8]. In particular, gene promoter hypermethylation increases with CM progression.
A high degree of promoter methylation is referred to as CpG island hypermethylation
phenotype (CIMP) and is associated with poor clinical outcomes [7–11].

Our present study aimed to investigate the genetic and epigenetic landscape of CM
in comparison to melanocytic nevi (MN). Regarding methodology, the study is based
on massive parallel sequencing (next-generation sequencing; NGS) and genome-wide
DNA methylation array (DMA) analysis. Apart from CM with classical driver genes, a
high number of TWT cases (many of them from acral sites) are included in the study
to characterize the genetics and DNA methylation patterns in this rare CM subtype. We
examine whether methylome analysis can distinguish CM from MN and identify differences
between MAPK-altered CM and TWT-CM in relation to genetic markers. Additionally,
we analyze epigenetic differences between MN and the two CM subgroups based on
differentially methylated positions (DMPs) and regions (DMRs).

2. Materials and Methods

2.1. Patients and Samples

A cohort was generated from formalin-embedded paraffin (FFPE) blocks derived from
primary CM tumors (n = 56) with a Breslow’s thickness ≥ 1.8 mm. Additionally, MN (n = 56)
with >3 mm diameter and healthy skin samples (n = 11) were included. CM patients from
the time period between 2006 and 2021 were identified in the Tumor Registry Tyrol. Written
informed consent was obtained under two protocols approved by the Ethics Committee of
the Medical University of Innsbruck (No. 1182/2018 and 1170/2019). Clinical information,
including sex, age at diagnosis, tumor location, tumor stage, the morphological classifi-
cation of the primary tumor at diagnosis, as well as histological subtype and Breslow’s
thickness, were recorded. The cases were re-evaluated by a dermatopathologist to confirm
the diagnosis and morphological classification. All cases were retrieved from residual tissue
blocks from the dermatopathology archives of the Medical University of Innsbruck and
cooperating institutes. Analyses were performed after de-identification of the specimen.
Additional data for samples from an external study published by Pradhan et al., 2019 [4]
were downloaded from the Gene Expression Omnibus [12]. This dataset includes CM
samples (n = 40) and MN specimens (n = 3), most of them localized in acral skin.

2.2. Macrodissection and DNA Isolation

Serial sections were prepared from FFPE tissue blocks. A hematoxylin and eosin
(H&E)-stained reference slide was prepared from the central section. This specimen was as-
sessed by a dermatopathologist, and tumor areas were marked. The marks were transferred
to adjacent unstained sections. A standard xylol–ethanol protocol was used to remove
paraffin from the samples, and a manual macrodissection of the sections was performed.
After incubation with proteinase K, genomic DNA was isolated using the QIAmp DNA
FFPE tissue kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
The DNA was quantified using a micro-volume photometer and the Qubit 4 fluorome-
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ter with the dsDNA High Sensitivity or dsDNA Broad Range assay kits (Thermo Fisher
Scientific, Waltham, MA, USA).

2.3. Methylation Array Analysis
2.3.1. Array Preparation and Scanning

For methylation array analysis, the Illumina Infinium MethylationEPIC BeadChip
Array platform (Illumina, San Diego, CA, USA) was used. Depending on the available DNA
quantity, between 150 and 250 ng of DNA was utilized per sample. The specimens were
prepared with the standard protocol for FFPE materials according to the manufacturer’s
instructions and scanned on an iScan device (Illumina, San Diego, CA, USA).

2.3.2. Quality Control and Tumor Purity Estimation

For quality control and tumor purity estimation, the IDAT files containing the methyla-
tion data were loaded into R Studio (version 1.4.1717; R version: 4.1.0) using the minfi [13]
package (version 1.40.0). For every probe on the array, the detection p-value (detp) was
calculated. As the share of failed probes (i.e., a detp > 0.01) can be used as a surrogate
marker for array data quality [14], all samples with more than 5% of failed probes were
excluded from the dataset. To estimate the tumor cell content of the CM and the MN
samples, the RFpurify [15] package (version 0.1.2) was used. In brief, this method uses the
methylation status of 856 CpGs to estimate the ABSOLUTE and ESTIMATE values of a sam-
ple by random forest regression and, therefore, predicts the tumor purity of the sample [15].
A careful evaluation in synopsis with the subsequently described UMAP analysis showed
that a predicted ABSOLUTE score of below 0.445 or a predicted ESTIMATE value of below
0.775 seemed to work best for excluding samples with low tumor purity to achieve clearly
separated sample clusters. Samples that failed the prediction cutoffs but were still localized
in one of the sample clusters were included again to increase the sample size.

2.3.3. Uniform Manifold Approximation and Projection (UMAP) Analysis

Methylome analysis was performed by uniform manifold approximation and pro-
jection (UMAP). This method reduces the highly dimensional methylation array datasets
down to two dimensions. The EpiDiP server of the University Hospital, Basel, Switzerland
(available from http://s1665.rootserver.io/, accessed on 15 April 2022) was utilized. The
total dataset for dimensional reduction includes about 25,000 datasets from various cancer
samples derived from publicly available data repositories such as The Cancer Genome
Atlas [16] and the Gene Expression Omnibus [12], as well as thousands of samples derived
from various contributors. UMAP reduction was performed using the 50,000 probes with
the highest standard deviations among all samples. For the presented two-dimensional
plots, only the coordinates from the samples of the current project were extracted.

2.3.4. Differential Methylation Analysis

For DMP and DMR analysis, a strategy based on a protocol published by Maksimovic
et al., 2016 [14] was applied. Normalization was performed using the functional normaliza-
tion method in minfi. Subsequently, all probes with a detp > 0.01 in at least one sample,
probes containing a SNP in their sequence, and all probes mapping to sex chromosomes
were excluded. Further, probes known to be cross-reactive were filtered using the max-
probes package (version 0.0.2; available from https://github.com/markgene/maxprobes,
accessed on 28 April 2022). After filtering, 678,635 CpGs remained in this pipeline. DMP
analysis between the methylation clusters was performed using a linear model design with
group-wise comparisons and empirical Bayes statistics from the limma package (version
3.50.3) [17]. The same model was subsequently used for the identification of DMRs with the
DMRcate package (version 2.8.5) [18]. Regions comprising at least five CpGs and a mean
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methylation difference of 0.25 were called. The top ten significant DMRs from all three
comparisons were evaluated using the UCSC genome browser [19] with the tracks “RefSeq
Transcripts” and GeneHancer [20] (double elite) promoters and enhancers displayed.

2.4. Copy Number Variant (CNV) Detection

Copy number variant (CNV) profiles were calculated using the methylation array data
and the conumee package (version 1.9.0; available from http://bioconductor.org/packages/
conumee, accessed on 30 April 2022) in R Studio. The method uses the total intensities (red
and green) of every probe for calculation, segmentation, and calling of differences in copy
numbers of chromosomal regions. The analysis was conducted according to the instructions
in the package vignette. In short, samples were loaded and normalized using the quantile
normalization method of the minfi package version 1.40.0 [13]. For the actual analysis,
a minimum number of 30 probes per bin and a minimum bin size of 100,000 bp were
chosen. Genes of interest were chosen according to several publications and our personal
interests. Because of the limited data quality for CNV analysis from FFPE-derived DNA,
automated CNV calling was not expedient (too many false positives or false negatives due
to strong scattering of log2 ratio values). Instead, CNVs were identified by careful manual
inspection of the genome plots produced by the package. For this, the plots were inspected
for segments of chromosomes with deviations in the log2 ratio of at least 0.3–0.4.

2.5. Next Generation Sequencing
2.5.1. Library Preparation and Sequencing

Enriched sample libraries for sequencing were prepared using an in-house pipeline
based on the Illumina DNA Prep with Enrichment kit and a custom-designed hybridization
probe panel (Illumina, San Diego, CA, USA). A total of 100–250 ng of DNA was used per
sample. The utilized probe panel includes selected exons or full coding regions of about
153 genes with a total covered region of 0.49 mbp. Detailed information about the covered
regions is provided in Supplementary Table S1. Paired-end sequencing was performed on
an Illumina NextSeq 500 device (Illumina, San Diego, CA, USA). The mean target coverage
depth of the samples was 936 ± 451 SD reads, with a mean of 99.78% ± 0.32% SD of the
targeted regions covered at least 50-fold. For FASTQ generation and data processing, the
Illumina BaseSpace Sequencing Hub (BSSH; European instance in Frankfurt, Germany;
available from https://euc1.sh.basespace.illumina.com, accessed on 3 October 2021) was
utilized. Alignment of raw reads and variant calling was performed with the DRAGEN
Enrichment app v3.6.3, with hg19 as the reference genome. Variants with a variant allele
frequency (VAF) of at least 10% and a quality score of 20 were called. Only CM and MN
samples were analyzed; no sequencing was performed for the skin control samples.

2.5.2. Small Variant Evaluation

The called variants were annotated to RefSeq transcripts using the Illumina annotation
engine (Illumina, San Diego, CA, USA) in BSSH Variant Interpreter (European instance in
Frankfurt, Germany; available from https://variantinterpreter.euc1.vi.basespace.illumina.
com, accessed on 3 October 2021). All datasets were filtered for coding variants and splice
site variants. As no matched normal samples were available, the exclusion of probable
germline variants was performed by filtering polymorphisms with a minor allele frequency
of above 0.01 in the non-Finnish European population data in the Genome Aggregation
Database (GnomAD) [21]. The remaining variants were verified by manual evaluation of
alignments with the Integrative Genomics Viewer (IGV) [22]. Some variants were excluded
during this process because they were identified as sequencing artifacts. As a last step,
variants were carefully evaluated using the Catalogue of Somatic Mutations in Cancer
(COSMIC) [23] as well as the ClinVar [24] and the My Cancer Genome [25] databases.
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Variants with prevailing evidence of germline origin were excluded from the dataset; the
other variants were classified as pathogenic, likely pathogenic, or unclear significance based
on their database presence or predicted functionality using SIFT [26] and PolyPhen2 [27].
TERT promotor analysis was performed by manual evaluation of alignments using IGV.
Variants were manually annotated to the RefSeq transcript NM_198253.3. According to
Nagore et al., 2019 [28] and Hugdahl et al., 2018 [29], samples were scoured for the variants
c.-57A>C, c.-124C>T, c.-124/-125CC>TT, c.-138/-139CC>TT, and c.-146C>T.

2.6. Data Evaluation and Statistics

All statistical analyses were performed using R. During differential methylation analy-
sis, hundreds of thousands of parallel hypothesis tests are conducted; therefore, strategies
to control for false positive results are routinely implemented for both DMP and DMR
discovery. For DMP identification, the limma package uses a significance level of α = 0.05
and adjusts all p-values using the Benjamini–Hochberg method [30], with an accepted false
discovery rate of 5% [17]. DMRcate additionally uses a kernel smoothing approach to
average test statistics across adjacent CpG sites, reducing variability in individual tests and
improving the detection sensitivity of DMR identification [18].

During data evaluation, different statistical tests were performed to compare groups,
depending on the specific hypothesis. In summary, the Wilcoxon rank-sum test, Fisher’s
exact test, or analysis of variance (ANOVA) followed by pairwise t-tests were applied. The
non-parametric tests were chosen because sample sizes for the corresponding research
questions were relatively small. When necessary (i.e., when two or more parallel tests were
conducted within one comparison of groups), p-values were adjusted using the Benjamini–
Hochberg method [30]. The test used for calculation is indicated with each individual
p-value.

3. Results

In this study, FFPE tissue blocks of primary CM or MN were analyzed. For some
samples, the absence of a BRAF or NRAS hotspot mutation was known from a preceding
study [31] or from routine diagnostic testing. Such cases were preferably chosen to ensure
a high proportion of cases with TWT status. All samples were manually macrodissected
and DNA was isolated from the tumor fraction. In total, 56 samples from both groups were
used; however, the majority of samples had to be excluded due to technical reasons or low
tumor purity (i.e., low content of tumor cells). A complete list of all analyzed samples with
additional metadata and (if applicable) exclusion reason is provided in the Supplementary
Data File. Supplementary Figure S1 visualizes the age of FFPE blocks for included and
excluded samples. The median block age of excluded samples was significantly higher
than the included ones both for MN (Wilcoxon test p-value: <0.001) and CM (Wilcoxon test
p-value: 0.005). Evaluation of biological parameters of CMs such as tumor area, Breslow’s
depth, and cell vitality did not reveal clear differences between included and excluded
samples. However, the inclusion rate was much higher in tumors presenting ulceration, and
all included samples were of tumor stage IIB or higher; these comparisons are visualized in
Supplementary Figure S2.

The final cohort consisted of 19 CM and eleven MN specimens. As reference material,
eleven skin samples from healthy donor skin were included. A list of the samples in the
final cohort with all collected biological as well as clinical parameters is provided in the
Supplementary Data File; an aggregated overview of the cohort can be seen in Table 1. In
summary, the majority of the included CM samples were derived from acral or extremity
localization and presented with nodular histology, advanced tumor stage, and a high
Breslow’s depth.
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Table 1. General overview of the clinical characteristics of the samples included.

Variable n (%) or Mean ± SD

Gender
Cutaneous melanoma

Female 10 (53%)
Male 9 (47%)

Melanocytic nevi
Female 5 (45%)
Male 6 (55%)
Skin

Female 6 (55%)
Male 5 (45%)

Age at diagnosis (years, mean ± SD)
Cutaneous melanoma 59.8 ± 23.8 (31–96)

Melanocytic nevi 34.1 ± 11.9 (16–52)
Altitude of residence (cutaneous

melanoma)
<1000 m 16 (84%)
>1000 m 3 (16%)

Localization
Cutaneous melanoma

Head or neck 3 (15%)
Trunk 4 (21%)

Extremities 6 (32%)
Acral 6 (32%)

Melanocytic nevi
Head or neck 3 (27%)

Trunk 6 (55%)
Extremities 2 (18%)

Histological subtype
Cutaneous melanoma

Desmoplastic melanoma 1 (5.25%)
Acral lentiginous melanoma 4 (21%)
Lentigo maligna melanoma 1 (5.25%)

Nodular melanoma 8 (42%)
Spindle cell melanoma 2 (11%)

Superficial spreading melanoma 3 (16%)
Melanocytic nevi
Compound nevus 7 (64%)

Dermal nevus 4 (36%)
Tumor stage (cutaneous melanoma)

IIA 1 (5.25%)
IIB 3 (16%)
IIC 4 (21%)
III 1 (5.25%)

IIIA 1 (5.25%)
IIIB 1 (5.25%)
IIIC 5 (26%)
IV 3 (16%)

3.1. Genetic Analysis Reveals Distinct Differences Between Cases with Alterations in the MAPK
Signaling Pathway and TWT Status

Genetic analyses of CM samples by NGS of approximately 150 genes revealed—as
expected due to the selection bias of specimens—that most of the cases (7/19; 37%) had a
genetic TWT status (Figure 1a). BRAF mutations (exclusively p.V600E or p.V600K) were
found in 5/19 samples (26%), NF1 mutations were found in 4/19 (21%) samples, while
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3/19 (16%) samples harbored an NRAS mutation (Figure 1a). In addition to the established
driver mutations, the most common alterations classified as pathogenic or likely pathogenic
were TERT promoter mutations in 12/19 (63%) cases, followed by mutations in CDKN2A
in 4/19 (27%) cases, and ARID2 and PTEN mutations in 3/19 (16%) cases.

Figure 1. Driver mutations in CM and BN cases and mutational landscape of CM patients. (a) Bar
plot depicting the proportion of patients with a MAPK-associated driver mutation (pink = CM,
orange = MN; B/N = BRAF and NRAS mutations) for both CM and BN. (b) Bar plot showing the
absolute frequencies of genes with a pathogenic or likely pathogenic mutation in the overall CM
cohort. Only genes that were recurrently mutated (i.e., at least twice) are shown.

An overview of the most recurrently mutated genes is shown in Figure 1b. The
complete list of all detected mutations, including information used for classification, is
provided in the Supplementary Data File. The mean number of mutations per sample
(including variants of unclear significance) was 5.3 ± 4.8 standard deviation (SD). Samples
with one of the three driver mutations had a significantly higher mean mutation count of
5.3 ± 3.1 SD compared to 4 ± 3.2 SD in the TWT group (Wilcoxon test p-value: 0.005). TERT
promoter mutations were found in 10/12 (83%) cases with a MAPK signaling pathway
activating driver mutation but only in 2/7 (29%) of samples with TWT status (Fisher’s
exact test p-value: 0.009). In accordance with De Martino et al., 2020 [31], no apparent
connection between genetics and altitude of residence of the patient was observed. In the
remaining sample, both BRAF p.V600E and NRAS p.Q61K mutations were detected.

Apart from the driver mutations, only a few mutations were detected in MN cases,
with a mean mutation count of 2.4 ± 1.3 SD. None of the MN samples harbored a TERT
promoter mutation.

Data obtained from the DMA analysis were used for the analysis of CNVs. Due
to the limited quality of FFPE-derived DNA, we generated CNV plots and identified
extensive CNVs by manual inspection of the plots (see Section 2). The CNV plots of all
samples and a list of the detected alterations, as well as a general assessment of the CNV
pattern profile (i.e., widespread or more focal changes), are provided in the Supplementary
Data File. Figure 2 summarizes CNVs in the two sample groups affecting certain genes
considered relevant for CM development. For MAPK-CM, the CNV patterns showed
mainly extensive abnormalities involving large parts of chromosomal arms or whole
chromosomes, consistent with reports from the literature [32]. The most commonly deleted
regions included 9p21 (CDKN2A locus) in 8/12 (67%) and 10q23 (PTEN locus) in 4/12
(33%) samples, whereas the most prevalent amplified region was 7q34 (BRAF locus) in 5/12
(42%) samples. Similar CNV patterns were observed in most TWT samples; however, these
samples had a tendency for more focal amplifications or deletions. Loss of the CDKN2A
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locus appeared in 7/7 (100%) of the samples, and deletions including the PTEN locus were
observed in 3/7 (33%) samples. Recurrently amplified regions were again the BRAF locus
on 7q34 and the TERT region on 11q13 in 2/7 (33%) of cases. One TWT sample (in0597)
presented a distinct, generally flat CNV profile with only a few but very complex focal
abnormalities. The latter sample was derived from an acral desmoplastic melanoma and
did not show any mutations except an in-frame deletion in a gene called SOCS1. None of
the MN samples harbored CNVs.

Figure 2. Cytogenomic landscape of CM samples. Frequencies of CNVs detected in MAKP-altered
CM (green) and TWT (violet) cases. CNVs are shown as mirrored bar plots, with gains of chromoso-
mal material oriented to the top and losses displayed on the bottom.

3.2. DNA Methylome Analysis Identifies Differences Between CM and MN and Indicates a
Distinct Biological Subtype of CM

To assess the general differences in the methylome structures of CM, MN, and skin
samples, a DMA analysis was performed and the dimensional reduction method UMAP
was applied. This method reduces the highly complex datasets down to two dimensions,
which can be plotted and viewed. Samples with a similar methylome are located near
each other, whereas distinct samples are separated into individual clusters [33]. In the
chosen approach, the samples are evaluated within a big data lake consisting of about
25,000 different tumor samples [34], and the coordinates of the relevant specimens are
extracted afterward. A depiction of the reduction can be seen in Supplementary Figure
S3. It resulted in three distinct groups of sample clusters (termed methylation clusters)
comprising all but one of the CM specimens (termed melanoma methylation cluster 1;
MMC1), MN samples (nevus methylation cluster; NMC), and healthy skin controls (skin
methylation cluster; SMC). One CM sample (in0597) was localized separately from the
other samples. This sample is of particular interest, as it shows a methylome structure
different from all other CM cases. Intriguingly, this sample is also the one described before,
harboring a distinct CNV pattern and TWT genetic status.

To see whether this result can be reproduced with additional samples, we searched
the Gene Expression Omnibus [12] for publicly available methylation datasets and found
a promising study published by Pradhan et al. in 2019 [4] focusing on the epigenetics of
ALM and other acral CMs. We processed those samples with our quality control pipeline
and analyzed the remaining 21 CM specimens and two MN samples with our cohort.
As shown in Figure 3, 17 of those specimens clustered together with our in0597 sample
and comprised a second methylation cluster (melanoma methylation cluster 2; MMC2)
separated from the MMC1 cluster. The UMAP coordinates used to produce the plot, as well
as the cluster designation of each individual sample, are provided in the Supplementary
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Data File. According to the available metadata, most of the samples located in MMC2 were
derived from primary ALM specimens; additionally, three samples classified as non-ALM
acral CM and two samples classified as CM were located in this cluster. The dataset also
added four samples of mixed histology to our MMC1 cluster and contained two acral MN
samples that co-clustered with the NMC cluster.

Figure 3. Methylation clusters determined by UMAP reduction analysis. Two-dimensional UMAP
reduction plot of all samples from the internal and external cohorts. Each dot represents the overall
methylome structure of one sample. UMAP reduction was performed on the EpiDip server together
with approximately 25,000 other cancer and normal samples. The coordinates of the specimens in this
study were subsequently extracted. The individual methylation clusters are classified as melanoma
methylation cluster 1 (MMC1; green), melanoma methylation cluster 2 (MMC2; magenta), nevus
methylation cluster (NMC; orange), and skin methylation cluster (SMC; blue).

We then used the data from both cohorts together to assess the DMPs and DMRs
between MMC1, MMC2, and NMC. For this, we used an analysis pipeline with group-
wise comparisons based on a protocol published by Maksimovic et al., 2016 [14]. This
approach identified 25.3% CpGs as significantly differentially methylated between MMC1
and NMC, 27% for MMC2 vs. NMC, and 23.9% for MMC1 vs. MMC2. A list of the top
100 significant DMPs for all three comparisons, with appropriate metadata, is provided in
the Supplementary Data File. While the comparison between MMC1 and NMC resulted in
DMPs with a high difference in methylation status, both comparisons with MMC2 showed
mainly CpGs with more or less intermediate (but nonetheless homogenous) methylation
status in one of the groups. This can be seen in Supplementary Figures S4–S6, which show
plots of the individual β-values of the top 10 significant CpGs in the two groups. The
phenomenon was also statistically confirmed by comparing the mean difference (delta) of
M-values for the top 100 CpGs from all contrasts by ANOVA and pairwise t-tests (adjusted
p-value < 0.001 for all comparisons; Figure 4).
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Figure 4. Median differences in M-values for pairwise DMA. The differences in the M-values of the
top 100 significant CpGs from each of the three comparisons during DMP analysis were calculated.
Their distributions are shown as Box-and-Whisker plots, with the box representing the median and
interquartile range (IQR), whiskers extending to 1.5-times the IQR, and circles indicating outliers.
Significance testing between the three comparisons was performed with ANOVA and pairwise t-tests,
with p-values adjusted using the Benjamini–Hochberg method. The three stars (***) depict that for all
three pairwise comparisons, the adjusted p-value was far below 0.001.

The comparison between MMC1 and NMC resulted in 597 significant DMRs, with a
medium size of 1350 bp (99–10,750 bp). The comparison between MMC2 and NMC resulted
in much fewer (63) DMRS, with a median size of 1307 bp (145–3026 bp). An intermediate
number of 128 DMRs, with a median size of 1255 bp (199–7186 bp), was called when
comparing MMC1 vs. MMC2. The top ten DMRs from each comparison were evaluated
with the UCSC genome browser [15] to identify overlapping gene transcription start sites
or regulatory DNA elements such as gene promoters or enhancers. The top DMRs of
MMC1 compared with the other two groups were quite similar and mostly encompassed
regulatory elements such as miRNA clusters (e.g., on chromosome 14), gene promoters, or
the PRAME gene on chromosome 22 (Table 2).

Table 2. Differentially methylated clusters. The top 10 hits for each comparison (MMC1 vs. NMC,
MMC2 vs. NMC, and MMC1 vs. MMC2) are shown. The regions are ordered according to their
significance (see Supplementary Data for more details). The last column shows the location of
overlapping gene transcription start sites and GeneHancer (double elite) promoter or enhancer
elements. Methylation status is depicted as + for hypermethylated and – for hypomethylated.

Location Range Length Meth. Status DNA Elements of Interest

MMC1 vs. NMC

chr2 223,163,573–223,172,329 8757 + CCDC140, PAX3
chr14 10,1505,130–101,515,879 10,750 − microRNA cluster
chr3 147,122,664–147,131,860 9197 + ZIC4, ZIC1, GH03J147407

chr14 101,487,756–101,493,252 5497 − microRNA cluster
chr2 200,328,645–200,336,146 7502 + ATB2, SAT2B, GH02J199454
chr6 29,520,527–29,521,803 1277 + OR2I1P, GH06J029552
chr22 22,898,356–22,902,665 4310 − PRAME
chr3 157,812,018–157,817,678 5661 + SHOX2, GH03J158097
chr6 31,650,735–31,651,676 942 + GH06J031682

chr14 60,972,853–60,978,852 6000 + SIX6
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Table 2. Cont.

Location Range Length Meth. Status DNA Elements of Interest

MMC2 vs. NMC

chr3 46,446,998–46,449,636 2639 − CCR5AS, CCRL2, GH03J046404
chr1 160,680,856–160,682,655 1800 − CD48, GH01J160703
chr1 233,248,709–233,249,314 606 − -

chr13 102,568,345–102,570,482 2138 − FGF14

MMC2 vs. NMC (continued)

chr2 176,963,315–176,965,729 2415 + HOXD12
chr1 203,320,190–203,321,087 898 − GH01J203319
chr14 61,108,227–61,110,649 2423 + SIX1, GH14J060640
chr18 53,068,921–53,070,851 1931 − TCF4, GH18J055398
chr11 2,846,681–2,848,492 1812 − GH11J002824
chr1 234,907,722–234,908,514 793 − GH01J234766

MMC1 vs. MMC2

chr14 101,487,756–101,493,252 5497 − microRNA cluster
chr2 166,649,910–166,651,571 1662 + GALTN3, GH02J165791

chr14 101,518,766–101,522,431 3666 − microRNA cluster
chr7 157,527,573–157,534,758 7186 − -
chr1 203,320,190–203,321,854 1665 + FMOD, GH01J203349

chr10 106,027,915–106,029,358 1444 + MIR4428, STO2, GSTO2, GH10J104267
chr12 120,241,287–120,242,513 1227 + GH12J119803
chr2 54,784,402–54,786,148 1747 + SPTBN1, GH02J05455
chr1 234,667,087–234,668,366 1280 + LINC01354, GH01J234527
chr1 91,300,215–91,302,117 1903 + LINC02609

4. Discussion

Our study investigated the genetic and epigenetic landscape of CM and MN. During
cohort selection, we specifically aimed to include as many CM cases with a TWT genotype
as possible to compare their genetic and epigenetic landscape to the more common MAPK-
mutated cases. As a result, the cohort does not reflect the typical distribution of CM
subtypes and locations but is enriched for acrally localized tumors, particularly ALM. The
main limitation of the cohort is the relatively small sample size, with 19 CM and 11 MN
cases. Although a larger number of samples (56 per entity) were initially collected, many
had to be excluded due to failing the strict quality and biological requirements for DNA
samples used for methylome analysis.

The majority of excluded samples had insufficient DNA yield or showed severe
degradation. This is largely due to the retrospective nature of the study, as many of the
archived FFPE tissue blocks were up to or over a decade old. Supplementary Figure S1
clearly illustrates that the excluded samples were significantly older than the samples
included in the final cohort. The bias toward larger, more advanced tumors also stems from
this issue, as these lesions usually provide higher DNA yields. Since fresh tissue generally
allows for better DNA quality, future studies should prioritize a multicenter approach
focusing on recently diagnosed patients rather than relying on retrospective recruitment
limited to only a few local centers.

Another major reason for sample exclusion was the general requirement for high
tumor cell content for methylome analysis [35]. To retain as many samples as possible
without compromising data integrity, we combined a bioinformatic estimation of tumor
purity with an assessment of whether samples clustered distinctly or not. Despite this
effort, our approach using the described methods was not able to fully resolve the in-
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herent bias towards samples with high tumor cell contents. CM subtypes with a less
dense growth pattern remained underrepresented in the final cohort. Future advances in
technology may help address this issue. Methods such as long-read sequencing [36] and
artificial intelligence-driven models (e.g., similar to the concept described by Yasumizu
et al., 2024 [37]) could enable the analysis of mixed tissues and samples with low tumor
cell content in the future, allowing for a more comprehensive view of CM heterogeneity.

The genetic findings in CM—both at molecular and cytogenomic levels—match the
described patterns in the literature. The distribution of driver mutations in our study is
admittedly slightly skewed compared to the frequencies reported in the literature [2,38].
However, this can be accounted for by the selection bias during the generation of the
cohort and the subsequent overrepresentation of cases with a TWT status. CM with one
of the three MAPK-activating driver mutations presented with a high mutational burden
combined with a heavily distorted genome structure with several or many extensive CNVs.
TWT-CMs, on the other hand, had lower mutational burden and a CNV profile shifting
towards more focal abnormalities. TERT promoter mutations are common alterations in
CM, found in approximately 70% of cases [29,39]. In our study, TERT promoter mutations
were highly common in MAPK-altered CM but much rarer in TWT cases. This is in
accordance with previous reports, which found that TERT promoter mutations are rare
events in acral CMs [40–42], which represent the majority of TWT cases in our study. The
differences between the two groups may be even more pronounced if one re-classifies
these cases into an MAPK-altered group with (rare) alterations in other MAPK-associated
genes such as MAP2K1 mutations [43], KIT alterations [44], BRAF gene fusions [45], or
other. However, as only a part of those alterations can be reliably detected with the utilized
methods, we decided to use the traditional definition established by The Cancer Genome
Atlas in 2015 [16]. MN showed—as expected—only a few mutations in addition to the
recognized driver mutations (mostly BRAF p.V600) and lacked both CNVs and TERT
promoter mutations.

Dimensional reduction of DMA resulted in a clear separation of CM and MN cases
into two methylation clusters. Within the CM cohort, no differences between CM with
MAPK-affecting driver mutations and cases with TWT status were found. This is similar
to the findings of Jurmeister et al., 2021 [46], who did not detect major differences in the
methylome structure when comparing mucosal melanoma (with a high frequency of cases
without MAPK driver mutation) and CM. The exception was one single sample, which
localized separately from all other CM specimens. This sample additionally showed a
unique genetic pattern, with a low mutational burden and only a few but focal CNV
abnormalities. Inclusion of an external dataset published by Pradhan et al., 2019 [4]
confirmed the existence of a second methylation cluster including this sample. In the
external cohort, a higher number of samples belonged to the MMC2 cluster compared to
our internal cohort. The majority of them were classified as ALM by the authors. However,
no further information about the single sample was provided; therefore, we were not
able to assess whether there is a distinct histological or molecular marker that connects
these cases.

An in-depth analysis of the three identified methylation clusters revealed extensive
differences between the three groups. The top DMRs of MMC1, in comparison to the
other two groups, were quite similar and mostly encompassed regulatory elements such
as miRNA clusters and gene promoters. When compared to NMC, one of the top hy-
pomethylated DMRs overlapped with the PRAME gene. As the full name “Preferentially
Expressed in Melanoma” indicates, this tumor marker is expressed in CM but only rarely
in MN [47].This is in accordance with the distinct hypomethylation of the gene region
detected in our study. Markers in other regions, such as the CCDC140/PAX3 region on
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chromosome 2, are in accordance with a previously published study by Conway et al.,
2022 [11]. Both comparisons involving MMC2 identified a high proportion of CpGs with
intermediate methylation levels.

Despite the relatively small cohort due to the high sample dropout rate, our study
demonstrates that DMA combined with dimensional reduction methods such as UMAP
can robustly distinguish CM from MN. However, all investigated lesions can be classi-
fied as benign or malignant using standard histology. The more intriguing question is
how borderline lesions, such as dysplastic, Spitz, or Reed nevi, behave in this approach
and whether their DNA methylation patterns contain information about malignant po-
tential. Furthermore, our study identified a possible new molecular CM subtype with a
distinct DNA methylation profile. Since most of these samples originated from an external
cohort without additional metadata, the commonality underlying this subtype remains
unclear. Larger studies focusing on uncommon melanocytic lesions are needed to address
this question.

In the future, DNA methylome analysis may be a promising tool for enhancing
diagnostic and prognostic accuracy in the clinical workup of melanocytic lesions. While
the results of this study should be interpreted with caution, they provide a solid basis for
further large, prospective, and independent studies to validate the clinical utility of the
potential epigenetic biomarkers identified here.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics15050531/s1, Figure S1: Comparison of FFPE block
age of included and excluded samples. (a) Box-and-Whiskers plot depicting the distribution of block
age (in years) of excluded/not included (blue) and included (green) BN samples. (b) Simultaneous
plot depicting the distribution of block age (in years) of excluded (violet) and included (mustard) CM
specimens. For both comparisons, the block age of excluded samples is significantly higher as deter-
mined by the Wilcoxon test (p-value: <0.001 for BN and p-value: 0.005 for CM); Figure S2: Biological
parameters of excluded and included samples. (a–c) Box-and-Whiskers plot showing tumor size,
Breslow’s depth, and cell vitality of excluded (violet) and included (mustard) CM samples. (d) Bar
plot of ulceration status of excluded (violet) and included (mustard) CM specimens. (e) Distribution
of excluded/not included (violet) and included (mustard) CM samples according to their tumor
stage depicted as bar plots; Figure S3: Methylation clusters determined by UMAP reduction analysis
of the internal cohort. Two-dimensional UMAP reduction plot of all samples. Each dot represents
the overall methylome structure of one sample. UMAP reduction was performed on the EpiDip
server together with approximately 25,000 other cancer and normal samples. The coordinates of the
specimens in this study were subsequently extracted. The individual methylation clusters are called
melanoma methylation cluster 1 (MMC1; green), melanoma methylation cluster 2 (MMC2; magenta),
nevus methylation cluster (NMC; orange), and skin methylation cluster (SMC; blue). Figures S4–S6:
Visualization of the top 20 differentially methylated CpGs in pairwise cluster comparisons. The
individual dots in each plot represent the β-value (0 = unmethylated; 1 = methylated) of each sample
in the respective groups; Table S1: Overview of the covered regions of the used custom sequencing
panel; Supplementary Data.
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Abstract: Background/Objectives: Facial lesions, including lentigo maligna and lentigo
maligna melanoma (LM/LMM), both malignant, present significant diagnostic challenges
due to their clinical similarity to benign conditions. Although standard dermoscopy is a
well-established tool for diagnosis, its inability to reveal cellular-level details highlights the
necessity of new magnified techniques. This study aimed to assess the role of standard der-
moscopy, high-magnification dermoscopy, and fluorescence-advanced videodermatoscopy
(FAV) in diagnosing LM/LMM and differentiating them from benign facial lesions. Meth-

ods: This retrospective, observational, multicenter study evaluated 85 patients with facial
skin lesions (including LM, LMM, basal-cell carcinoma, solar lentigo, seborrheic keratosis,
actinic keratosis, and nevi) who underwent dermatological examination for skin tumor
screening. Standard dermoscopy at 30× magnification (D30), high-magnification der-
moscopy at 150× magnification (D150), and FAV examination were performed. Dermo-
scopic images were retrospectively evaluated for the presence of fifteen 30× and twenty-one
150× dermoscopic features, and their frequency was calculated. To compare D30 with D150
and D150 with FAV, the Gwet AC1 concordance index and the correct classification rate
(CCR) were estimated. Results: Among 85 facial lesions analyzed, LM/LMM exhibited dis-
tinctive dermoscopic features at D30, including a blue–white veil (38.9% vs. 1.7%, p < 0.001),
regression structures (55.6% vs. 21.7%, p = 0.013), irregular dots or globules (50.0% vs. 10%,
p = 0.001), angulated lines (72.2% vs. 6.7%, p < 0.001), an annular granular pattern (61.1% vs.
20%, p = 0.002), asymmetrical pigmented follicular openings (100.0% vs. 21.7%; p < 0.001),
and follicular obliteration (27.8% vs. 3.3%). At D150, roundish melanocytes (87.5% vs.
18.2%, p < 0.001) and melanophages (43.8% vs. 14.5%, p = 0.019) were predominant. FAV
examination identified large dendritic cells, isolated melanocytes, and free melanin in
LM/LMM (all p < 0.001) with high concordance to D150. Conclusions: Integrating D30,
D150, and FAV into clinical practice may enhance diagnostic precision for facial lesions
by combining macroscopic and cellular insights, thereby reducing unnecessary biopsies.
However, future studies are essential to confirm these results.

Keywords: dermoscopy; high magnification; FAV; melanocyte; lentigo maligna; melanoma

1. Introduction

Diagnosing pigmented skin lesions on the face is challenging for dermatologists,
mainly because of the clinical overlap between benign and malignant conditions [1]. In
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fact, typical lesions of photo-aged skin, such as solar lentigo (SL), seborrheic keratosis (SK),
and actinic keratosis (AK), especially in pigmented forms, frequently mimic melanocytic
lesions, complicating diagnosis [2]. Lentigo maligna (LM) and lentigo maligna melanoma
(LMM) are slow-growing tumors that primarily affect white elderly individuals, typically
developing on chronically sun-exposed areas of the head and neck. LM refers to in situ
lesions, while invasive forms are classified as LMM [3]. These tumors usually present
as irregularly pigmented macules and can often grow to a significant size before being
detected [3].

Standard dermoscopy with magnifications up to 30× (D30) is a widely recognized
tool that enhances diagnostic accuracy for skin tumors. Indeed, the use of criteria based on
distinct patterns and structures in both melanocytic and non-melanocytic lesions signifi-
cantly improves diagnostic precision [4]. This technique is especially valuable for reducing
unnecessary biopsies, especially in the facial areas.

The unique characteristics of facial skin, such as thin epidermis and high exposure
to sunlight, contribute to the diverse dermoscopic patterns observed. Benign lesions,
including SK or SL, often display features such as milia-like cysts or comedo-like openings,
whereas AK commonly presents with a pseudonetwork pattern and a strawberry-like
appearance [5]. In contrast, dermoscopic criteria to identify LM and LMM include dots,
gray globules, asymmetric follicular openings, rhomboidal structures, and pigmentation
surrounding hair follicles up to follicular obliteration [3,6]. Despite these diagnostic clues,
differentiating between benign and malignant lesions on the face is still challenging due
to overlapping features and subtle presentations. This highlights the need for further
advancements in dermoscopic techniques, such as magnified dermoscopy, to improve the
diagnostic accuracy of those lesions.

The advent of high-magnification videodermoscopy with magnification up to 150×
(D150) has significantly enhanced diagnostic capabilities by providing unprecedented
detail, enabling the visualization and differentiation of individual pigmented cells, such
as keratinocytes and melanocytes, particularly in cases where standard magnification is
insufficient to identify critical diagnostic features, thereby offering a more precise evaluation
of complex lesions [7,8].

Fluorescence-advanced videodermoscopy (FAV) has also emerged as a new technique
for the non-invasive, rapid, and dynamic examination of superficial skin structures at
cellular-level resolution [9]. By using the fluorescence emitted by endogenous molecules
upon absorption at specific wavelengths, FAV enables in vivo imaging through direct
application to the skin. This method facilitates real-time scanning across various skin
depths, presenting grayscale images in which the fluorescence intensity ranges from black
to white [9]. Although previous studies have highlighted the potential of FAV for improv-
ing the diagnostic accuracy of flat pigmented facial lesions, research on this emerging
technique remains limited, with only a few studies conducted to date [10]. Moreover,
comparative studies between FAV and high-magnification dermoscopy are scarce, un-
derscoring the need for more comprehensive research to clarify their respective roles in
dermatological diagnostics.

Against this background, we evaluated the diagnostic value of high-magnification
dermoscopy for pigmented facial lesions by comparing its findings with those of traditional
dermoscopy. In addition, we investigated whether higher magnification could uncover
previously undetectable structures, thereby aiding in the differentiation of LM, LMM,
and benign facial lesions. Finally, FAV was used to analyze facial lesions, and its find-
ings were compared with those of high-magnification dermoscopy to further explore its
diagnostic utility.
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2. Materials and Methods

We conducted an observational and retrospective study between November 2023 and
June 2024 on non-consecutive patients who underwent dermatological examination for skin
tumor screening at the Dermatology Department of the University Hospital of Siena, Italy.

This study enrolled patients presenting with facial lesions that, based on the evalu-
ation of an expert dermatologist (E.C.), required either removal or 12-month follow-up
due to atypical clinical or dermoscopic features. The following lesions were included:
LM, LMM, basal-cell carcinoma (BCC), SL, SK, AK, pigmented AK (PAK), lichenoid
keratosis (LK), and nevi.

Double-magnification, polarized light videodermatoscopy images were captured at
30× and 150× magnification using Horus System HS600® (Adamo Srl., Trapani, Italy).
Specialists in skin imaging (E.C. and F.F.), acquired at least 5 images for each lesion. In
addition, in some cases, advanced fluorescence videodermatoscopy (Horus® handled
probe, Adamo Srl.) at 500× magnification was performed.

Images at 150× magnification were captured from the most characteristic areas identi-
fied at 30× magnification by rotating the ring on the videodermoscope probe, allowing for
real-time zooming into the details of the 30× images. FAV images were obtained using a
separate probe connected to the same computer system as the 30×/150× probe. The field
of view has a diameter of 8 mm, 1.7 mm, and 0.34 mm for 30×, 150×, and FAV, respectively.

According to the current literature, the following dermoscopic patterns were assessed
for 30× evaluation: blue–white veil, atypical vascular pattern, regression structures, irreg-
ular blotches, irregular dots or globules, white and wide follicular opening, reticular or
parallel brown lines, sharply demarcated borders, milia-like cysts or comedo-like openings,
erythematous pseudonetwork pattern, pseudonetwork pattern, angulated lines (which
include polygons or rhomboids or a zig-zag pattern), annular granular pattern or gray
circles, asymmetrical pigmented follicular openings, and follicular obliteration [11,12].

For high magnification, we considered the following variables identified in our
previous studies: the presence of pigmented cells (keratinocytes, roundish or dendritic
melanocytes, melanophages) and their features (distribution, size, or shape regularity);
dots (round pigmented areas smaller than a cell); nests of cells (roundish pigmented areas
formed by >1 cell); structureless areas that do not follow the DEJ architecture; vessels
and their shape (linear, glomerular, arborizing, dilated inside the dermal papilla, or ir-
regular); hyperkeratotic, roundish, concentric structures; pigmented network delimiting
well-defined dermal papillae (edged papillae) or undefined dermal papillae (nonedged
papillae, not delimited by single cells); and keratin plug inside hair follicle, multiple shades
of brown, out-of-focus purple-bluish structureless area, and folliculotrophism [13].

Finally, we identified the following terms to describe the parameters observed with
FAV: small, pigmented cells, large isolated cells with clearly visible sharp borders, large
isolated dendritic cells, and free melanin [10].

For all selected cases, a correlation between 30× and 150× and between 150× and
FAV features was performed. The images were evaluated by a group of three expert
dermatologists (L.B., M.D., and F.F.), who were blinded to the histological diagnoses.

Descriptive statistics included the mean and standard deviation (SD) for quantitative
variables, whereas frequency and percentage were reported for categorical variables. To
compare D30 with D150 and D150 with FAV, the Gwet AC1 concordance index and the
correct classification rate (CCR) were estimated. p < 0.05 was considered statistically
significant. All analyses were performed using R software version 4.1.0 (R Foundation for
Statistical 100 Computing, Vienna, Austria).
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3. Results

A total of 85 patients were included in this study, with a mean age (SD) at diagnosis of
64.24 (13.04) years (Table 1). Most of the patients were female (55.3%). All pigmented lesions
were located on the face, with the cheeks being the most affected site (35.3%), followed
by the nose (23.6%), forehead (16.5%), and scalp (13%). Less frequent locations included
the eyelids, which were involved in five cases, the neck in three cases, and the ears and
chin, with each contributing one case. Overall, histological examination was performed in
47 patients (55.3%). Among benign lesions, LS was the most frequently identified subtype,
observed in 24 cases (28.2%), followed by SK (10.6%), PAK (9.4%), nevi (9.4%), and AK
(8.2%). LM and LMM were identified in 14 and 4 patients, respectively.

Table 1. Clinical and histological characteristics of facial lesions in our study population.

Overall
n = 85
n (%)

Female 47 (55.3)
Age at diagnosis, mean (SD) 64.24 (13.04)
Specific areas involved

Cheeks 30 (35.3)
Nose 20 (23.6)
Forehead 14 (16.5)
Scalp 11 (13)
Eyelids 5 (5.9)
Neck 3 (3.5)
Ears 1 (1.2)
Chin 1(1.2)

Histological examination 47 (55.3)
Lesion subtypes

SL 24 (28.2)
LM 14 (16.5)
SK 9 (10.6)
Naevus 8 (9.4)
PAK 8 (9.4)
AK 7 (8.2)
BCC 7 (8.2)
KL 4 (4.7)
LMM 4 (4.7)

Legend: AK, actinic keratosis; BCC, basal-cell carcinoma; KL, lichenoid keratosis; LM, lentigo maligna; LMM,
lentigo maligna melanoma; SL, solar lentigo; PAK, pigmented actinic keratosis; SK, seborrheic keratosis.

3.1. Dermoscopy at 30× Magnification

The D30 features are listed in Table 2.
Concerning malignant benchmarks, the blue–white veil (38.9% vs. 1.7%, p < 0.001),

regression structures (55.6% vs. 21.7%, p = 0.013), irregular dots or globules (50.0% vs.
10%, p = 0.001), angulated lines (72.2% vs. 6.7%, p < 0.001), annular granular pattern
(61.1% vs. 20%, p = 0.002), asymmetrical pigmented follicular openings (100.0% vs. 21.7%;
p < 0.001), and follicular obliteration (27.8% vs. 3.3%) were more commonly observed in LM
or LMM lesions compared to other skin lesions. As for white and wide follicular openings
(76.7% vs. 27.8%, <0.001), reticular or parallel brown lines (38.3% vs. 0%, p = 0.005), and
pseudonetwork pattern (56.7% vs. 0%, p < 0.001), these patterns were primarily observed
in non-LM/LMM lesions.
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Table 2. Dermoscopy features of facial lesions at 30× magnification.

Other *
N = 60
n (%)

LM or LMM
N = 18
n (%)

p

White and wide follicular opening 46 (76.7) 5 (27.8) <0.001
Reticular or parallel brown lines 23 (38.3) 0 (0.0) 0.005
Sharply demarcated borders 30 (50.0) 5 (27.8) 0.164
Milia-like cysts or comedo-like openings 4 (6.7) 0 (0.0) 0.606
Blue–white veil 1 (1.7) 7 (38.9) <0.001
Atypical vascular pattern 1 (1.7) 1 (5.6) 0.948
Regression structures 13 (21.7) 10 (55.6) 0.013
Blotches irregularly distributed 2 (3.3) 1 (5.6) 1.000
Irregular dots or globules 6 (10.0) 9 (50.0) 0.001
Erythematous pseudonetwork pattern 8 (13.3) 4 (22.2) 0.586
Pseudonetwork pattern 34 (56.7) 0 (0.0) <0.001
Angulated lines 4 (6.7) 13 (72.2) <0.001
Annular granular pattern or gray circles 12 (20.0) 11 (61.1) 0.002
Asymmetrical pigmented follicular openings 13 (21.7) 18 (100.0) <0.001
Follicular obliteration 2 (3.3) 5 (27.8) 0.007

Legend: * this group included actinic keratosis; lichenoid keratosis; solar lentigo; pigmented actinic keratosis, and
seborrheic keratosis. LM, lentigo maligna; LMM, lentigo maligna melanoma.

3.2. Dermoscopy at 150× Magnification

The D150 features are presented in Table 3.
Keratinocytes (100% vs. 71.4%, p = 0.005) and regular cell distribution (65.5% vs. 14.3%,

p = 0.038) were significantly more common in other facial lesions than BCC. Roundish
melanocytes were more indicative of LM/LMM, compared to non-LM/LMM lesions
(p < 0.001). Similarly, dendritic melanocytes (43.8% vs. 14.5%, p = 0.019), melanophages
(43.8% vs. 14.5%, p = 0.019), pigmentation without edged papillae (93.8% vs. 40%, p < 0.001),
multiple shades of brown (81.2% vs. 23.6%, p < 0.001), and out-of-focus purple-bluish
structureless areas (37.5% vs. 5.5%, p = 0.001) were present in LM/LMM lesions compared
to other facial lesions (Figure 1).

 
Figure 1. A lentigo maligna at 30× (A) and 150× (B) magnification. The 30× magnification
dermoscopy (A) reveals asymmetrical pigmented follicular openings and annular granular pat-
tern. The 150× magnification dermoscopy (B) shows a network without well-defined dermal
papillae and the presence of large, irregular (in size and shape) roundish (red arrow) cells,
corresponding to melanocytes.
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Conversely, pigmentation with edged papillae was more indicative of non-LM/LMM
than LM/LMM lesions (50.9% vs. 18.8%, p = 0.005) (Figure 2). Finally, vessel shape showed
significant differences, being predominant in BCC lesions (71.4%), compared to other
lesions (27.3% and 25%, non-LM/LMM and LM/LMM, respectively).

Table 3. Dermoscopy features of facial lesions at 150× magnification.

BCC
N = 7
n (%)

Other *
N = 55
n (%)

LM or LMM
N = 16
n (%)

p

Cell presence 6 (85.7) 55 (100.0) 16 (100.0) 0.090

Cell type

Keratinocytes 5 (71.4) 55 (100.0) 15 (93.8) 0.005 a

Roundish melanocytes 1 (14.3) 10 (18.2) 14 (87.5) <0.001 b,c

Dendritic melanocytes - 8 (14.5) 7 (43.8) 0.019

Melanophages - 8 (14.5) 7 (43.8) 0.019

Cell irregularity in shape and size 3 (42.9) 12 (21.8) 13 (81.2) <0.001 c

Cell distribution

Regular cell distribution 1 (14.3) 36 (65.5) 9 (56.2) 0.038 a

Roundish nests 1 (14.3) 5 (9.1) 0 (0.0) 0.362

Dots 3 (42.9) 12 (21.8) 7 (43.8) 0.132

Structureless area that do not
follow DEJ architecture 1 (14.3) 7 (12.7) 4 (25.0) 0.458

Vessels 5 (71.4) 15 (27.3) 4 (25.0) 0.065

Vessel shape <0.001

No vessels 1 (14.3) 41 (74.5) 12 (75.0)

Linear - 9 (16.4) 4 (25.0)

Arborizing 6 (85.7) 3 (5.5) -

Polymorphous - 2 (3.6) -

Out of focus purple-bluish,
structureless areas 3 (42.9) 3 (5.5) 6 (37.5) 0.001 a,c

Multiple shades of brown 2 (28.6) 13 (23.6) 13 (81.2) <0.001 b,c

Hyperkeratotic roundish
concentric areas - 8 (14.5) 1 (6.2) 0.608

Pigmentation with edged papillae - 28 (50.9) 3 (18.8) 0.005 c

Pigmentation without
edged papillae 5 (71.4) 22 (40.0) 15 (93.8) <0.001 c

Keratin plugs inside hair follicles 1 (14.3) 10 (18.2) - 0.172
Legend: * this group included actinic keratosis, lichenoid keratosis, solar lentigo, pigmented actinic keratosis, and
seborrheic keratosis (SK). LM, lentigo maligna; LMM, lentigo maligna melanoma. (a) BCC significantly different
from others, (b) BCC significantly different from LM/LMM, (c) others significantly different from LM/LMM.
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Figure 2. Fluorescence-advanced videodermoscopy of a lentigo maligna (A–C). FAV (A,C) shows
large isolated cells with clearly visible sharp borders (red arrow) and (C) isolated dendritic cells
(yellow arrow) corresponding to malignant melanocytes.

3.3. Dermoscopy at 30× Compared with 150× Magnification

The agreement between D30× and D150× magnifications was generally moderate
to good across all parameters evaluated (all p < 0.001) (Table 4). However, significant
differences in the prevalence of features were observed between D150× and D30×. These
included roundish or dendritic melanocytes and angulated lines (41% vs. 20%, p = 0.006),
roundish or dendritic melanocytes and follicular obliteration (41% vs. 8.2%, p < 0.001),
melanophages and follicular obliteration (19.2% vs. 8.2%, p = 0.010), cell irregularity in
morphology and follicular obliteration (35.9% vs. 8.2%, p < 0.001), and folliculotropism
with asymmetrical pigmented follicular openings (15.4% vs. 8.2%, p = 0.001).

3.4. Fluorescence-Advanced Videodermatoscopy Imaging

Large isolated cells with clearly visible sharp borders (93.8% vs. 2.4%, p < 0.001),
large isolated dendritic cells (68.8% vs. 9.5%, p < 0.001), and free melanin (93.8% vs. 8.1%,
p < 0.01) were mainly observed in skin lesions diagnosed as LM/LMM lesions compared
to other lesions (Table 5) (Figures 2 and 3).

Overall, the prevalence of D150 and FAV features assumed was consistent across
the two techniques (all p > 0.05), with a strong concordance between the two methods
(p < 0.001), although a slightly lower agreement was noted for dendritic melanocytes and
large isolated cells (Gwet AC1: 0.50) (Table 6).
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Table 5. Fluorescence-advanced videodermatoscopy features of facial lesions.

Other *
N = 42
n (%)

LM/LMM
N = 16
n (%)

p

Small pigmented cells with sharp borders 38 (90.5) 16 (100.0) 0.484

Large isolated cells with clearly visible
sharp borders 1 (2.4) 15 (93.8) <0.001

Large isolated dendritic cells 4 (9.5) 11 (68.8) <0.001

Free melanin 16 (8.1) 15 (93.8) <0.001
Legend: * this group included actinic keratosis, basal-cell carcinoma, lichenoid keratosis, solar lentigo, pigmented
actinic keratosis, and seborrheic keratosis.

Figure 3. Fluorescence-advanced videodermoscopy of a solar lentigo (A–D). FAV (A) shows interfol-
licular arrangement of the pigmented cell with follicle sparing corresponding to keratinocytes (red
arrow) and (B–D) pseudo-tubular formations (red asterisks).

Table 6. Relative frequencies and agreement between D150 and FAV.

Agreement Accuracy Prevalence

150× FAV Gwet AC1 p p Prevalence
150× Prevalence FAV p

Keratinocytes Small pigmented cells with
sharp borders 0.86 <0.001 0.88 96.1% 93.7% 0.772

Roundish
melanocytes

Large isolated cells with clearly
visible sharp borders 0.70 <0.001 0.82 32.1% 25.4% 0.497

Dendritic
melanocytes Large isolated dendritic cells 0.50 0.001 0.68 19.2% 23.8% 0.650

4. Discussion

This study provides a comprehensive evaluation of standard dermoscopy, high-
magnification dermoscopy, and FAV in diagnosing pigmented lesions, emphasizing their
complementary contributions to enhancing diagnostic accuracy for LM/LMM and their
benign mimics.
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As expected, conventional dermoscopy at D30 magnification is a reliable tool for
detecting the distinctive features of both malignant and benign lesions, which is consistent
with previous findings in the existing literature [14]. According to our results, LM/LMM
lesions exhibited the well-documented dermoscopic criteria for malignancy compared to
benign lesions, including blue–white veil (38.9% vs. 1.7%, p < 0.001), regression structures
(55.6% vs. 21.7%, p = 0.013), irregular dots or globules (50.0% vs. 10%, p = 0.001), angulated
lines (72.2% vs. 6.7%, p < 0.001), annular granular pattern (61.1% vs. 20%, p = 0.002),
asymmetrical pigmented follicular openings (100.0% vs. 21.7%; p < 0.001) and follicular
obliteration (27.8% vs. 3.3%). On the other hand, benign benchmarks, including white and
wide follicular openings (76.7% vs. 27.8%, <0.001), reticular or parallel brown lines (38.3%
vs. 0%, p = 0.005), and pseudonetwork pattern (56.7% vs. 0%, p < 0.001), were mainly
present in non-LM/LMM lesions.

Although conventional dermoscopy is an essential tool for diagnosing LM/LMM, its
ability to reveal cellular and subcellular details remains inherently limited. This limitation
highlights the value of complementary magnified techniques, which enable cellular-level
visualization and help bridge the gap between traditional imaging and histopathology [15].
These advanced methods offer a promising opportunity to correlate dermoscopic findings
with histopathological findings, thereby enhancing diagnostic precision (Figures 4 and 5).

In this context, the Horus videodermoscope allows for real-time zoom into a selected
area of a conventional dermoscopy image at 30× magnification, providing highly magnified
images with cytological detail. This approach mirrors the histopathological process, where
an initial examination is conducted at a lower magnification, followed by a closer inspection
of specific areas at higher magnification to observe finer details (Figure 6).

Consistent with previous studies on the use of magnified dermoscopy for eval-
uating facial lesions [16], our findings demonstrated that features such as roundish
melanocytes (87.5% vs. 18.2%, p < 0.001), dendritic melanocytes (43.8% vs. 14.5%, p = 0.019),
melanophages (43.8% vs. 14.5%, p = 0.019), pigmentation without edged papillae (93.8% vs.
40%, p < 0.001), multiple shades of brown (81.2% vs. 23.6%, p < 0.001), and out-of-focus
purple-bluish structureless areas (37.5% vs. 5.5%, p = 0.001) observed at D150× were
significantly more common in LM/LMM compared with other lesions (Figure 7).

Figure 4. Dermoscopy at 150× magnification (A), fluorescence-advanced videodermoscopy, (B) and
histological image (C) of a lentigo maligna melanoma. Dermoscopy at 150× magnification (A) reveals
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melanocytes and melanocytic invasion of a hair follicle (red arrow). FAV (B) reveals pigmented
cells that are irregular in shape and size and correspond to malignant melanocytes (yellow arrow).
Histological image (C) shows a proliferation of intraepidermal melanocytes overlying solar elastosis
(green arrow). Hematoxylin and eosin; original magnification 20×.

Figure 5. Dermoscopy at 150× magnification (A), fluorescence-advanced videodermoscopy, (B) and
histological image (C) of a lentigo maligna melanoma. Dermoscopy at 150× magnification (A) reveals
melanocytes and melanocytic invasion of a hair follicle (red arrow). FAV (B) reveals pigmented
cells that are irregular in shape and size and correspond to malignant melanocytes (yellow arrow).
Histological image (C) shows a proliferation of intraepidermal melanocytes with irregular distribution
of nests (green arrow). Hematoxylin and eosin; original magnification 20×.

Notably, a pilot study by Cinotti et al. [17] demonstrated that images acquired with
a videodermoscope offering similar magnification (D400 or super-high magnification
dermoscopy, Fotofinder Medicam 1000, Bad Birnbach, Germany) can assist in the non-
invasive diagnosis of MM by visualizing individual pigmented cells [17]. However, unlike
the Fotofinder system, the Horus device offers a significant advantage because operators
can acquire magnified dermoscopy images simply by rotating a ring on the probe to zoom
in on the area of interest without changing the final lens.

Regarding vascular structures, our analysis revealed significant differences at D150,
with vessels being more prevalent in BCC lesions (71.4%) compared with AK/LS (27.3%)
and LM/LMM (25%). Notably, BCC lesions predominantly exhibited arborizing vessels
(85.7%). The dermoscopic diagnosis of BCC largely depends on the absence of a pigment
network and the identification of one or more of six key dermoscopic criteria, including
arborizing telangiectasia [18]. In this context, magnified dermoscopy has the potential to
visualize vascular structures with unprecedented clarity, and it is particularly valuable
when characteristic pigmented features are absent in standard dermoscopy.

As shown in Table 4, our comparative analysis of conventional and magnified der-
moscopy parameters revealed moderate to good agreement for most of the evaluated
features, with concordance levels ranging from 0.432 to 0.871. These findings suggest that
the two techniques are not entirely concordant. A distinctive, albeit not entirely specific, fea-
ture of LM/LMM is the invasion of follicular structures, which can be indirectly observed as
pigmentation surrounding hair follicles [19]. At the cellular level, this phenomenon is likely
explained by the migration of melanocytes and melanophages into follicular structures as
the lesion progresses [19]. These cellular elements, as previously mentioned, can be directly
visualized using D150 dermoscopy.
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Figure 6. Dermoscopy at 30× (A) and 150× (B,C) magnification and histological images (D,E) of
a solar lentigo. Dermoscopy at 30× magnification (A) reveals white and wide follicular openings.
Dermoscopy at 150× magnification (B,C) shows round keratinocytes with a pseudo-tubular distri-
bution (red arrows) around the follicular openings. Histological images (D,E) reveal atypia of basal
keratinocytes with loss of polarization and intense solar elastosis. Hematoxylin and eosin; original
magnification 10× (D), and 20× (E).

 

Figure 7. Dermoscopy at 30× (A) and 150× (B) magnification and fluorescence-advanced video-
dermoscopy of a lentigo maligna. Dermoscopy at 30× magnification (A) reveals asymmetrical pig-
mented follicular openings and follicular obliteration. Dermoscopy at 150× magnification (B) shows
melanocytes and melanocytic invasion of a hair follicle (yellow arrow). FAV (C) shows pigmented
cells that are irregular in shape and size and correspond to malignant melanocytes (red arrow).

In our analysis, the differences in the prevalence of analyzed parameters, such as
melanophages at D150 (19.2%) and follicular obliteration at D30 (8.2%), confirm that the
two techniques, due to their differing levels of magnification, provide different details
of the lesion. However, the high level of concordance (Gwet AC1 0.749, p < 0.001) in-
dicates that in cases where follicular obliteration was identified at 30× magnification,
melanophages were consistently visible at 150× magnification. This synergistic relation-
ship enhances diagnostic specificity for facial lesions, highlighting the added value of
integrating both approaches and emphasizing the importance of employing both meth-
ods for comprehensive evaluation. Furthermore, these findings underscore the utility of
high-magnification imaging for identifying diagnostic features that remain undetectable in
conventional dermoscopy alone.
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Similarly to D150, FAV is an innovative non-invasive imaging technique that combines
videodermoscopy with information derived from the autofluorescence of skin molecules
such as hemoglobin and melanin, enabling the visualization of pigmented keratinocytes
and melanocytes [9]. Recently, Scrafì et al. [10] analyzed 21 consecutive suspected facial
lesions, including LM, LMM, SL, SK, and PAK, and concluded that FAV features offer an
enhanced diagnostic approach for differentiating flat pigmented facial lesions.

Our results further confirmed the diagnostic potential of FAV for identifying malignant
features. Specifically, we observed that large, isolated cells with sharp, well-defined borders,
large dendritic cells, and free melanin were significantly more prevalent in LM/LMM than
in other lesions (all p < 0.001). Notably, the high concordance between FAV and D150 in our
study suggested that FAV could serve as a reliable alternative to D150 in clinical practice
(Table 6).

The current study highlights the importance of integrating traditional and magnified
dermoscopy techniques to achieve a more comprehensive understanding of facial lesions.

The ability of D150 and FAV to reveal cellular details that are not detectable with D30
may offer valuable insights into the histopathological correlates of dermoscopic features,
ultimately enhancing diagnostic accuracy and informing clinical decision making. Notably,
the features observed at 30× magnification often differ from those seen at 150×, with each
level offering unique advantages. While 150× magnification enables the visualization
of fine cytological details, 30× magnification provides a broader perspective, allowing
for a clearer assessment of pigmentation patterns of the skin. Moreover, the observed
concordance between the modalities underscores the potential of these techniques to
complement each other, providing unique diagnostic information.

However, our study has some limitations. First, the acquisition of D150 and FAV
images was operator-dependent, potentially introducing variability in the selection of areas
for examination. Second, the image interpretation was retrospective. Finally, this study did
not assess correlations between histopathological images.

5. Conclusions

Integrating D30, D150, and FAV into routine clinical practice may improve the diagno-
sis of facial lesions and minimize unnecessary biopsies. Moreover, a deeper understanding
of these techniques could bridge the gap between dermoscopy and histology, advancing
the field of dermoscopic imaging. Nevertheless, further research is required in this field.
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Abstract: Background/Objectives: This study aims to evaluate whether the presence of
isolated tumor cells (ITCs) correlates with specific stages of cutaneous melanoma, poten-
tially shedding light on their prognostic significance and the paradoxical survival outcomes
in stage IIIA. Methods: This study analyzed cases of sentinel lymph node biopsies for cuta-
neous melanoma between 2021 and 2023. It included patients with CM diagnoses, available
histological slides, and clinical information about the neoplasia stage. The correlation
between the primary tumor stage and the presence of isolated tumor cells was statistically
analyzed. Results: This study analyzed 462 sentinel lymph node biopsies, revealing 77.1%
negative cases and 22.9% positive cases. Isolated tumor cells were observed in 24 cases
(5.2%), most commonly in the early stages (e.g., pT1b and pT2a). Statistical analysis con-
firmed a significant correlation between ITC presence and early-stage neoplasms (p = 0.014).
Conclusions: Although ITCs prompt upstaging, their prognostic impact appears limited,
especially in thin melanomas, where survival aligns more closely with stage IB than stage
IIIA. This aligns with findings from breast cancer studies where ITCs are not equated to
metastases in staging due to their minimal impact on prognosis. Current melanoma staging
practices could benefit from differentiating ITCs from larger metastatic deposits to better
reflect the actual metastatic burden and guide treatment decisions.
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1. Introduction

Cutaneous melanoma (CM) is currently the fifth most prevalent malignancy and one
of the cancers with the greatest incidence increase over the past 50 years [1]. According
to the latest SEER data, there were an estimated 100,640 new cases of CM in 2024 in the
United States, accounting for 5.0% of all new cancer cases [2]. CM staging is the primary
prognostic factor for this cancer, encompassing Breslow thickness, ulceration, and the
presence of lymph node metastases and distant metastases. The management of the patient,
therefore, primarily depends on the stage of the cancer. According to the AJJC 8th edition,
11 stage classes are defined, including 0, IA, IB, IIA, IIB, IIC, IIIA, IIIB, IIIC, IIID, and IV.
Mortality strictly depends on stage, and the 5-year relative survival rates for localized
(stages 0, I, and II), regional (stage III), and metastatic (stage IV) CMs are >99%, 74%, and
35%, respectively [3]. Although staging is the most important tool for predicting patient
prognosis and consequently making appropriate clinical decisions, there seems to be a
discrepancy in the current staging system when assessing prognosis: The survival rate
for patients in stage IIIA is paradoxically higher than that for patients in a lower stage,
specifically stage IIC [4,5]. Thus, patients with a high Breslow thickness and no lymph node
metastases (stage IIC) have a worse prognosis compared to those with a lower Breslow
thickness but with lymph node metastases (stage IIIA). Indeed, the 5-year disease-specific
survival (DSS) rates for stages IIIA and IIC are 93% and 82%, respectively [6].

Sentinel node biopsy (SNB) is indicated for all cases ranging from pT1b to pT4b and
currently serves a primarily prognostic and staging role [7]. The histological examination
of the sentinel lymph node is widely based on the protocol by Cook et al., based on the
examination of multiple sections at various depths, stained with hematoxylin and eosin
and complemented by immunohistochemistry [8]. This extensive examination of the lymph
node parenchyma is highly sensitive and can even detect isolated tumor cells (ITCs) [8].
Notably, when evaluating a sentinel lymph node biopsy (SNB), the lymph node should be
considered positive for metastasis even if only a few ITCs are present [9]. This assessment
applies specifically to CM, whereas for other neoplasms, such as breast carcinoma, ITCs
are not considered prognostically significant; therefore, their presence is not an indication
that the lymph node is metastatic. Recent evidence suggests that ITCs also do not have a
significant prognostic impact in thin melanomas [10]. So, it can be hypothesized that the
paradoxically favorable outcome of stage IIIA may be due to the presence of cases of thin
melanoma where only isolated cells are found in the sentinel lymph node.

The aim of this study is to examine a series of sentinel lymph nodes analyzed between
2021 and 2023 in order to investigate the frequency of ITCs in SNBs and whether they
correlate with a specific stage of the neoplasm.

2. Materials and Methods

All cases of SNBs for CM managed at the University “Luigi Vanvitelli” Hospital
(Naples, Italy) from 1 January 2021 to 31 December 2023 were obtained from the archives
of the Pathology Unit. The inclusion criteria were as follows: (1) SNB performed for the
diagnosis of CM; (2) availability of corresponding histological slides; and (3) availability
of clinical information regarding the stage of the neoplasm. Written informed consent,
including permission to utilize the diagnostic data for scientific purposes, was obtained
from each patient. This study was conducted according to the guidelines of the Declaration
of Helsinki and approved by the ethics committee of “Vanvitelli” University (protocol code
282; approval date 6 October 2020).

All cases of sentinel lymph nodes included in this study were processed according
to the protocol defined by Cook et al. [8]. For the immunohistochemical staining, we
substituted SOX10 for S100, as previously proposed by several authors, because of its
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higher specificity and equal sensitivity [11–14]. Immunohistochemistry was performed on
4 μm thick formalin-fixed and paraffin-embedded (FFPE) slices using a fully automatized
assay on the Ventana® Benchmark XT platform (Ventana-Roche Diagnostics, Meylan,
France). The procedure was performed according to the manufacturer’s instructions.

All histological slides were retrieved from the archives, including both hematoxylin
and eosin-stained slides and immunostained slides. Expert pathologists reviewed all the
slides, assessing the presence or absence of metastases and the quantity of tumor present in
the lymph node (single cells vs. metastatic aggregates).

Data on SNBs performed at our institution during the period 2019–2020, prior to the
implementation of the protocol established by Cook et al., were retrieved from institutional
archives. This retrospective analysis aimed to compare the frequency of ITCs between these
cases and the samples under investigation.

The statistical correlation between the stage of the primary neoplasm and the presence
of ITCs in the SNB was assessed using Spearman’s correlation, employing “IBM SPSS
Statistics version 27” software. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Clinicopathological Features

The series included 462 patients affected by CM and submitted for SNBs. The clinico-
pathological features of the series are detailed in Table 1.

Table 1. Clinicopathological features.

Stage N %

pT1b 112 24.2
pT2a 131 28.4
pT2b 34 7.4
pT3a 52 11.3
pT3b 54 11.7
pT4a 24 5.2
pT4b 55 11.8

Histological type N %

SSM 342 74.0
NM 105 22.7

Other 15 3.3

Location N %

H/N 98 21.2
Trunk 174 37.7

Upper limb 78 16.9
Lower limb 112 24.2

Abbreviations: N: number; SSM: superficial spreading melanoma; NM: nodular melanoma; H/N: head and neck.

Overall, 356 (77.1%) cases were negative and 106 (22.9%) cases were positive, indicating
the presence of neoplasia.

Regarding the stage of the neoplasm, 112 cases were classified as pT1b; of these, in
6 cases, the SNBs (5.4%) were positive for neoplasia, while in the remaining 106 (94.6%)
cases, the SNBs were negative. A total of 131 cases were classified as stage pT2a; of these,
in 21 (16.0%) cases, SNBs were positive, and in the remaining 110 (84.0%) cases, the SNBs
were negative. A total of 34 cases were classified as stage pT2b. In 9 (26.5%) cases, the SNBs
were positive, and in 25 (73.5%) cases, the SNBs were negative. The pT3a stage included 52
cases, with 12 (23.1%) cases showing positive SNBs and 40 (76.9%) cases showing negative
SNBs. A total of 54 cases were classified as pT3b; of these, in 20 (37.0%) cases, the SNBs
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were positive, and in 34 (63.0%) cases, the SNBs were negative. A total of 24 cases were
classified as pT4a; in 8 (33.3%) cases, the SNBs were positive, while in 16 (66.7%) cases, the
SNBs were negative. Lastly, 55 cases were classified as pT4b; of these, in 30 (54.5%) cases,
the SNBs were positive, and in 25 (45.5%) cases, the SNBs were negative. The results are
presented in Table 2 and Figure 1.

Table 2. SNB assessment according to the stage.

Stage Positive SNB (N; %) Negative SNB (N; %)

pT1b 6; 5.4 106; 94.6
pT2a 21; 16.0 110; 84.0
pT2b 9; 26.5 25; 73.5
pT3a 12; 23.1 40; 76.9
pT3b 20; 37.0 34; 63.0
pT4a 8; 33.3 16; 66.7
pT4b 30; 54.5 25; 45.5

Abbreviation: SNB: sentinel node biopsy; N: number.

 

Figure 1. SNB assessment according to the stage.

ITCs were observed in 24 out of 462 (5.2%) cases, including 4 cases in stage pT1b
(66.7% of positive SNBs in stage pT1b; 3.8% of all SNBs), 8 cases in stage pT2a (38.1% of
positive SNBs in stage pT2a; 7.5% of all SNBs), 3 cases in stage pT2b (33.3% of positive
SNBs in stage pT2b; 2.8% of all SNBs), 4 cases in stage pT3a (33.3% of positive SNBs in
stage pT3a; 3.8% of all SNBs), 1 case in stage pT3b (5.0% of positive SNBs in stage pT3b;
0.9% of all SNBs), 1 case in stage pT4a (12.5% of positive SNBs in stage pT1b; 0.9% of all
SNBs), and 4 cases in stage pT4b (13.3% of positive SNBs in stage pT1b; 3.8% of all SNBs),
as shown in Figure 2.

An example of ITCs in an SNB sample is shown in Figure 3.
A total of 90 SNBs were performed at our institution in 2019 and 2020. Retrospective

analysis of these cases revealed the presence of ITCs in only three cases, accounting for
3.3% of the total.
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Figure 2. Assessment of metastases and isolated neoplastic cells (ITCs) in positive sentinel node
biopsies according to the stage.

 
Figure 3. SOX10-positive isolated tumor cells in a sentinel node biopsy (SOX10 immunohistochemical
stain, original magnification 200×).

3.2. Statistical Analysis

Spearman’s correlation demonstrated a statistically significant correlation between the
presence of ITCs in the sentinel lymph node and early stages of primary neoplasm (pT1b
or pT2a), with an rs (Spearman’s Rank Correlation Coefficient) of 0.265 (p-value: 0.014).

4. Discussion

Sentinel node biopsy (SNB) is a cornerstone in the staging of cutaneous melanoma
(CM). This procedure is carried out on the basis of the Breslow thickness of primary tu-
mors, specifically for cases classified from pT1b to pT4b. Examination of SNB samples is
worldwide based on the protocol proposed by Cook et al., including multiple histological
sections stained by hematoxylin and eosin, complemented by immunohistochemistry, to
ensure precise staging and assessment. SNB plays a critical role in determining the neo-
plasm stage, and its results significantly impact CM outcomes. Thin cutaneous melanomas
(classified as pT1a, pT1b, and pT2a) with a positive SNB are assigned to stage IIIA, while
thicker melanomas (pT3 and pT4) with a negative SNB result are classified as stages IIB
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and IIC (see Table 1). Importantly, in the evaluation of an SNB, the lymph node should be
classified as positive for metastasis even if only a small number of ITCs are detected [9].
However, stage IIC patients typically have a worse prognosis than stage IIIA patients,
with 5-year disease-specific survival (DSS) rates of 82% and 93%, respectively, suggesting
that thickness rather than the SNB result impacts the prognosis more [6]. The paradoxical
survival outcomes between stages IIC and IIIA may be explained by the interpretation that
is currently given to ITCs detected in SNBs.

This study evaluated the presence of ITCs in SNBs from patients with cutaneous
melanoma (CM) at various stages. ITCs were detected in 24 out of 462 (5.2%) cases,
including 4 cases in stage pT1b, 8 cases in stage pT2a, 3 cases in stage pT2b, 4 cases in
stage pT3a, 1 case in stage pT3b, 1 case in stage pT4a, and 4 cases in stage pT4b. A notable
finding was the higher prevalence of ITCs in early-stage melanomas (pT1b and pT2a), as
indicated by the statistically significant Spearman correlation (p = 0.014). The histological
evaluation of sentinel lymph nodes typically adheres to the protocol outlined by Cook et al.,
which entails examining multiple tissue sections at varying depths. These sections are
stained using hematoxylin and eosin and further analyzed through immunohistochemical
methods. This meticulous approach to lymph node analysis proves highly effective in
detecting metastases, and it also has a high sensitivity in detecting ITCs. In our institution,
Cook’s protocol has been adopted since 2021, while previously SNBs were examined
by hematoxylin and eosin staining and a single immunohistochemical staining for each
block. Interestingly, 90 SNBs were examined in our institution in 2019 and 2020, and ITCs
were detected only in 3 cases (3.3% of cases), while ITCs were detected in 5.2% (24 out
of 462) of cases in the 2021–2023 period, when Cook’s protocol was applied, with an
increase in positivity of 63.5%. Notably, two out of the three cases of ITCs detected in
2019–2020 were thin melanomas staged pT2a, confirming the data showing that ITCs are
more frequently observed in cases of thin melanoma. These data support the hypothesis
that ITCs have become particularly frequent in recent years, applying a very sensitive
protocol. However, the real prognostic impact of ITCs in thin melanomas is not yet well
defined. Although ITC-positive thin melanomas are classified as stage IIIA, the presence of
ITCs in the sentinel lymph node may not have a significant prognostic impact, potentially
undermining the rationale for assigning a higher stage. The case series analyzed in this
study is relatively recent, as it is associated with the implementation of a relatively new
protocol. Consequently, the prognostic evaluation is significantly limited by the overly
short follow-up period, which limits the ability to perform a comprehensive multivariate
statistical analysis. However, it is noteworthy that in our series, disease progression
occurred in only one case of melanoma with ITCs. This case involved a patient with pT4b
melanoma who declined adjuvant therapy and experienced lymph node progression and
brain metastases within 8 months of diagnosis. On the other hand, disease progression
was observed in six cases of thick melanomas (one case of pT3a, one case of pT4a, and
four cases of pT4b) which presented a metastasis in the SNB. The progression occurred
between 2 and 23 months after the diagnoses and involved lymph node metastases in
all cases. In one instance, a cutaneous metastasis was also identified in addition to the
lymph node metastasis. Regarding thin melanomas with ITCs (stage IIIA melanomas),
no cases showed disease progression in a follow-up ranging from 1 to 3 years. Therefore,
in our series, thin melanomas with ITCs, staged as IIIA, exhibited the same biological
behavior as thin melanomas without ITCs. These data align with studies suggesting that
ITCs in thin melanomas correlate with a prognosis similar to that of stage IB [10]. Thus,
while the presence of ITCs traditionally leads to categorizing the lymph node as metastatic,
it may not necessarily indicate a worse prognosis in the early stages. This supports the
hypothesis that ITCs might represent a minimal metastatic burden with limited prognostic
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impact, especially in the context of thin CMs, where clinical outcomes remain favorable
despite SNB positivity, implying that their detection should be considered cautiously in the
staging process.

An important issue in CM staging involves understanding the biological and clinical
implications of ITCs in SNBs compared to more extensive metastatic deposits. In other
cancers, such as breast carcinoma, ITCs are not considered equivalent to metastatic disease
and do not typically affect the staging classification. The presence of ITCs in breast cancer
lymph nodes does not lead to upstaging, since studies have demonstrated that ITCs alone
generally do not confer an increased risk of recurrence or poor outcomes. In contrast,
lymph nodes with ITCs are currently classified as metastatic in melanoma staging, leading
to upstaging and potentially overtreatment for patients whose prognosis might otherwise
be favorable, as seen with patients in stage IIIA. In breast cancer, isolated tumor cells (ITCs)
detected in lymph nodes have been a subject of extensive study, particularly regarding
their impact on prognosis and implications for staging and treatment. ITCs are defined as
single cells or small clusters not exceeding 0.2 mm and are commonly identified through
immunohistochemical staining. Unlike more extensive lymph node metastases, ITCs are
considered to represent a minimal tumor burden, and research has demonstrated that their
presence does not significantly affect overall survival or recurrence rates in breast cancer.
Several large studies have investigated the prognostic impact of ITCs in breast cancer
lymph nodes, suggesting that these cells do not confer a worse prognosis when present
in isolation. For example, the MIRROR study, including over 2700 patients with early-
stage breast cancer, demonstrated that ITCs alone did not significantly impact disease-free
survival when compared to patients with node-negative disease [15]. Thus, the presence of
ITCs alone is not an indication of the same aggressive treatment strategies used in patients
with larger metastatic deposits, since the risk of recurrence is minimal. Similarly, findings
from the ACOSOG Z0010 trial, a large multicenter study of sentinel lymph node biopsies
in breast cancer, demonstrated that patients with ITCs had no significant difference in
survival outcomes compared to patients without nodal involvement [16]. This reinforces
the notion that ITCs do not carry the same prognostic weight as larger nodal metastases,
and that their presence does not address upstaging or intensified systemic therapy. The
NSABP B-32 trial, another major study that included over 5000 breast cancer patients, also
explored the clinical significance of ITCs and micrometastases in sentinel lymph nodes. The
researchers found that micrometastases (0.2–2.0 mm) were associated with a slightly higher
risk of recurrence than ITCs, but the overall impact on survival was modest [17]. This trial
further supported the position that ITCs alone are not strong prognostic markers in breast
cancer. As a result of these findings, current guidelines from the American Joint Committee
on Cancer (AJCC) and the Union for International Cancer Control (UICC) recommend
that ITCs in breast cancer lymph nodes should not lead to upstaging. The AJCC classifies
ITCs separately from micrometastases and macrometastases, acknowledging their limited
clinical impact. Accordingly, the detection of ITCs in breast cancer is typically recorded but
does not alter staging or prompt the same treatment escalation that would be warranted for
larger nodal metastases. The distinction between ITCs and larger metastatic deposits may
be particularly relevant in melanoma, where staging relies on detecting nodal involvement
as a critical prognostic indicator. The absence of a distinction between ITCs and larger
metastatic foci in melanoma staging could therefore contribute to some of the paradoxical
outcomes observed between stages IIC and IIIA. The clinical significance of this distinction
also raises questions about how melanoma staging could evolve to better reflect the actual
metastatic burden. If ITCs in SNBs do not contribute to poorer outcomes in patients with
thin melanomas, differentiating them from more substantial metastases could refine staging,
allowing for more accurate prognosis and treatment planning.
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Several studies have examined the prognostic implications of isolated tumor cells
(ITCs) in the sentinel lymph nodes (SLNs) of melanoma patients, emphasizing the correla-
tion between lymph node tumor burden and survival outcomes. Research conducted by
the Italian Melanoma Intergroup (IMI) indicated that a higher tumor burden in sentinel
nodes correlates with poorer survival. Specifically, the study found that an increased
metastatic deposit diameter in the sentinel nodes serves as a significant predictor of ad-
verse prognosis. By integrating tumor burden with other variables such as ulceration and
Breslow thickness, the multivariate models effectively stratified risk, thereby underscoring
the prognostic relevance of tumor burden in SLN-positive melanoma patients [18]. Another
investigation explored the prognostic utility of disseminated melanoma cell density within
sentinel lymph nodes. Using immunocytology, the researchers quantified disseminated
cancer cell (DCC) density and found a strong association between increased DCC density
and elevated melanoma-specific mortality risk. This quantitative approach, leveraging
metastatic cell counts, significantly enhanced predictive accuracy for patient outcomes
beyond traditional histopathological measures [19]. Additionally, European research ef-
forts, notably the EORTC-DeCOG, have developed nomograms to predict recurrence and
survival outcomes based on SLN tumor burden, patient age, and other clinical parameters.
Validated in extensive cohorts, these models indicate that isolated tumor cells in sentinel
nodes hold significant clinical weight in melanoma staging, often predicting recurrence risk
when assessed alongside primary tumor characteristics such as Breslow depth [20]. Akkooi
et al. analyzed a series of 388 positive SNBs and confirmed that higher tumor burden in the
SNB is associated with worse overall survival (OS) and disease-free survival (DFS) [21].
The study showed that patients with micrometastases < 0.1 mm have a significantly better
prognosis than patients with metastases > 0.1 mm, and a comparable prognosis to patients
with negative lymph nodes [21]. In the study by Madu et al., an SNB metastasis size
threshold of 1 mm demonstrated a clear distinction in survival outcomes for stage IIIA
melanoma in both the seventh and eighth editions of the staging guidelines. Patients with
SN metastases smaller than 1 mm exhibited outstanding distant metastasis-free survival
and melanoma-specific survival rates [22]. The study by Verver et al. analyzed the role
of SNB micrometastases in patients with CM to better define surgical management and
adjuvant therapies. The main results confirm that tumor burden in the sentinel lymph node
is a crucial prognostic factor: patients with micrometastases smaller than 1 mm show a
significantly better prognosis than those with more extensive metastases [23].

5. Conclusions

In conclusion, our findings contribute to the understanding of staging complexities in
CM, specifically the prognostic discrepancies observed between stages IIC and IIIA and the
potential significance of isolated cells in SNBs. Future research is warranted to confirm the
long-term outcomes associated with ITCs in melanoma and to assess whether alternative
staging criteria, which consider the metastatic burden rather than solely the presence of
neoplastic cells, might better align with patient prognosis. Until such adjustments are
widely accepted, clinicians should exercise caution in interpreting ITCs as equivalent to
established metastases, particularly in cases of early-stage melanoma, where ITCs may
represent a minimal risk factor rather than an indicator of advanced disease.
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8. Cook, M.G.; Massi, D.; Szumera-Ciećkiewicz, A.; Van den Oord, J.; Blokx, W.; van Kempen, L.C.; Balamurugan, T.; Bosisio, F.;
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Abstract: PRAME (PReferentially expressed Antigen in Melanoma) immunohistochemistry has
proven helpful in distinguishing malignant from benign melanocytic tumors. We studied PRAME
IHC expression in 46 thin melanomas and 39 melanocytic nevi, mostly dysplastic nevi. Twenty-six
percent (26.09%) of the melanomas showed diffuse PRAME staining in over 76% of the tumor cells
(4+), and 34.78% of the melanomas showed PRAME expression in over 51% of the tumor cells (3+
or 4+), while 8% were entirely negative for PRAME. No melanocytic nevi were PRAME 4+ or 3+.
More than half of the nevi (64%) were entirely negative for PRAME staining, and 36% of the nevi
showed staining expression in 1–25% (1+) or 26–50% of the cells (2+). No nevi were stained with a
color intensity of 3, while 16.67% of the melanomas were stained with this color intensity. Most nevi
(78.57%) were stained with an intensity of 1. With a lower positivity threshold, sensitivity increases
with still reasonable specificity. The best accuracy was obtained for the 2+ positivity threshold. In
conclusion, PRAME staining helps distinguish thin melanomas from dysplastic nevi. However, the
threshold of positivity should be lowered in order not to miss thin melanomas.

Keywords: PRAME; immunohistochemistry; melanoma; nevus

1. Introduction

PRAME (PReferentially expressed Antigen in Melanoma) immunohistochemistry (IHC)
has proven its diagnostic utility in differentiating between benign melanocytic tumors and
malignant melanocytic tumors [1]. Melanocytic neoplasms are classified according to
the latest WHO classification of melanocytic skin tumors, 5th edition and are shown in
Table 1 [2]. PRAME was mostly positive in superficial spreading melanomas (SSMs), acral
melanomas (AMs), nodular melanomas (NMs) or lentigo maligna melanomas (LMMs) and
only in a few desmoplastic melanomas (DMs) [3,4]. It was also observed to be positive in
most melanoma in situ cases [4]. PRAME immunohistochemistry can be positive in some
cases of Spitz nevi (SN) or atypical Spitz tumors (ASTs) but in a lower proportion of cases
compared to spitzoid melanomas (SMs), and the proportion is lower in SMs compared to
SSMs and LMMs [5–7].

PRAME immunohistochemistry was sometimes interpreted as positive in dysplastic nevi
(DN) but in a lower proportion compared to melanomas [8]. In challenging melanocytic
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tumors, a higher positivity of PRAME staining was observed when compared to nevi, but
a lower positivity compared to melanomas, thus supporting the histopathological result [9].
There was good concordance between PRAME IHC results in challenging melanocytic tumors
and other cytogenetic test results like fluorescence in situ hybridization (FISH) and single-
nucleotide polymorphism (SNP) array and between PRAME IHC results and the final diagnostic
interpretation [10]. Compared to FISH testing, PRAME staining had lower sensitivity in spitzoid
neoplasms and other atypical melanocytic neoplasms [11]. McAfee et al. found no statistically
significant correlation between PRAME staining and FISH testing in spitzoid tumors [12].

Table 1. Classification of melanocytic neoplasms according to WHO classification of melanocytic
skin tumors, 5th edition.

Melanocytic Neoplasms Subtypes

Melanocytic Neoplasms in
Intermittently Sun-Exposed Skin

Nevi

Junctional, compound and dermal nevi

Simple lentigo and lentiginous melanocytic nevus

Dysplastic nevus

Nevus spilus

Special-site nevus (of the breast, axilla, scalp and ear)

Halo nevus

Meyerson nevus

Recurrent nevus

Combined nevus

Melanocytomas

WNT-activated deep-penetrating/plexiform melanocytoma
(nevus)

Pigmented epithelioid melanocytoma

BAP1-inactivated melanocytoma

MITF pathway-activated melanocytic tumor

Melanomas in intermittently
sun-exposed skin

Melanoma on skin with low cumulative sun damage (low
CSD); includes superficial spreading melanoma

Melanocytic Neoplasms in
Chronically Sun-Exposed Skin

Lentigo maligna melanomas

Desmoplastic melanomas

Spitz Tumors

Spitz nevi
Pigmented spindle cell nevus (Reed nevus)

Spitz nevus

Spitz melanocytomas Spitz melanocytoma (atypical Spitz tumor)

Spitz melanomas

Melanocytic Tumors in Acral Skin
Acral nevi

Acral melanomas

Genital and Mucosal
Melanocytic Tumors

Mucosal and genital nevi
Melanosis

Genital nevus

Mucosal melanomas

Blue Nevi and Related Tumors
Blue nevi and melanocytoses

Nevus of Ito and nevus of Ota

Congenital dermal melanocytosis

Blue nevus

Melanomas arising in blue nevi

Congenital Melanocytic Tumors
Congenital nevi

Congenital melanocytic nevus

Proliferative nodules in congenital melanocytic nevus

Melanomas arising in congenital nevi Melanoma arising in giant congenital nevus
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Table 1. Cont.

Melanocytic Neoplasms Subtypes

Ocular and Central Nervous System
(CNS) Melanocytic Tumors

Conjunctival melanocytic tumors

Conjunctival nevus

Conjunctival melanocytic intraepithelial lesion

Conjunctival melanoma

Uveal melanocytic tumors
Uveal melanocytoma

Uveal melanoma

CNS melanocytic tumors

Diffuse meningeal melanocytic neoplasms: melanocytosis
and melanomatosis

Circumscribed meningeal melanocytic neoplasms:
melanocytoma and melanoma

Nodular, Nevoid and
MetaStatic Melanomas

Nodular and other melanomas

Nodular melanoma

Nevoid melanoma

Dermal melanoma

Metastatic melanomas
Melanoma metastatic to the skin

Melanoma metastatic to other organs

PRAME immunohistochemistry can be used for a better margin assessment of lentigo
maligna (LM) and lentigo maligna melanomas [1,13,14]. Slow Mohs micrographic surgery
is the best procedure to assess the margins in LM and LMM cases [15]. Adding special
immunohistochemistry like PRAME or combined immunohistochemistry PRAME/Melan
A to slow Mohs micrographic surgery could help assess the margins in lentigo maligna
and lentigo maligna melanoma cases [16].

Combining nuclear staining PRAME with membranous staining like Melan A and
HMB-45 could be of potential use in the diagnosis of melanoma, especially in complex
cases [16–18]. The double staining with the two melanocytic markers Melan A and HMB-
45 helps to assess PRAME immunohistochemistry on melanocytes better [19]. PRAME
immunohistochemistry can differentiate nodal nevi from metastatic melanomas, but it is
recommended to use prior H&E and other melanocytic markers (SOX 10 or Melan A) to
confirm the presence of melanocytes in the sentinel lymph node biopsy or to use double
staining PRAME/Melan A [20]. PRAME staining is superior to HMB-45 in differentiating
benign from malignant melanocytic tumors, but combining nuclear PRAME staining with
membranous HMB-45 staining can increase specificity [21]. Combining PRAME with p16
staining has proven helpful in distinguishing between benign and malignant melanocytic
lesions, with PRAME being mostly positive in malignant lesions and p16 being mostly
positive in benign lesions [22].

Regarding the prognostic value of PRAME immunohistochemistry, it seems to have no
impact on disease-specific survival [23]. Lo Bello et al. observed no statistically significant
correlation between PRAME positivity and relapse or survival rate [24].

Our study aimed to evaluate whether PRAME immunohistochemistry can effectively
differentiate thin melanomas, defined as melanomas with a Breslow index of ≤1 mm, from
nevi, primarily dysplastic nevi, which are the main histopathological differential diagnoses
for melanomas. There are only a few published studies that focus specifically on thin
melanomas or melanomas in situ with regard to PRAME immunohistochemistry. However,
some studies have included these groups alongside more advanced melanoma cases. Our
research focused on a Romanian patient population, and to the best of our knowledge,
no previous studies on PRAME immunohistochemistry in a Romanian population have
been published.
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2. Materials and Methods

2.1. Study Design and Patients

This retrospective study included 46 thin melanomas and 39 melanocytic nevi (Figure 1)
diagnosed in the Department of Dermatology and Venereology of Cluj-Napoca Emergency
County Hospital between 2014 and 2019. The study was approved by the Ethics Committee
of Iuliu Hatieganu University of Medicine and Pharmacy Cluj-Napoca, Romania. All
participants gave their informed consent. All melanocytic lesions were reviewed by a
pathologist (D.C.).

Figure 1. Study design (Melanocytic tumor distribution).

2.2. Immunohistochemistry

The paraffin-embedded blocks were retrieved from the Department of Pathology of
Cluj-Napoca Emergency County Hospital and were cut into 5 mm thick tissue sections for
immunohistochemical analysis. We performed depigmentation with hydrogen peroxide 3%
to remove the excessive melanin. The immunohistochemistry staining was performed with
the recombinant anti-PRAME antibody [ERP20330] (ab219650) from Abcam (Cambridge,
UK) on an automated Leica Bond-Max stainer platform from Leica Biosystems (Melbourne,
Australia) at a 1:100 dilution using a DAB brown chromogen. We used sebaceous glands
as positive internal controls, while non-melanocytic and non-sebaceous cells were used as
negative internal controls.

The staining results were recorded as the percentage and intensity of immunoreactive
tumor cells with nuclear labeling. No staining at all indicated 0%; staining of 1% to 25%
of tumor cells was scored as 1+; staining of 26% to 50% of tumor cells was scored as 2+;
staining of 51% to 75% of tumor cells was scored 3+; and staining of more than 76% of
tumor cells was scored as 4+. Staining intensity was recorded as negative (0), weak (1),
moderate (2) and strong (3).

2.3. Statistical Analysis

Statistical analysis was performed in R version 4.4.0–“Puppy Cup”. Descriptive
statistics were reported for all variables. Continuous variables were presented as mean
and standard, while categorical variables were reported as frequency and percentage. The
Student’s t-test was used for the comparison of continuous variables between two groups,
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while the chi-square test was used to test for differences in frequency between groups.
Sensitivity, specificity, negative predictive value (NPV), positive predictive value (PPV)
and accuracy parameters were computed for different thresholds of PRAME staining to
assess the discriminatory capacity between nevi and melanomas. A p-value of less than
0.05 was considered statistically significant.

3. Results

We examined 46 melanomas for PRAME immunohistochemistry in this study: 16 stage
0 melanomas, 16 stage IA melanomas and 14 stage IB melanomas. The group of melanomas
included 38 superficial spreading melanomas, two acral lentiginous melanomas (ALMs),
three lentigo maligna and three lentigo maligna melanomas. Eighteen patients were female,
and twenty-eight patients were male. Patient age ranged between 26 and 85 years, with
a mean age of 57.56 and a median age of 60. The Breslow thickness ranged between 0
and 1 mm, with a mean Breslow thickness of 0.45 mm and a median Breslow thickness of
0.5 mm. Regarding localization, 24 melanomas were located on the trunk, eight on the head
and neck regions, eight on the lower limbs and six on the upper limbs. Of all melanomas,
31 were in a horizontal growth phase, while 15 were in a vertical growth phase. The mitotic
rate ranged from 0 to 12 mitosis/mm2, with a mean of 1.41 mitosis/mm2 and a median of
0 mitosis/mm2.

Twenty-six (26.09%) of the melanomas showed diffuse PRAME staining in over 76%
of the tumor cells (4+) (Figures 2–4), and 8.7% showed PRAME staining in 51 to 75% of the
cells (3+), while 8% were entirely negative for PRAME. In total, 34.78% of the melanomas
showed PRAME staining in over 51% of the tumor cells. Considering only melanoma in
situ cases, from 16 melanoma in situ cases, only 2 stained in over 76% (4+) of the tumor
cells, meaning only 12.5% of the cases and 1 case stained 3+, accounting for 6.25% of the
cases. However, all melanomas showed slight staining, with the majority in the 2+ group
(11/16), accounting for 68.75% of the cases.

 

Figure 2. PRAME immunohistochemistry in melanoma (staining in over 76% of the cells 4+, staining
intensity 3)—sebaceous gland as positive internal control 50×.
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Figure 3. PRAME immunohistochemistry in melanoma (staining in over 76% of the cells 4+, staining
intensity 3) 100×.

 

Figure 4. PRAME immunohistochemistry in melanoma (staining in over 76% of the cells 4+, staining
intensity 3) 200×.

In comparison to melanomas, we examined 39 melanocytic nevi: 36 dysplastic nevi,
one dermal nevus, one halo nevus and one acral nevus. One nevus was a high-grade
dysplastic nevus; 29 nevi were low-grade dysplastic nevi, and six nevi had unspecified
grades of dysplasia. From the dysplastic nevi, two were in acral location. No nevi showed
positive PRAME staining in over 76% (4+) or 51 to 75% of the cells (3+). A total of 64% of
the nevi were entirely negative for PRAME staining, and 36% of the nevi stained in 1–25%
of the cells (1+) or 26–50% (Table 2). There was no statistically significant difference in color
intensity of PRAME staining between the nevi and the melanoma group. No nevi stained
with a color intensity of 3, while 16.67% of the melanomas stained with a color intensity
of 3. Most nevi (78.57%) stained with an intensity of 1. The high-grade dysplastic nevus
stained 1+ with a color intensity of 1. The dermal and the halo nevus did not show PRAME
staining in any cells (0). The acral nevus stained in 1–25% (1+) of the cells.
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Table 2. Comparison between PRAME immunohistochemistry in melanomas vs. nevi.

Nevi Melanomas p-Value

Staining percentage N (%)

0% (0) 25 (64.1) 4 (8.7)

<0.001

1–25% (1+) 8 (20.51) 7 (15.22)

26–50% (2+) 6 (15.38) 19 (41.3)

51–75% (3+) 0 (0) 4 (8.7)

>76% (4+) 0 (0) 12 (26.09)

Staining percentage N (%)
0, 1+, 2+ 39 (100) 30 (65.22)

<0.001
3+, 4+ 0 (0) 16 (34.78)

Staining percentage N (%)
0, 1+, 2+,3+ 39 (100) 34 (73.91)

0.001
4+ 0 (0) 12 (26.09)

Color intensity N (%)

1 11 (78.57) 24 (57.14)

0.2022 3 (21.43) 11 (26.19)

3 0 (0) 7 (16.67)

In the melanoma patient group, melanomas with vertical growth were positive for
PRAME immunohistochemistry in over 76% of the tumor cells (4+), more frequently than
other groups in terms of staining percentage (p < 0.05) (Table 3). Different variables like sex,
age, localization, histopathological subtype, stage, ulceration, regression, Breslow index,
mitotic rate, personal or family history of melanoma or development on pre-existent nevus
showed no statistically significant association with PRAME staining.

Table 3. Comparison between PRAME staining in melanomas in over 76% of the tumor cells (4+) and
under 75% of the tumor cells (0, 1+, 2+ and 3+) according to clinical and histopathological variables.

Variable
Melanoma PRAME Staining
Groups 0, 1+, 2+ and 3+
N = 34

Melanoma PRAME
Staining Group 4+
N = 12

p-Value

Sex N (%)
F 14 (41.18) 4 (33.33)

0.632 $
M 20 (58.82) 8 (66.67)

Age [years]
Median ± sd 58.68 ± 13.82 54.42 ± 15 0.374 #

Localization N (%)

Head and neck 8 (23.53) 0

0.111 $
Trunk 16 (47.06) 8 (66.67)

Upper limb 3 (8.82) 3 (25)

Lower limb 7 (20.59) 1 (8.33)

Histopathological subtype N (%)

SSM 26 (76.47) 12 (100)

0.332 $
LMM 3 (8.82) 0

LM 3 (8.82) 0

ALM 2 (5.88) 0

Vertical growth N (%)
No 26 (76.47) 5 (41.67)

0.027 $
Yes 8 (23.53) 7 (58.33)

Stage N (%)

In situ 14 (41.18) 2 (16.67)

0.167 $IA 12 (35.29) 4 (33.33)

IB 8 (23.53) 6 (50)
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Table 3. Cont.

Variable
Melanoma PRAME Staining
Groups 0, 1+, 2+ and 3+
N = 34

Melanoma PRAME
Staining Group 4+
N = 12

p-Value

Ulceration N (%)
No 34 (100) 11 (91.67)

0.089 $
Yes 0 1 (8.33)

Regression N (%)
No 27 (79.41) 10 (83.33)

0.768 $
Yes 7 (20.59) 2 (16.67)

Breslow index
Median ± sd 0.4 ± 0.36 0.61 ± 0.35 0.080 #

Mitotic rate
Median ± sd 1.38 ± 2.63 1.5 ± 1.57 0.885 #

Family history of melanoma No 32 (94.12) 12 (100)

Yes 2 (5.88) 0 (0) 0.390

Personal history of melanoma No 28 (82.35) 12 (100)

Yes 6 (17.65) 0 (0) 0.119

Nevus-associated melanoma No 26 (76.47) 7 (58.33)

Yes 8 (23.53) 5 (41.67) 0.230
$ Chi-Square test; # t-test.

In the LM group, all three cases stained 26–50% (2+) of the tumor cells, while in the
LMM group, one case stained 51–75% (3+), one case stained 1–25% (1+) of the tumor cells,
and one case was completely negative.

In our study, sensitivity for a cutoff value of >76% (4+) or >51% (3+ and 4+) was low,
26% and 35%, respectively, but specificity was 100% for both (Table 4). The cutoff value of
>26% (2+) provided the best accuracy and Youden’s index.

Table 4. Diagnostic values by different cutoff values for PRAME.

Cutoff
Sensitivity
(%)

Specificity
(%)

Positive Predictive
Value (%)

Negative Predictive
Value (%)

Accuracy
(%)

Youden’s
Index

>76% (4+) 26% 100% 100% 53% 60% 0.26

>51% (3+, 4+) 35% 100% 100% 56% 64% 0.35

>26% (2+, 3+, 4+) 76% 85% 85% 75% 80% 0.61

>1% (1+, 2+, 3+, 4+) 91% 64% 75% 86% 79% 0.55

Considering a lower positivity threshold and interpreting 0 and 1+ as PRAME-negative
and 2+, 3+ and 4+ as PRAME-positive, 76.09% of the melanomas were PRAME-positive,
while 84.61% of the nevi were negative.

Regarding survival, 45 patients out of 46 were alive by July 2024, while one patient
died of another cause.

4. Discussion

4.1. PRAME Staining in Melanoma

In the study conducted by Lezcano et al., 83.2% of the melanomas were diffusely
PRAME-positive (4+) [1], while in the Gassenmeier et al. study conducted on thin melanomas
(Breslow index ≤ 1 mm), the melanomas were PRAME-positive (4+) in 58.6% of them [25].
Our study included only thin melanomas with a Breslow index ≤ 1 mm, similarly to the
study conducted by Gassenmeier et al., and our percentage of PRAME-positive melanoma
cases was 26.09%, almost half compared to the previously mentioned study [25]. The mean
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Breslow thickness in their study was 0.7 mm (range 0.3–1.0) [25], higher than our mean
Breslow thickness of only 0.45 mm (range 0–1.0), which is probably the reason for our
lower proportion of positive cases, or probably because Gassenmeier et al. used a different
dilution (1:50) of the antibody compared to our dilution (1:100), and they used another
clone (clone QR005, DCS, Hamburg, Germany). In addition, they included stage III and
stage IV metastasizing and non-metastasizing melanomas, while our study included only
non-metastasizing stage 0 (in situ) and stage I melanomas. In our study, 16/46 melanomas
were in situ. In Lezcano et al.’s study [1], the melanoma in situ cases showed positive
PRAME staining (4+) in 93.8% of the cases compared to our study group of melanoma in
situ cases in which only 12.5% of the cases stained 4+. However, although they used the
same antibody as ours, they did not mention the dilution. Moreover, the entirely negative
melanoma cases were similar to those of other studies, 8.7%, compared to the Lezcano
et al. [1] study in which 8% of the melanoma cases were entirely negative for PRAME IHC.
The difference is that we observed many cases in the intermediate staining groups (3+
and 2+).

Parra et al. observed no impact on disease-specific survival regarding PRAME im-
munohistochemistry, but they observed a positive correlation between PRAME-positive
staining in melanomas and a higher mitotic rate (p = 0.047) [23]. We observed a positive
correlation between PRAME positivity and vertical growth in melanomas (p = 0.027) but
no statistically significant correlation with the mitotic rate. Out of 46 melanoma patients,
45 are alive and one patient died of another cause.

In other studies, lentigo maligna and lentigo maligna melanomas have similar PRAME
expressions compared to superficial spreading melanomas [1]. Tio et al. observed a higher
expression of PRAME in lentigo maligna melanomas than in lentigo maligna [26]. In our
study, no lentigo maligna or lentigo maligna melanoma case stained in over 76% of the
tumor cells (4+), but all three lentigo maligna cases and 2/3 lentigo maligna melanoma
cases stained for PRAME, but in a lower proportion of the cells. However, the included
cases were too few.

In acral melanocytic tumors, PRAME staining proved to help distinguish benign
from malignant lesions. Still, the proportion of PRAME-positive cases was higher for
invasive melanomas than for melanomas in situ [27]. It proved its diagnostic utility in both
subungual and non-subungual acral melanomas [28]. PRAME staining proved superior in
distinguishing acral melanomas from acral nevi compared to p16 staining [29]. In our study,
both acral lentiginous melanoma cases were stained in 26–50% (2+) of the tumor cells with a
2 and 1 intensity score, respectively. If considering a 4+ or 3+ positivity threshold, both cases
would be negative, suggesting that PRAME staining is not always helpful in distinguishing
benign from malignant lesions. If a positivity threshold of 2+ was considered, both cases
would be positive.

4.2. PRAME Staining in Melanocytic Nevi

No nevi in our study were positive for PRAME staining in over 50% of the cells.
Although 36% of melanocytic nevi were focally positive 1+ or 2+ for PRAME staining, a
higher percentage compared to the study conducted by Lezcano et al., where only 13.6%
were described [1], this can also be due to the fact that our study mainly included DN. In the
study conducted by Cazzato et al., 96.4% of the nevi were PRAME-negative or had a score
of 1+ [30]. The results in our study are similar, with 84.61% PRAME-negative nevi or with
a score of 1+. DN can sometimes be diffusely positive for PRAME immunohistochemistry
in over 76% of the tumor cells (4+). Turner et al. found a 10% positivity of DN in over
75% of the cells (4+) [8], but in our study, no nevi showed diffuse positive staining. Rasic
et al. observed a higher diffuse positivity of PRAME staining in high-grade dysplastic nevi
compared to low-grade dysplastic nevi and common nevi [21]. In the study carried out by
Innocenti et al., PRAME staining could differentiate between high-grade dysplastic nevi and
cutaneous melanomas or between low-grade dysplastic nevi and cutaneous melanomas,
but not between high-grade dysplastic nevi and low-grade dysplastic nevi [31]. Lezcano
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et al. found a single melanocytic nevus to be diffusely positive for PRAME (4+), which was
described as a Spitz nevus, and more nevi showed focal positive PRAME staining (1+ or
2+) [1]. Raghavan et al. also found one Spitz nevus to be diffusely positive (4+) for PRAME
staining, but no dysplastic nevi, recurrent nevi, mitotically active nevi or traumatized nevi
showed diffuse positive PRAME staining (4+) [7].

4.3. Interpretation of PRAME Staining

Although the first studies considered PRAME staining positive if it was diffusely
present in over 76% of the tumor cells (4+) [1], more recently, Kunc et al. suggested in
their meta-analysis that PRAME positivity should be interpreted as both 4+ (>75% of the
cells) and 3+ (51–75% of the cells) cases in clinical practice due to better sensitivity with
reasonable specificity [32]. In the study conducted by Rawson et al., 35% of the melanomas
showed 4+ staining, an outcome closer to our study. If 3+ and 4+ represented positive
staining, the percentage of PRAME-positive melanomas was 64%. No nevi showed 4+
staining, similarly to our study, while only 4% showed 3+ staining, with both cases being
dysplastic nevi. Thus, the author suggested considering PRAME as positive for 3+ staining
(present in 50–76% of the tumor cells) or 4+ staining (present in over 76% of the tumor
cells [3]. As in our study no nevi showed 3+ or 4+ staining, we can say that the previous
statement is also suitable for our research, although we found more melanomas with 4+
staining than 3+. Raghavan et al. considered PRAME as positive if staining was present in
over 60% of the tumor cells in order to improve sensitivity. Their study included atypical
melanocytic proliferations of indeterminate behavior and atypical Spitz tumors. In both
groups, the expression of PRAME was low; only one atypical melanocytic proliferation was
positive for PRAME staining in 10% of the cells, and one atypical Spitz tumor was positive
for PRAME staining in over 60% of the cells [7]. O’Connor et al. suggested that the results
should be interpreted as favoring nevus if PRAME staining is present in <25% of the cells,
noncontributory if PRAME staining is present in 26–75% of the cells and favoring melanoma
if PRAME staining is present in >76% of the cells. In their study, most melanomas were in
situ and pT1a, like in our research. They found 64% of the melanomas positive for PRAME
staining in >76% of the cells compared to 26% of the melanomas in our study. However,
staining was performed on another automated platform (BenchMark ULTRA IHC/ISH
System, Roche Diagnostics, Indianapolis, IN, USA) using PRAME EPR20330 antibody
from Biocare Medical [33]. Alomari et al. described positive staining cases with ‘hotspot’
staining, defined as cases with diffuse staining (over 75% of the tumor cells) in at least two
adjacent high-power fields [9]. Warbasse et al. considered cases 2+, 3+ and 4+ positive
for PRAME staining with low sensitivity (29.6%) on a series of spitzoid and challenging
melanocytic neoplasms [11]. Umano et al. recorded the percentage of positive cells, staining
intensity (1+: slight positivity, 2+: moderate positivity and 3+: intense positivity) and the
location of positive cells (junctional or intradermal) [34]. Forchhamer et al. observed a
lower proportion of PRAME-positive melanoma cases in the pediatric population than in
the adult population, suggesting that age might be considered when interpreting PRAME
staining in melanomas [35]. In our study, no nevi stained 3+ or 4+, while the majority of
melanomas stained 2+, 3+ or 4+ with the best accuracy and Youden’s index for the 2+, 3+
and 4+ groups; therefore, we suggest considering at least 3+ as a threshold for positivity,
but further studies are needed with a higher number of cases included. The results should
be interpreted according to the dilution of the antibody, the technique used, the stainer
vendor and the previous results of the given histopathological laboratory so as not to miss
any thin melanomas.

5. Conclusions

PRAME immunohistochemistry is a powerful diagnostic tool for distinguishing
melanocytic nevi from thin melanomas, but the interpretation should be performed care-
fully. Combining more immunohistochemistry antibodies would probably give more
specific results with better sensitivity and specificity, but further studies are needed. We sug-
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gest a lower positivity threshold for PRAME staining to avoid missing any thin melanomas,
but differences could appear between different histopathological laboratories.

Author Contributions: Conceptualization, I.Z., L.U., S.S, . and R.C.; Methodology, L.U., S.S, ., B.P.,
P.Z. and D.C.; Formal analysis, S, .C.V.; Investigation, I.Z. and P.Z.; Resources, I.Z., P.Z., D.C. and
F.A.Z.; Data curation, I.Z.; Writing—original draft preparation, I.Z. and R.C.; Writing—review and
editing, L.U., S.S, ., B.P., P.Z., D.C., F.A.Z. and S, .C.V.; Visualization, B.P.; Supervision, R.C.; Project
administration, I.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by The Ethics Committee of Iuliu Hatieganu University of Medicine and
Pharmacy Cluj-Napoca, Romania (protocol code 39 from 31 March 2023) for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lezcano, C.; Jungbluth, A.A.; Nehal, K.S.; Hollmann, T.J.; Busam, K.J. PRAME Expression in Melanocytic Tumors. Am. J. Surg.
Pathol. 2018, 42, 1456–1465. [CrossRef]

2. WHO Classification. Available online: https://www.pathologyoutlines.com/topic/skintumormelanocyticWHO.html (accessed
on 4 September 2024).

3. Rawson, R.V.; Shteinman, E.R.; Ansar, S.; Vergara, I.A.; Thompson, J.F.; Long, G.V.; Scolyer, R.A.; Wilmott, J.S. Diagnostic
Utility of PRAME, P53 and 5-hmC Immunostaining for Distinguishing Melanomas from Naevi, Neurofibromas, Scars and Other
Histological Mimics. R. North. Shore Mater. Hosp. 2022, 4, 863–873. [CrossRef]

4. Lezcano, C.; Jungbluth, A.A.; Busam, K.J. PRAME Immunohistochemistry as an Ancillary Test for the Assessment of Melanocytic
Lesions. Surg. Pathol. Clin. 2021, 14, 165–175. [CrossRef]

5. Koh, S.S.; Lau, S.K.; Scapa, J.V.; Cassarino, D.S. PRAME Immunohistochemistry of Spitzoid Neoplasms. J. Cutan. Pathol. 2022, 49,
709–716. [CrossRef]

6. Gerami, P.; Benton, S.; Zhao, J.; Zhang, B.; Lampley, N.; Roth, A.; Boutko, A.; Olivares, S.; Busam, K.J. PRAME Expression
Correlates with Genomic Aberration and Malignant Diagnosis of Spitzoid Melanocytic Neoplasms. Am. J. Dermatopathol. 2022,
44, 575. [CrossRef]

7. Raghavan, S.S.; Wang, J.Y.; Kwok, S.; Rieger, K.E.; Novoa, R.A.; Brown, R.A. PRAME Expression in Melanocytic Proliferations
with Intermediate Histopathologic or Spitzoid Features. J. Cutan. Pathol. 2020, 47, 1123–1131. [CrossRef]

8. Turner, N.; Ko, C.J.; McNiff, J.M.; Galan, A. Pitfalls of PRAME Immunohistochemistry in a Large Series of Melanocytic and
Nonmelanocytic Lesions With Literature Review. Am. J. Dermatopathol. 2024, 46, 21–30. [CrossRef]

9. Alomari, A.K.; Tharp, A.W.; Umphress, B.; Kowal, R.P. The Utility of PRAME Immunohistochemistry in the Evaluation of
Challenging Melanocytic Tumors. J. Cutan. Pathol. 2021, 48, 1115–1123. [CrossRef]

10. Lezcano, C.; Jungbluth, A.A.; Busam, K.J. Comparison of Immunohistochemistry for PRAME with Cytogenetic Test Results in the
Evaluation of Challenging Melanocytic Tumors. Am. J. Surg. Pathol. 2020, 44, 893. [CrossRef]

11. Warbasse, E.; Mehregan, D.; Utz, S.; Stansfield, R.B.; Abrams, J. PRAME Immunohistochemistry Compared to Traditional FISH
Testing in Spitzoid Neoplasms and Other Difficult to Diagnose Melanocytic Neoplasms. Front. Med. 2023, 10, 1265827. [CrossRef]

12. McAfee, J.L.; Scarborough, R.; Jia, X.S.; Azzato, E.M.; Astbury, C.; Ronen, S.; Andea, A.A.; Billings, S.D.; Ko, J.S. Combined Utility
of P16 and BRAF V600E in the Evaluation of Spitzoid Tumors: Superiority to PRAME and Correlation with FISH. J. Cutan. Pathol.
2023, 50, 155–168. [CrossRef]

13. Gradecki, S.E.; Valdes-Rodriguez, R.; Wick, M.R.; Gru, A.A. PRAME Immunohistochemistry as an Adjunct for Diagnosis and
Histological Margin Assessment in Lentigo Maligna. Histopathology 2021, 78, 1000–1008. [CrossRef]

14. De Wet, J.; Plessis, P.J.D.; Schneider, J.W. Staged Excision of Lentigo Maligna of the Head and Neck: Assessing Surgical Excision
Margins With Melan A, SOX10, and PRAME Immunohistochemistry. Am. J. Dermatopathol. 2023, 45, 107–112. [CrossRef]

15. Bittar, P.G.; Bittar, J.M.; Etzkorn, J.R.; Brewer, J.D.; Aizman, L.; Shin, T.M.; Sobanko, J.F.; Higgins, H.W.; Giordano, C.N.; Cohen,
J.V.; et al. Systematic Review and Meta-Analysis of Local Recurrence Rates of Head and Neck Cutaneous Melanomas after Wide
Local Excision, Mohs Micrographic Surgery, or Staged Excision. J. Am. Acad. Dermatol. 2021, 85, 681–692. [CrossRef]

16. Salih, R.; Ismail, F.; Orchard, G.E. Double Immunohistochemical Labelling of PRAME and Melan A in Slow Mohs Biopsy Margin
Assessment of Lentigo Maligna and Lentigo Maligna Melanoma. Br. J. Biomed. Sci. 2024, 81, 12319. [CrossRef]

53



Diagnostics 2024, 14, 2015

17. Grillini, M.; Ricci, C.; Pino, V.; Pedrini, S.; Fiorentino, M.; Corti, B. HMB45/PRAME, a Novel Double Staining for the Diagnosis of
Melanocytic Neoplasms: Technical Aspects, Results, and Comparison With Other Commercially Available Staining (PRAME and
Melan A/PRAME). Appl. Immunohistochem. Mol. Morphol. 2022, 30, 14–18. [CrossRef]

18. Carvajal, P.; Zoroquiain, P. PRAME/MELAN-A Double Immunostaining as a Diagnostic Tool for Conjunctival Melanocytic
Lesions: A South American Experience. Pathol. Res. Pract. 2023, 250, 154776. [CrossRef]

19. Ricci, C.; Dika, E.; Ambrosi, F.; Lambertini, M.; Veronesi, G.; Barbara, C. Cutaneous Melanomas: A Single Center Experience on
the Usage of Immunohistochemistry Applied for the Diagnosis. Int. J. Mol. Sci. 2022, 23, 5911. [CrossRef]

20. Lezcano, C.; Pulitzer, M.; Moy, A.P.; Hollmann, T.J.; Jungbluth, A.A.; Busam, K.J. Immunohistochemistry for PRAME in the
Distinction of Nodal Nevi From Metastatic Melanoma. Am. J. Surg. Pathol. 2020, 44, 503–508. [CrossRef]

21. Rasic, D.; Korsgaard, N.; Marcussen, N.; Precht Jensen, E.M. Diagnostic Utility of Combining PRAME and HMB-45 Stains in
Primary Melanocytic Tumors. Ann. Diagn. Pathol. 2023, 67, 152211. [CrossRef]

22. Bahmad, H.F.; Oh, K.S.; Alexis, J. Potential Diagnostic Utility of PRAME and P16 Immunohistochemistry in Melanocytic Nevi
and Malignant Melanoma. J. Cutan. Pathol. 2023, 50, 763–772. [CrossRef]

23. Parra, O.; Ma, W.; Li, Z.; Coffing, B.N.; Linos, K.; LeBlanc, R.E.; Momtahen, S.; Sriharan, A.; Cloutier, J.M.; Wells, W.A.; et al.
PRAME Expression in Cutaneous Melanoma Does Not Correlate with Disease-Specific Survival. J. Cutan. Pathol. 2023, 50,
903–912. [CrossRef]

24. Lo Bello, G.; Pini, G.M.; Giagnacovo, M.; Patriarca, C. PRAME Expression in 137 Primary Cutaneous Melanomas and Comparison
with 38 Related Metastases. Pathol. Res. Pract. 2023, 251, 154915. [CrossRef]

25. Gassenmaier, M.; Hahn, M.; Metzler, G.; Bauer, J.; Yazdi, A.S.; Keim, U.; Garbe, C.; Wagner, N.B.; Forchhammer, S. Diffuse Prame
Expression Is Highly Specific for Thin Melanomas in the Distinction from Severely Dysplastic Nevi but Does Not Distinguish
Metastasizing from Non-Metastasizing Thin Melanomas. Cancers 2021, 13, 3864. [CrossRef]

26. Tio, D.; Willemsen, M.; Krebbers, G.; Kasiem, F.R.; Hoekzema, R.; Van Doorn, R.; Bekkenk, M.W.; Luiten, R.M. Differential
Expression of Cancer Testis Antigens on Lentigo Maligna and Lentigo Maligna Melanoma. Am. J. Dermatopathol. 2020, 42, 625–627.
[CrossRef]

27. Parra, O.; Linos, K.; Li, Z.; Yan, S. PRAME Expression in Melanocytic Lesions of the Nail. J. Cutan. Pathol. 2022, 49, 610–617.
[CrossRef]

28. Rothrock, A.T.; Torres-Cabala, C.A.; Milton, D.R.; Cho, W.C.; Nagarajan, P.; Vanderbeck, K.; Curry, J.L.; Ivan, D.; Prieto, V.G.; Aung,
P.P. Diagnostic Utility of PRAME Expression by Immunohistochemistry in Subungual and Non-Subungual Acral Melanocytic
Lesions. J. Cutan. Pathol. 2022, 49, 859–867. [CrossRef]

29. McBride, J.D.; McAfee, J.L.; Piliang, M.; Bergfeld, W.F.; Fernandez, A.P.; Ronen, S.; Billings, S.D.; Ko, J.S. Preferentially Expressed
Antigen in Melanoma and P16 Expression in Acral Melanocytic Neoplasms. J. Cutan. Pathol. 2022, 49, 220–230. [CrossRef]

30. Cazzato, G.; Cascardi, E.; Colagrande, A.; Belsito, V.; Lospalluti, L.; Foti, C.; Arezzo, F.; Dellino, M.; Casatta, N.; Lupo, C.; et al.
PRAME Immunoexpression in 275 Cutaneous Melanocytic Lesions: A Double Institutional Experience. Diagnostics 2022, 12, 2197.
[CrossRef]

31. Innocenti, L.; Scarpitta, R.; Corraro, S.; Ortenzi, V.; Bonadio, A.G.; Loggini, B.; De Ieso, K.; Naccarato, A.G.; Fanelli, G.N.; Scatena,
C. Shedding Light on PRAME Expression in Dysplastic Nevi: A Cohort Study. Virchows Arch. 2023, 485, 97–104. [CrossRef]
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Abstract: Programmed cell death-1 (PD1) inhibitors, a form of immune checkpoint inhibitor, are
efficacious for metastatic melanoma but are associated with cutaneous adverse reactions (CARs).
Studies in Europe and North America showed that CARs are associated with an increased overall
survival. However, studies from Asia showed mixed results. There is a paucity of data regarding
the efficacy of PD1 inhibitors and the effect of CARs on overall survival from Southeast Asia. A
retrospective study of patients in the National Cancer Centre Singapore who were diagnosed with
melanoma between 2015 and 2020 was conducted. Patients were included in the study if they had
stage IV melanoma (advanced melanoma). Sixty-two patients were included in the study. The median
age was 62.5 years and acral melanoma was the commonest subtype. Forty-three patients received
PD1 inhibitors. Comparing patients who did not receive PD1 inhibitors to patients who received
PD1 inhibitors, the former had a median overall survival of 6 months (95% CI: 5.07, 6.93), whereas
the latter had a median overall survival of 21 months (95% CI: 13.33, 28.67; p < 0.001) (Hazard ratio
0.32; 95% CI: 0.16, 0.63; p = 0.001). Amongst patients who received PD1 inhibitors, patients who
developed CARs had a greater median overall survival of 33 months (95% CI: 17.27, 48.73) compared
to 15 months (95% CI: 9.20, 20.80; p = 0.013) for patients who did not (HR 0.29; 95% CI: 0.098, 0.834;
p = 0.022). This study provides insight into the outcomes of metastatic melanoma in Singapore, and
adds to the body of evidence supporting the use of PD1 inhibitors in Asians.

Keywords: melanoma; PD1 inhibitor; immunotherapy; cutaneous adverse reaction

1. Introduction

Metastatic melanoma is associated with poor prognosis and high mortality [1]. The
development of immune checkpoint inhibitors (ICIs) targeting programmed cell death-1
(PD1) pathways has changed the landscape of melanoma therapy [2]. By blocking the
inhibitory pathway between T lymphocytes and antigen-presenting cells or tumour cells,
ICIs restore the immune response of effector T cells to tumour cells [2]. Nivolumab and
pembrolizumab are examples of ICIs that bind PD1 on T cells, inhibiting the binding of
PD1 to its ligand on tumour cells [2].

Multiple large-scale phase III trials studying the impact of PD1 inhibitors on metastatic
melanoma outcomes have shown favourable results, but were conducted primarily in
white populations [3–5]. As the spectrum of melanoma differs between Asian and white
populations, it is important to investigate if these findings can be extended to Asian
populations. However, there are limited data on the efficacy of PD1 inhibitors in Asian
melanoma populations, with few studies on advanced melanoma conducted in Japan and
China [6–10]. At present, there are no studies on PD1 inhibitor outcomes for metastatic
melanoma in Singapore or Southeast Asia, where Singapore is located.
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The use of immune checkpoint inhibitors can result in the development of immune-
related adverse events. The development of cutaneous adverse reactions (CARs) was
associated with increased overall survival in many studies of predominantly white patients
in Europe [11–14], Canada [15] and America [16]. On the other hand, the impact of CARs
on overall survival in Asian populations is less clear, with reports of CARs being associated
with increased [6,17–19] or decreased [20] overall survival, with multiple reports showing
inconclusive data [21,22]. Of note, there is a paucity of data from Southeast Asia.

The aims of this study are two-fold: to investigate the impact of anti-PD1 inhibitors on
overall survival in metastatic melanoma, and to describe the cutaneous adverse reactions
to anti-PD1 inhibitors in Singapore melanoma patients and their effect on overall survival.

2. Materials and Methods

A total of 195 patients with melanoma diagnosed between 2015 and 2021 at the
National Cancer Centre Singapore (NCCS) were retrospectively analysed. Consent was
obtained from the Institutional Review Board of the NCCS (CIRB: 2018/3065). The details
of the patients’ baseline demographics, clinical presentation, treatment and survival data
were collected.

Staging was carried out according to the American Joint Committee on Cancer (AJCC)
staging system (8th Edition) [23]. BRAF and cKIT mutations were analysed using next
generation sequencing. Overall survival (OS) was computed from the date of diagnosis of
stage IV melanoma to the date of demise or last follow-up (for surviving patients). Alive or
lost to follow-up patients were censored at the last follow-up date. The median survival
time was analysed using the Kaplan–Meier method and differences in survival curves
between groups of patients were compared using the log-rank test. A univariate analysis
of the association between prognostic factors and survival was performed using the Cox
proportional hazard model. For continuous variables, the Mann–Whitney U test was used
to compare the medians between the two groups. Counts and percentages were reported
for categorical variables, and the chi-squared test or Fisher’s exact test (when more than
20% of the cells had expected frequencies < 5) were used to test for differences between
groups. A 2-sided p-value < 0.05 was considered statistically significant. Statistical analyses
were performed using the IBM SPSS Statistics software version 28.

3. Results

3.1. Patient Demographics

A total of 62 patients with stage IV melanoma diagnosed between 2015 and 2021 at
the National Cancer Centre Singapore (NCCS) were identified (Table 1). Patients who were
diagnosed at stage IV or who subsequently progressed to stage IV disease were included
in the study. The median age was 62.5 years. There was a predominance of Chinese (74.2%)
followed by Malay patients (9.7%), reflecting the ethnic composition of Singapore. Acral
melanoma was the commonest subtype seen (38.7%), followed by cutaneous (33.9%) and
mucosal melanoma (27.4%). Further details of each subtype can be found in Supplementary
Tables S1 and S2. Most patients had metastases in non-central nervous system (CNS)
visceral organs (74.2%). A subset of patients opted to undergo testing for BRAF and/or
cKIT mutations. Amongst the patients who were tested for BRAF or cKIT mutations, 28%
had BRAF mutations and 19.5% had cKIT mutations.

Forty-three patients received treatment with PD1 inhibitors, either pembrolizumab
(22.6%), nivolumab (24.2%) or both (22.6%). Nineteen patients did not receive PD1 in-
hibitors; these patients were given the best supportive care (seven patients), dabrafenib
with trametinib (four patients), imatinib (three patients), other systemic therapies (three
patients) or radiotherapy (three patients) alone or in combination with other previously
mentioned therapies. For the entire cohort of 62 patients, the median overall survival was
10 months, and the median follow-up time was 9.5 months (Table 1).
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Table 1. Stage IV melanoma population characteristics (n = 62).

Characteristics Number (%)

Median age (range), years 62.5 (30–86)
Gender

Female 39 (62.9)
Male 23 (37.1)

Ethnicity
Chinese 46 (74.2)
Malay 6 (9.7)
Indian 2 (3.2)
White 3 (4.8)
Others 5 (8.1)

Subtype
Acral 24 (38.7)
Cutaneous 21 (33.9)
Mucosal 17 (27.4)

M category
1a 11 (17.7)
1b 16 (25.8)
1c 30 (48.4)
1d 5 (8.1)

BRAF status a

Wild type 36 (72)
Mutation 14 (28)

cKIT status b

Wild type 33 (80.5)
Mutation 8 (19.5)

PD1 inhibitor
Pembrolizumab 14 (22.6)
Nivolumab 15 (24.2)
Both 14 (22.6)
None 19 (30.6)

Any administration of systemic non-PD1 therapy
No 34 (54.8)
Yes 28 (45.2)

Dabrafenib/Trametinib 8
Imatinib 6
Clinical Trial drug 5
Paclitaxel/Carboplatin 4
Temozolamide 2
Decarbazine 1
Vemurafenib 1
Encorafenib/Binimetinib 1

Overall survival (range), months 10 (1–76)
Follow-up time (range), months 9.5 (1–75)

a A total of 12 patients were not tested for BRAF mutations. b A total of 21 patients were not tested for
cKIT mutations.

3.2. Survival Analysis

The prognostic impact of age, gender, ethnicity, melanoma subtype, M category (extent
of distant metastasis), BRAF mutational status, cKIT mutational status, PD1 inhibitor
therapy and the use of non-PD1 inhibitor systemic therapies on overall survival was
analysed. In univariable analysis, only the use of the PD1 inhibitor was associated with
increased overall survival (Table 2). Comparing patients who did not receive PD1 inhibitors
to patients who received PD1 inhibitors, the former had a median overall survival of
6 months, whereas the latter had a median overall survival of 21 months (p < 0.001,
Figure 1a, Table 3). Amongst those who received PD1 inhibitors, 25 patients received
PD1 inhibitors alone, and 18 also received non-PD1 therapy. The median overall survival
for patients receiving PD1 inhibitors alone was 25 months compared to 17 months for
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patients who also received other therapies (p = 0.197). Although patients who received
PD1 inhibitors had a lower median age (60 years) than patients who did not receive PD1
inhibitors (69 years, p = 0.008), age was not a significant prognostic factor in the univariate
analysis for overall survival (Table 2). In addition, the multivariable analysis of overall
survival in patients receiving PD1 inhibitors showed that age was not a significant factor in
affecting overall survival, whereas the development of cutaneous adverse reactions was
significant (Supplementary Table S3).

Table 2. Univariate analysis for overall survival in stage IV melanoma.

Characteristics E/N Hazard Ratio (95% CI) p-Value

Age at diagnosis
<60 years old 12/22 1 ref
≥60 years old 28/40 1.74 (0.87, 3.47) 0.119

Gender
Female 24/39 1 ref
Male 16/23 0.86 (0.64, 1.22) 0.450

Ethnicity
Chinese 31/46 1 ref
Malay 4/6 1.10 (0.36, 3.13) 0.862
Indian 2/2 1.02 (0.24, 4.34) 0.983
White 2/3 0.72 (0.17, 3.03) 0.649
Others 1/5 1.73 (0.22, 13.69) 0.605

Subtype
Acral 14/24 1 ref
Cutaneous 16/21 1.61 (0.78, 3.32) 0.195
Mucosal 10/17 1.13 (0.50, 2.56) 0.762

M category
1a 6/11 1 ref
1b 9/16 0.82 (0.29, 2.33) 0.704
1c 22/30 2.10 (0.85, 5.23) 0.110
1d 3/5 1.48 (0.36, 6.05) 0.586

BRAF status
Wild type 24/36 1 ref
Mutation 9/14 1.72 (0.78, 3.78) 0.176

cKIT status
Wild type 21/33 1 ref
Mutation 6/8 1.45 (0.57, 3.71) 0.436

PD1 inhibitor
No 14/19 1 ref
Yes 26/43 0.32 (0.16, 0.63) 0.001

Any administration of systemic non-PD1 therapy
No 18/34 1 ref
Yes 22/28 1.55 (0.82, 2.95) 0.182

CI: Confidence interval. p value calculated using the Cox proportional hazards model. E/N: Events/Number of
cases. Ref: reference.
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(a) (b) 

Figure 1. Kaplan–Meier curves for overall survival. (a) Patients who received PD1 inhibitors (n = 43)
had increased overall survival compared to patients who did not (n = 19). (b) For patients who
received PD1 inhibitors, the development of cutaneous adverse reactions (n = 11) was associated
with increased overall survival compared to no adverse reactions (n = 32). p values were calculated
using the log-rank test.

Table 3. Comparing patients who received PD1 vs. no PD1 inhibitor.

Characteristics No PD1 (n = 19) PD1 (n = 43) p-Value

Median age (range), years 69 (30–86) 60 (31–76) 0.008 a

Gender
Female 10 (52.6) 29 (67.4) 0.266 b

Male 9 (47.4) 14 (32.6)
Ethnicity

Chinese 14 (73.7) 32 (74.4) 0.186 c

Malay 0 (0) 6 (14.0)
Indian 1 (5.3) 1 (2.3)
White 2 (10.5) 1 (2.3)
Others 2 (10.5) 3 (7.0)

Subtype
Acral 8 (42.1) 16 (37.2) 0.830 c

Cutaneous 7 (36.8) 14 (32.6)
Mucosal 4 (21.1) 13 (30.2)

M category
1a 2 (10.5) 9 (20.9) 0.570 c

1b 4 (21.1) 12 (27.9)
1c 12 (63.2) 18 (41.9)
1d 1 (5.3) 4 (9.3)

BRAF status
Wild type 9 (60.0) 27 (77.1) 0.304 c

Mutation 6 (40.0) 8 (22.9)
cKIT status

Wild type 7 (70.0) 26 (83.9) 0.378 c

Mutation 3 (30.0) 5 (16.1)
Any administration of systemic
non-PD1 therapy

No 9 (47.7) 25 (58.1) 0.432 b

Yes 10 (52.6) 18(41.9)
Median overall survival, months
(95% CI) 6 (5.07, 6.93) 21 (13.33, 28.67) <0.001 d

a p-value calculated using Mann–Whitney U test. b p-value estimated using chi-squared test. c p-value estimated
using Fisher’s exact test. d p-value estimated using log-rank test. CI, confidence interval.
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3.3. Cutaneous Adverse Reactions

There are limited data from Asia regarding the impact of cutaneous adverse reactions
on overall survival. In this study, 11 patients who received PD1 inhibitors developed
cutaneous adverse reactions whereas 32 patients did not. Comparing the two populations,
patients who developed CARs had a greater median overall survival of 33 months (95%
CI: 17.27, 48.73) compared to 15 months (95% CI: 9.20, 20.80; p = 0.013) for patients who
did not develop CARs (HR 0.29; 95% CI: 0.098, 0.834; p = 0.022, Table 4, Figure 1b). A
comparison of the two groups of patients showed that there was no difference in age,
gender, ethnicity, melanoma subtype, M category, BRAF mutational status, cKIT mutational
status and the use of non-PD1 inhibitor systemic therapies before or after PD1-inhibitor
treatment (Table 4). Patients who developed CARs were predominantly ethnically Chinese,
although this was not significant when compared with patients who did not develop CARs
(Table 4).

Table 4. Comparing patients with cutaneous adverse reactions vs. no cutaneous adverse reactions to
PD1 inhibitors.

Characteristics No CAR (n = 32) CAR (n = 11) p-Value

Median age (range) 60.5 (31–76) 58 (33–74) 0.666 a

Gender
Female 23 (71.9) 6 (54.5) 0.457 b

Male 9 (28.1) 5 (45.5)
Ethnicity

Chinese 22 (68.8) 10 (90.9) 0.757 b

Malay 5 (15.6) 1 (9.1)
Indian 1 (3.1) 0 (0)
White 1 (3.1) 0 (0)
Others 3 (9.4) 0 (0)

Subtype
Acral 9 (28.1) 7 (63.6) 0.079 b

Cutaneous 13 (40.6) 1 (9.1)
Mucosal 10 (31.3) 3 (27.3)

M category
1a 6 (18.8) 3 (27.2) 0.631 b

1b 8 (25.0) 4 (36.4)
1c 14 (43.8) 4 (36.4)
1d 4 (12.5) 0 (0)

BRAF status
Wild type 19 (70.4) 8 (100) 0.154 b

Mutation 8 (29.6) 0 (0)
cKIT status

Wild type 18 (85.7) 8 (80.0) 0.999 b

Mutation 3 (14.3) 2 (20.0)
Any administration of systemic
non-PD1 therapy

No 17 (53.1) 8 (72.7) 0.309 b

Yes 15 (46.9) 3 (27.3)
PD1 inhibitor line of treatment

First line 24 (75) 9 (81.8) 0.999 b

Second line or later 8 (25) 2 (18.2)
Median overall survival, months
(95% CI) 15 (9.20, 20.80) 33 (17.27, 48.73) 0.013 c

CAR: Cutaneous adverse reaction. CI, confidence interval. a p-value calculated using Mann–Whitney U test. b

p-value estimated using Fisher’s exact test. c p-value estimated using log-rank test.

The commonest cutaneous adverse reaction to PD1 inhibitors was vitiligo (four pa-
tients), followed by eczema exacerbation (three patients), lichenoid dermatitis (two pa-
tients), psoriasiform eruption (one patient) and exanthem (one patient) (Table 5). One
patient had both vitiligo and bullous pemphigoid. Skin biopsies for histological analyses
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were performed for patients presenting with bullae, lichenoid and psoriasiform eruptions,
which all showed dermal eosinophils, supporting a drug-induced cause of the cutaneous
manifestations (Table 5). Cutaneous adverse reactions developed following both pem-
brolizumab and nivolumab use, and in all melanoma subtypes, although there was an
over-representation of acral melanoma cases. One patient had to discontinue PD1 inhibitor
therapy due to pneumonitis and another patient discontinued PD1 inhibitor therapy due to
extensive bullous pemphigoid, which was resolved with the use of topical corticosteroids
and oral doxycycline.

Table 5. Cutaneous adverse reactions to PD1 inhibitors.

Cutaneous Adverse
Reaction

No. of Patients PD1 Inhibitor
Melanoma
Subtype

Histology of Skin
Reaction

Management

3 (27.3%)

Pembrolizumab then
nivolumab and
ipilimumab

Mucosal Not performed Continue PD1 inhibitor
Vitiligo

Nivolumab Mucosal Not performed Continue PD1 inhibitor
Pembrolizumab Acral Not performed Continue PD1 inhibitor

Vitiligo and bullous
pemphigoid (BP) 1 (9.1%) Nivolumab Acral

Subepidermal blister with
dermal lymphocytes,
histiocytes and eosinophils

Topical corticosteroids,
oral doxycycline.
Stopped PD1 inhibitor
(bullous pemphigoid)

Pembrolizumab then
nivolumab and
ipilimumab

Cutaneous Not performed Topical corticosteroids,
continue PD1 inhibitor

Eczema exacerbation 3 (27.3%)
Nivolumab Acral Not performed Topical corticosteroids,

continue PD1 inhibitor
Nivolumab then
pembrolizumab Acral Not performed Topical corticosteroids,

continue PD1 inhibitor

Lichenoid dermatitis 2 (18.1%)

Pembrolizumab then
nivolumab Acral

Interface dermatitis with
subcorneal neutrophilic
collections and perivascular
dermal lymphocytic
infiltrate with plasma cells
and eosinophils

Topical corticosteroids,
continue PD1 inhibitor

Nivolumab Acral

Irregular acanthosis and
spongiosis with superficial
dermal oedema and chronic
inflammatory infiltrate
with eosinophils

Topical corticosteroids,
continue PD1 inhibitor

Psoriasiform
eruption 1 (9.1%) Nivolumab Acral

Irregular psoriasiform
hyperplasia with focal mild
spongiosis where a small
collection of neutrophils is
seen in the upper epidermis.
Superficial perivascular
infiltrate of lymphocytes
and eosinophils

Topical corticosteroids,
stopped PD1 inhibitor
(pneumonitis)

Exanthem 1 (9.1%) Nivolumab Mucosal Not performed Topical corticosteroids,
continue PD1 inhibitor

4. Discussion

Given that the population in Asia has been projected to grow by 44% between 2000
and 2050 [24], the absolute number of melanoma cases can also be expected to increase,
highlighting the need for more data on the treatment of melanoma in Asian populations.
This study provides insight into the demographics and outcomes of metastatic melanoma in
Singapore. Previous studies on melanoma have limited data on stage IV melanoma, and no
data on PD1 inhibitor outcomes [25–28]. In this study, acral melanoma was the commonest
subtype, whereas in previous studies, non-acral cutaneous melanoma was commonest
when the study population predominantly consisted of stage I-III melanoma and mucosal,
ocular and melanoma of unknown primary were included in the study population [26]. In
other Singaporean studies of only cutaneous melanoma at predominantly stage I-III, acral
lentiginous melanoma was the most common histological subtype [25,28,29]. In studies
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involving mainly white patients, non-acral cutaneous melanoma was the most common
subtype in advanced melanoma [30], reinforcing the differences in melanoma subtypes
between ethnicities.

In this study, the median overall survival of patients with PD1 inhibitors was 21 months
(median follow-up 9.5 months), which is similar to studies in Japan (OS = 16.93 months, me-
dian follow-up unknown) [6] and China (OS = 16 months, median follow-up 11 months) [8].
Mucosal melanoma constituted the highest proportion of patients in the Japanese study [6],
whereas acral melanoma was predominant in the Chinese study [8], similar to this study.
In the landmark CheckMate 037 study, which consisted primarily of patients from Europe
and America, the median overall survival of patients on nivolumab was 15.7 months
with a median follow-up of 2 years, but the melanoma subtypes were not stated [5]. In
terms of the long-term follow-up of results, the CheckMate 067 trial, which also consisted
primarily of white patients from Europe and America, followed 945 patients for at least 5
years, and the median overall survival was more than 60 months for the nivolumab with
ipilimumab group [3]. A small Japanese study of 24 patients with mainly acral melanoma
treated with nivolumab showed an overall survival of 32.9 months with a median follow-
up of 32.9 months and a longer overall survival than other Asian studies; this could be
attributed to the longer follow-up time [7]. Larger studies of Asian melanoma patients
with longer follow-up durations are required to compare longer-term results with PD1
inhibitors between Asian and white populations.

A subset of patients in this study developed cutaneous adverse reactions to PD1
inhibitors, and this was associated with an increased overall survival, similar to findings
from a study in China [18] and some studies from Japan [6,17,19], but differing from other
studies from Japan and Taiwan [20,22,31]. Larger studies are required for the generalisation
to other Asian populations.

The pathophysiology underlying the association between CARs and overall survival
has not been completely elucidated. There are several postulated mechanisms to explain
the association between CARs due to PD1 inhibitors and overall survival. One possible
mechanism involves shared antigens between melanocytes and melanoma cells, such as
tyrosinase and related proteins TRP-1 and TRP-2, gp100 and Melan-A [32]. It is possible that
the development of vitiligo indicates an immune reaction towards both normal melanocytes
and melanoma cells following PD1 inhibitor administration. In addition, it has been
demonstrated that PD1 blockade overcomes T cell exhaustion, leading to the activation of
the T cell population both in the tumour microenvironment and systemically [33,34]. As
eczema, psoriasis, lichenoid eruptions and vitiligo are T-cell-mediated processes [35], the
development of such cutaneous reactions might indicate a robust anti-tumour response
and thus improved outcomes.

A previous population-based epidemiological study showed that mucosal melanoma
from different anatomical sites exhibited different survival outcomes, with localised pha-
ryngeal, gastroesophageal and vaginal mucosal melanoma exhibiting outcomes that were
as poor as metastatic disease, despite aggressive local therapy [36]. Our study included
17 cases of mucosal melanoma, which consisted of melanoma of the anorectum (4 cases),
head and neck (6 cases), oesophagus (1 case) and vagina/vulva (6 cases) (Supplementary
Table S1). Another study of mucosal melanoma in Chinese patients found genetic variation
in mucosal melanoma samples across different body sites, with a reduced overall survival
in oesophagus and small bowel melanoma cases [37]. The small number of cases in each
site in our study precludes a similar analysis, which would be beneficial in future studies.

Our study has limitations. This was a retrospective study with inherent limitations of
incomplete data collection, especially with regard to other epidemiological risk factors such
as family history and lifetime sun exposure. Nine cases were lost to follow-up. The number
of cases in our study was small, but this is a reflection of the low incidence of melanoma in
our population.
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5. Conclusions

In conclusion, this study adds to the growing body of evidence on the benefit of
PD1 inhibitors in Asians. Our study also demonstrates that the development of cutaneous
adverse reactions can be associated with an increased overall survival in some patients with
metastatic melanoma. Future mechanistic studies would be helpful to tease out the specific
pathophysiology underlying this association and aid the prognostication of response to
PD1 inhibitors.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/diagnostics14151601/s1, Table S1: Sites of melanoma;
Table S2: Histological details of cutaneous melanoma cases; Table S3: Analysis of factors affecting
overall survival in patients receiving PD1 inhibitors using the multivariable Cox proportional hazard
regression model (n = 43).

Author Contributions: Conceptualisation, A.Y.-L.L., J.Y.C. and C.C.O.; methodology, A.Y.-L.L., J.Y.C.
and C.C.O.; formal analysis, A.Y.-L.L., J.Y.C. and C.C.O.; investigation, A.Y.-L.L., J.Y.C. and C.C.O.;
writing—original draft preparation, A.Y.-L.L., J.Y.C. and C.C.O.; writing—review and editing, A.Y.-
L.L., J.Y.C. and C.C.O.; visualisation, A.Y.-L.L.; funding acquisition, J.Y.C. and C.C.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Singapore Ministry of Health’s National Medical Research
Council under its Transition Award (TA21jun-0005) and RTF Seed Fund (SEEDFD21jun-0002) (for
J.Y.C.), and Transition Award (TA21jun-0002) and RTF Fund (RTF21nov-004) (for C.C.O.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the National Cancer Centre Singapore
(protocol code 2018/3065, approval date 05/02/2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials; further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Estimating the Global Cancer
Incidence and Mortality in 2018: GLOBOCAN Sources and Methods. Int. J. Cancer 2019, 144, 1941–1953. [CrossRef] [PubMed]

2. Sanmamed, M.F.; Chen, L. A Paradigm Shift in Cancer Immunotherapy: From Enhancement to Normalization. Cell 2018, 175,
313–326. [CrossRef] [PubMed]

3. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef] [PubMed]

4. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.;
Rutkowski, P.; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. J. Med. 2015, 373,
23–34. [CrossRef] [PubMed]

5. Larkin, J.; Minor, D.; D’Angelo, S.; Neyns, B.; Smylie, M.; Miller, W.H., Jr.; Gutzmer, R.; Linette, G.; Chmielowski, B.; Lao,
C.D.; et al. Overall Survival in Patients with Advanced Melanoma Who Received Nivolumab Versus Investigator’s Choice
Chemotherapy in CheckMate 037: A Randomized, Controlled, Open-Label Phase III Trial. J. Clin. Oncol. 2017, 36, 383–390.
[CrossRef]

6. Yamazaki, N.; Takenouchi, T.; Nakamura, Y.; Takahashi, A.; Namikawa, K.; Kitano, S.; Fujita, T.; Kubota, K.; Yamanaka, T.;
Kawakami, Y. Prospective Observational Study of the Efficacy of Nivolumab in Japanese Patients with Advanced Melanoma
(CREATIVE Study). Jpn. J. Clin. Oncol. 2021, 51, 1232–1241. [CrossRef] [PubMed]

7. Yamazaki, N.; Kiyohara, Y.; Uhara, H.; Uehara, J.; Fujisawa, Y.; Takenouchi, T.; Otsuka, M.; Uchi, H.; Ihn, H.; Hatsumichi, M.;
et al. Long-term Follow up of Nivolumab in Previously Untreated Japanese Patients with Advanced or Recurrent Malignant
Melanoma. Cancer Sci. 2019, 110, 1995–2003. [CrossRef] [PubMed]

8. Wen, X.; Ding, Y.; Li, J.; Zhao, J.; Peng, R.; Li, D.; Zhu, B.; Wang, Y.; Zhang, X.; Zhang, X. The Experience of Immune Checkpoint
Inhibitors in Chinese Patients with Metastatic Melanoma: A Retrospective Case Series. Cancer Immunol. Immunother. 2017, 66,
1153–1162. [CrossRef] [PubMed]

63



Diagnostics 2024, 14, 1601

9. Nakamura, Y.; Namikawa, K.; Yoshino, K.; Yoshikawa, S.; Uchi, H.; Goto, K.; Nakamura, Y.; Fukushima, S.; Kiniwa, Y.; Takenouchi,
T.; et al. Anti-PD1 Checkpoint Inhibitor Therapy in Acral Melanoma: A Multicenter Study of 193 Japanese Patients. Ann. Oncol.
2020, 31, 1198–1206. [CrossRef]

10. Zhao, L.; Yang, Y.; Ma, B.; Li, W.; Li, T.; Han, L.; Zhang, Y.; Shang, Y.-M.; Lin, H.; Gao, Q. Factors Influencing the Efficacy of
Anti-PD-1 Therapy in Chinese Patients with Advanced Melanoma. J. Oncol. 2019, 2019, 6454989. [CrossRef]

11. Bottlaender, L.; Amini-Adle, M.; Maucort-Boulch, D.; Robinson, P.; Thomas, L.; Dalle, S. Cutaneous Adverse Events: A Predictor
of Tumour Response under Anti-PD-1 Therapy for Metastatic Melanoma, a Cohort Analysis of 189 Patients. J. Eur. Acad. Dermatol.
Venereol. 2020, 34, 2096–2105. [CrossRef] [PubMed]

12. Dousset, L.; Pacaud, A.; Barnetche, T.; Kostine, M.; Dutriaux, C.; Pham-Ledard, A.; Beylot-Barry, M.; Gérard, E.; Prey, S.; Andreu,
N.; et al. Analysis of Tumor Response and Clinical Factors Associated with Vitiligo in Patients Receiving Anti–Programmed Cell
Death-1 Therapies for Melanoma: A Cross-Sectional Study. JAAD Int. 2021, 5, 112–120. [CrossRef]

13. Indini, A.; Guardo, L.D.; Cimminiello, C.; Prisciandaro, M.; Randon, G.; Braud, F.D.; Vecchio, M.D. Immune-Related Adverse
Events Correlate with Improved Survival in Patients Undergoing Anti-PD1 Immunotherapy for Metastatic Melanoma. J. Cancer
Res. Clin. 2019, 145, 511–521. [CrossRef] [PubMed]

14. Villa-Crespo, L.; Podlipnik, S.; Anglada, N.; Izquierdo, C.; Giavedoni, P.; Iglesias, P.; Dominguez, M.; Aya, F.; Arance, A.; Malvehy,
J.; et al. Timeline of Adverse Events during Immune Checkpoint Inhibitors for Advanced Melanoma and Their Impacts on
Survival. Cancers 2022, 14, 1237. [CrossRef] [PubMed]

15. Holstead, R.G.; Kartolo, B.A.; Hopman, W.M.; Baetz, T.D. Impact of the Development of Immune Related Adverse Events in
Metastatic Melanoma Treated with PD-1 Inhibitors. Melanoma Res. 2021, 31, 258–263. [CrossRef]

16. Freeman-Keller, M.; Kim, Y.; Cronin, H.; Richards, A.; Gibney, G.; Weber, J.S. Nivolumab in Resected and Unresectable Metastatic
Melanoma: Characteristics of Immune-Related Adverse Events and Association with Outcomes. Clin. Cancer Res. 2016, 22,
886–894. [CrossRef] [PubMed]

17. Nakamura, Y.; Tanaka, R.; Asami, Y.; Teramoto, Y.; Imamura, T.; Sato, S.; Maruyama, H.; Fujisawa, Y.; Matsuya, T.; Fujimoto, M.;
et al. Correlation between Vitiligo Occurrence and Clinical Benefit in Advanced Melanoma Patients Treated with Nivolumab: A
Multi-institutional Retrospective Study. J. Dermatol. 2017, 44, 117–122. [CrossRef]

18. Zhao, J.-J.; Wen, X.-Z.; Ding, Y.; Li, D.-D.; Zhu, B.-Y.; Li, J.-J.; Weng, D.-S.; Zhang, X.; Zhang, X.-S. Association between
Immune-Related Adverse Events and Efficacy of PD-1 Inhibitors in Chinese Patients with Advanced Melanoma. Aging 2020, 12,
10663–10675. [CrossRef] [PubMed]

19. Yamazaki, N.; Kiyohara, Y.; Uhara, H.; Uehara, J.; Fujimoto, M.; Takenouchi, T.; Otsuka, M.; Uchi, H.; Ihn, H.; Minami, H. Efficacy
and Safety of Nivolumab in Japanese Patients with Previously Untreated Advanced Melanoma: A Phase II Study. Cancer Sci.
2017, 108, 1223–1230. [CrossRef]

20. Fujisawa, Y.; Yoshino, K.; Otsuka, A.; Funakoshi, T.; Uchi, H.; Fujimura, T.; Matsushita, S.; Hata, H.; Okuhira, H.; Tanaka, R.;
et al. Retrospective Study of Advanced Melanoma Patients Treated with Ipilimumab after Nivolumab: Analysis of 60 Japanese
Patients. J. Dermatol. Sci. 2018, 89, 60–66. [CrossRef]

21. Wu, C.-E.; Yang, C.-K.; Peng, M.-T.; Huang, P.-W.; Lin, Y.-F.; Cheng, C.-Y.; Chang, Y.-Y.; Chen, H.-W.; Hsieh, J.-J.; Chang, J.W.-C.
Immune Checkpoint Inhibitors for Advanced Melanoma: Experience at a Single Institution in Taiwan. Front. Oncol. 2020, 10, 905.
[CrossRef] [PubMed]

22. Kobayashi, T.; Iwama, S.; Yasuda, Y.; Okada, N.; Okuji, T.; Ito, M.; Onoue, T.; Goto, M.; Sugiyama, M.; Tsunekawa, T.; et al.
Pituitary Dysfunction Induced by Immune Checkpoint Inhibitors Is Associated with Better Overall Survival in Both Malignant
Melanoma and Non-Small Cell Lung Carcinoma: A Prospective Study. J. Immunother. Cancer 2020, 8, e000779. [CrossRef]
[PubMed]

23. Amin, M.B.; Edge, S.B.; Greene, F.L.; Byrd, D.R.; Brookland, R.K.; Washington, M.K.; Gershenwald, J.E.; Compton, C.C.; Hess, K.R.;
Sullivan, D.C.; et al. AJCC Cancer Staging Manual, 8th ed.; Springer: Berlin/Heidelberg, Germany, 2017; ISBN 978-3-319-40617-6.

24. Chang, J.W.; Guo, J.; Hung, C.; Lu, S.; Shin, S.J.; Quek, R.; Ying, A.; Ho, G.F.; Nguyen, H.S.; Dhabhar, B.; et al. Sunrise in Melanoma
Management: Time to Focus on Melanoma Burden in Asia. Asia Pac. J. Clin. Oncol. 2017, 13, 423–427. [CrossRef] [PubMed]

25. Yeo, P.M.; Lim, Z.V.; Tan, W.D.V.; Zhao, X.; Chia, H.Y.; Tan, S.H.; Teo, M.C.C.; Tan, M.W.P. Melanoma in Singapore: A 20-Year
Review of Disease and Treatment Outcomes. Ann. Acad. Medicine Singap. 2021, 50, 456–466. [CrossRef] [PubMed]

26. Teh, Y.L.; Goh, W.L.; Tan, S.H.; Yong, G.; Sairi, A.N.H.; Soo, K.C.; Ong, J.; Chia, C.; Tan, G.; Soeharno, H.; et al. Treatment and
Outcomes of Melanoma in Asia: Results from the National Cancer Centre Singapore. Asia Pac. J. Clin. Oncol. 2017, 14, e95–e102.
[CrossRef]

27. Tan, E.; Chua, S.H.; Lim, J.T.; Goh, C.L. Malignant Melanoma Seen in a Tertiary Dermatological Centre, Singapore. Ann. Acad.
Med. Singap. 2001, 30, 414–418.

28. Lee, H.Y.; Chay, W.Y.; Tang, M.B.; Chio, M.T.; Tan, S.H. Melanoma: Differences between Asian and Caucasian Patients. Ann. Acad.
Med. Singap. 2012, 41, 17–20. [CrossRef]

29. Lee, H.Y.; Oh, C.C. Melanoma in Singapore: Putting Our Best Foot Forward! Ann. Acad. Med. Singap. 2021, 50, 454–455. [CrossRef]
30. Bai, X.; Shoushtari, A.N.; Warner, A.B.; Si, L.; Tang, B.; Cui, C.; Yang, X.; Wei, X.; Quach, H.T.; Cann, C.G.; et al. Benefit and

Toxicity of Programmed Death-1 Blockade Vary by Ethnicity in Patients with Advanced Melanoma: An International Multicentre
Observational Study*. Brit. J. Dermatol. 2022, 187, 401–410. [CrossRef]

64



Diagnostics 2024, 14, 1601

31. Wu, C.-E.; Yang, C.-K.; Peng, M.-T.; Huang, P.-W.; Chang, C.-F.; Yeh, K.-Y.; Chen, C.-B.; Wang, C.-L.; Hsu, C.-W.; Chen, I.-W.; et al.
The Association between Immune-Related Adverse Events and Survival Outcomes in Asian Patients with Advanced Melanoma
Receiving Anti-PD-1 Antibodies. BMC Cancer 2020, 20, 1018. [CrossRef]

32. Byrne, K.T.; Turk, M.J. New Perspectives on the Role of Vitiligo in Immune Responses to Melanoma. Oncotarget 2011, 2, 684–694.
[CrossRef] [PubMed]

33. Taube, J.M.; Klein, A.; Brahmer, J.R.; Xu, H.; Pan, X.; Kim, J.H.; Chen, L.; Pardoll, D.M.; Topalian, S.L.; Anders, R.A. Association of
PD-1, PD-1 Ligands, and Other Features of the Tumor Immune Microenvironment with Response to Anti–PD-1 Therapy. Clin.
Cancer Res. 2014, 20, 5064–5074. [CrossRef] [PubMed]

34. Spitzer, M.H.; Carmi, Y.; Reticker-Flynn, N.E.; Kwek, S.S.; Madhireddy, D.; Martins, M.M.; Gherardini, P.F.; Prestwood, T.R.;
Chabon, J.; Bendall, S.C.; et al. Systemic Immunity Is Required for Effective Cancer Immunotherapy. Cell 2017, 168, 487–502.e15.
[CrossRef] [PubMed]

35. Eyerich, K.; Eyerich, S. Immune Response Patterns in Non-communicable Inflammatory Skin Diseases. J. Eur. Acad. Dermatol.
Venereol. 2018, 32, 692–703. [CrossRef]

36. Bishop, K.D.; Olszewski, A.J. Epidemiology and Survival Outcomes of Ocular and Mucosal Melanomas: A Population-based
Analysis. Int. J. Cancer 2014, 134, 2961–2971. [CrossRef]

37. Wang, H.-Y.; Liu, Y.; Deng, L.; Jiang, K.; Yang, X.-H.; Wu, X.-Y.; Guo, K.-H.; Wang, F. Clinical Significance of Genetic Profiling
Based on Different Anatomic Sites in Patients with Mucosal Melanoma Who Received or Did Not Receive Immune Checkpoint
Inhibitors. Cancer Cell Int. 2023, 23, 187. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

65



diagnostics

Article

Advancing Dermatological Diagnostics: Interpretable AI for
Enhanced Skin Lesion Classification

Carlo Metta 1,*, Andrea Beretta 1, Riccardo Guidotti 2, Yuan Yin 3, Patrick Gallinari 3, Salvatore Rinzivillo 1 and

Fosca Giannotti 4

1 Institute of Information Science and Technologies (ISTI-CNR), 56124 Pisa, Italy;
andrea.beretta@isti.cnr.it (A.B.); rinzivillo@isti.cnr.it (S.R.)

2 Department of Computer Science, Universitá di Pisa, 56124 Pisa, Italy; riccardo.guidotti@unipi.it
3 Laboratoire d’Informatique de Paris 6, Sorbonne Université, 75005 Paris, Italy; yuan.yin@isir.upmc.fr (Y.Y.);

patrick.gallinari@sorbonne-universite.fr (P.G.)
4 Faculty of Sciences, Scuola Normale Superiore di Pisa, 56126 Paris, Italy; fosca.giannotti@sns.it
* Correspondence: carlo.metta@isti.cnr.it

Abstract: A crucial challenge in critical settings like medical diagnosis is making deep learning
models used in decision-making systems interpretable. Efforts in Explainable Artificial Intelligence
(XAI) are underway to address this challenge. Yet, many XAI methods are evaluated on broad
classifiers and fail to address complex, real-world issues, such as medical diagnosis. In our study, we
focus on enhancing user trust and confidence in automated AI decision-making systems, particularly
for diagnosing skin lesions, by tailoring an XAI method to explain an AI model’s ability to identify
various skin lesion types. We generate explanations using synthetic images of skin lesions as examples
and counterexamples, offering a method for practitioners to pinpoint the critical features influencing
the classification outcome. A validation survey involving domain experts, novices, and laypersons
has demonstrated that explanations increase trust and confidence in the automated decision system.
Furthermore, our exploration of the model’s latent space reveals clear separations among the most
common skin lesion classes, a distinction that likely arises from the unique characteristics of each
class and could assist in correcting frequent misdiagnoses by human professionals.

Keywords: Explainable Artificial Intelligence; skin image analysis; dermoscopic images; adversial
autoecnoders; AI in healthcare

1. Introduction

Decision support systems powered by Artificial Intelligence (AI) have recently seen
a significant surge in interest across various fields due to their impressive capabilities.
Nonetheless, their application in sensitive areas, particularly those affecting human deci-
sions such as in healthcare, has sparked ethical concerns regarding the opacity of AI-driven
decisions [1,2]. There is an emerging consensus on the need for AI systems that not only
augment the decision-making process of medical professionals with AI-generated insights
and recommendations [3,4] but also ensure that the rationale behind AI decisions is trans-
parent. This is especially pertinent in the context of skin image classification, where the
lack of interpretability in the decision-making process of deep learning models complicates
the interaction between the AI system and medical practitioners. It is, therefore, crucial
to enhance existing classification models with explainability features that facilitate more
insightful interactions and provide additional diagnostic tools [5]. This paper addresses
these challenges within the scope of skin lesion diagnosis from images.

The flourishing field of Explainable AI (XAI) has thus gained considerable atten-
tion [2,6–8], with saliency maps being a prevalent form of explanation for image classifiers.
These maps visually represent the contribution of each pixel toward the model’s decision,
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offering a pixel-level insight into the decision-making process. Despite the array of ap-
proaches to generate saliency maps, they are often criticized for their lack of clarity in
critical medical situations. Explanation methods vary, being classified as model-specific
or model-agnostic based on their reliance on the inner workings of the AI model, and as
global or local, indicating whether the explanation pertains to the model as a whole or to
individual predictions [6,7]. Notable model-specific explainers like IntGrad [9], GradIn-
put [10], and ε-LRP [11] specialize in deep neural networks and generate saliency maps.
However, these maps can be fragmented and challenging to interpret in urgent medical
scenarios. Conversely, model and data agnostic local explainers such as LIME [12] and
SHAP [13] suffer from their reliance on image segmentation, which can compromise the
plausibility of their explanations by reducing them to obscured versions of the original
image, a practice that diminishes trust and utility in medical contexts [14].

Addressing these limitations, ABELE (Adversarial Black box Explainer generating
Latent Exemplars), was proposed as a local, model-agnostic explainer tailored for image
classifiers [15]. ABELE explains decisions by providing exemplar and counter-exemplar im-
ages—those classified similarly or differently from the input image, respectively—alongside
a saliency map that underscores decision-critical areas.

This paper aims to build upon and refine the methodologies discussed in [3,15–17],
exploring the application of an explanation method in a genuine medical context, specifi-
cally for diagnosing skin lesions from images. Utilizing the labeled dataset from the ISIC
2019 (International Skin Imaging Collaboration) challenge (https://challenge.isic-archive.
com/data/, accessed on 1 September 2019), we train a cutting-edge deep learning classifier
based on the ResNet architecture [18] and elucidate the model’s decisions using ABELE [15].
This approach allows practitioners to interpret the model’s reasoning through the provided
exemplars and counter-exemplars. Our study evaluates the utility of these explanations
through a user study with medical professionals, novices, and laypeople, aiming to gauge
their impact on trust and confidence in the AI system.

The contributions of this paper are multifaceted. Firstly, it refines and evaluates
ABELE within a real-world medical scenario. Secondly, it introduces a latent space anal-
ysis performed by the adversarial autoencoder in ABELE, providing insights that could
aid in distinguishing between similar skin lesion types commonly confused by human
diagnosticians. Thirdly, it develops a user interface for exploring ABELE’s explanations.
Lastly, through a comprehensive user study, it demonstrates that explanations enhance
trust and confidence in AI decision systems, particularly among domain experts and highly
educated individuals. This study also uncovers a persistent skepticism toward AI among
older demographics, as well as a decrease in trust among experts following incorrect AI
advice. Additionally, we observe that the saliency maps generated by ABELE are superior
to those by other local explainers, such as LIME and LORE [19].

The remainder of this document is structured as follows: Section 3 outlines the method-
ology, Section 4 details the case study and introduces the visualization tool, Section 5
introduces the visual explanation outputted by the explainer, Section 6 presents the sur-
vey findings, Section 8 explores the latent space analysis, and Section 10 summarizes our
findings and suggests avenues for future research.

2. Related Work

XAI has emerged as a focal point in medical imaging, aiming to shed light on the
intricate workings and decisions of AI models in a clear and comprehensible manner. In the
healthcare sector, the role of XAI is pivotal for enhancing the trust and confidence of both
practitioners and patients toward AI-driven diagnostic and treatment approaches.

Numerous research efforts have delved into the application of XAI within medical
imaging contexts, encompassing areas such as chest X-rays [20], CT scans [21], and MRI
scans [22]. These studies have employed a range of XAI techniques, including but not
limited to saliency maps, attribution maps, and decision trees. A landmark study by
Jampani et al. [23] marked one of the initial attempts to utilize saliency map models
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across various medical imaging domains. Subsequent research has expanded upon this
foundation, exploring decision trees and rule-based systems for articulating explanations
behind AI-driven diagnoses in medical imaging. Notably, Seung et al. [24] demonstrated
the effectiveness of decision trees in elucidating deep learning model predictions for chest
X-ray analyses. This particular study underscored the capability of decision trees in offering
transparent explanations regarding AI model decision-making processes.

Moreover, XAI has been rigorously evaluated in diagnostic scenarios involving breast
cancer [25], lung nodules [26], and brain tumors [27], among others. Across these evalua-
tions, a diversity of XAI methodologies—including saliency maps, decision trees, and at-
tribution maps—have been leveraged to illuminate the decision-making mechanisms of
AI models.

Within the field of medical imaging, deep learning has emerged as a pivotal force,
particularly in the detection and segmentation of skin lesions [28]. Recent advancements
in convolutional neural networks (CNNs) have significantly enhanced the accuracy and
efficiency of diagnosing various skin conditions, including melanoma, one of the deadliest
forms of skin cancer [29]. Studies such as that by Esteva et al. (2017) [30] have demonstrated
the capability of deep learning models to match or even surpass the diagnostic accuracy of
dermatologists. Moreover, the integration of deep learning techniques with dermatoscopic
imaging has opened new avenues for automated analysis, enabling the detailed examina-
tion of skin lesion features with unprecedented precision [31]. These technologies not only
aid in early detection but also play a crucial role in delineating the boundaries of lesions,
facilitating accurate surgery and treatment planning.

Collectively, these investigations affirm the critical and innovative role of XAI in medi-
cal imaging, showcasing its potential to foster greater trust and confidence in AI-assisted
diagnoses and to enhance the understanding of the AI models’ operational dynamics.

Despite these advancements, XAI in medical imaging confronts several pressing chal-
lenges that warrant attention [32], such as issues related to trust, data bias, interpretability,
privacy, and integration into clinical workflows, among others. Key challenges include:

• Building Trust: A significant hurdle lies in engendering trust toward AI systems and
their outputs. Achieving a high level of system explainability is vital for fostering
trust and facilitating clinical adoption.

• Addressing Data Bias and Interpretability: The presence of bias in medical imaging
data and the complexities associated with data interpretation can exacerbate when AI
algorithms are trained on such data, potentially leading to skewed outcomes.

• Ensuring Privacy: The sensitive nature of medical imaging data necessitates stringent
protections. Concerns regarding the handling and storage of these data, alongside the
risk of data breaches or misuse, are paramount.

• Overcoming Data Limitations: The scarcity of high-quality medical imaging data
can impede the efficacy of XAI algorithms, posing challenges to model training
and validation.

• Clinical Workflow Integration: Seamlessly incorporating XAI systems into existing
clinical workflows demands a thorough assessment of algorithmic performance and
limitations, as well as their potential impact on clinical decision-making processes.

• Compliance with Regulation and Standards: The XAI domain in medical imaging is
governed by a complex web of regulations and standards. Ensuring compliance with
these regulatory frameworks is both challenging and labor-intensive.

This work aims to develop a human-centric approach to tackle existing hurdles in
Explainable Artificial Intelligence for medical imaging. Our goal is to facilitate the integra-
tion of these technologies into clinical settings by developing dependable and transparent
decision-support tools that incorporate XAI techniques into the clinical workflow.

Our approach to XAI is categorized under generative explanation-based methods.
This involves leveraging a generative mechanism to craft visual explanation. Specifically,
the Contrastive Explanations Method (CEM) [33] is adept at generating explanations by
identifying the minimal necessary or absent regions in an image for a particular classifi-
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cation decision. Concurrent research [34–36] has focused on generating explanations that
highlight modifications needed to either amplify or diminish the classifier’s confidence in
its prediction, employing concepts such as prototypes or counterfactuals. The technique
of Explanation by Progressive Exaggeration [37] introduces a novel way to elucidate the
decisions of opaque classifiers by utilizing a generative adversarial network (GAN) [38]. It
systematically alters the input in a manner that shifts the model’s prediction, functioning
in a model-agnostic fashion and relying solely on the predictor’s values and its gradient
relative to the input.

Our work aligns with these cutting-edge explorations; however, we opt for a distinctive
architecture, the adversarial autoencoder (AAE). The AAE presents a key advantage over
the GAN by offering a more nuanced manipulation of the latent space—the compact,
lower-dimensional representation of data. This precision facilitates the production of
samples more aligned with the actual data distribution, ensuring coherence and relevance
in the generated outputs. Furthermore, unlike GANs, which are predicated on a min-max
contest between the generator and discriminator, AAEs incorporate a reconstruction loss,
enhancing the similarity between generated and input data.

Additionally, AAEs have utility in unsupervised representation learning, enabling
them to distill a condensed representation of data useful for other tasks like classification.
This capability stems from the encoder component of the AAE, which projects data into
the latent space, and the decoder, which reconstructs data from this space back to its
original form.

In summary, AAEs offer a more controlled and interpretable mechanism for data
generation compared to GANs. This makes them a superior and more versatile instrument
for XAI applications, particularly within the context of medical imaging.

3. Methods

In this section, we present the two main components of the methodology adopted to
classify and explain the dataset. More details can be found in [3,15,18].

3.1. Black Box Classifier

To establish a robust classifier that excels in image classification tasks and supports
subsequent learning phases, we opted for the ResNet architecture. Renowned for its proven
efficacy across a number of complex datasets and challenges [18], ResNet stands out as
our architecture of choice. Rather than training a ResNet model from scratch, we opt for a
transfer learning set, utilizing a ResNet model pre-trained on the ImageNet dataset. This
approach is particularly beneficial in scenarios where data availability is limited relative to
the complexity of the network [39]. During the transfer learning process, we replaced the
model’s final fully connected layer with a new one, tailored to match the dataset’s class
count. Consequently, this classification layer undergoes training from the beginning, while
the remaining parts of the ResNet model are fine-tuned. We adopted binary cross entropy
loss for each class, framing the task as a series of one-vs-rest binary classification challenges.

3.2. Adversarial Autoencoders

A key concern when utilizing synthetic examples for black box explanation develop-
ment is ensuring consistency with the original examples’ distribution. Addressed in [15],
this challenge is met through the deployment of adversarial autoencoders (AAEs) [40], a hy-
brid model that combines the principles of generative adversarial networks (GANs) [38]
with autoencoder-based representation learning.

AAEs, as probabilistic autoencoders, are designed to generate new items that closely
resemble the input training data. They achieve this by aligning the aggregated posterior
distribution of input data’s latent representation with a chosen prior distribution. The AAE
model encompasses an encoder mapping from R

n to R
k, a decoder mapping back, and a

discriminator assessing the authenticity of the latent features, where n is the image pixel
count and k represents the latent feature count. Within this framework, x represents an
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instance of training data, with z denoting its latent representation derived via the encoder.
The AAE is characterized by various distributions, including the prior p(z), the data pd(x),
the model p(x), and the encoding and decoding functions q(z|x) and p(x|z). The goal is for
the aggregated posterior q(z), obtained through encoding, to mirror the prior distribution
p(z), ensuring fidelity in the generated examples while minimizing reconstruction errors.
Through this process, the AAE model successfully confuses the discriminator, making it
challenging to distinguish between genuine and generated latent instances (see Figure 1).

Figure 1. Adversarial autoencoder architecture.

The AAE training process encompasses two stages: Reconstruction, focusing on
minimizing the loss between encoded and decoded data, and Regularization, which fine-
tunes the discriminator using both real training data and encoded values. Upon completion,
the decoder acts as a generative model, bridging the prior distribution p(z) with the data
distribution pd(x).

3.3. ABELE Explainer

ABELE (Adversarial Black box Explainer generating Latent Exemplars) is a local, model-
agnostic explainer tailored for image classifiers [15]. For a given image x, ABELE gives
explanations comprising sets of exemplars and counter-exemplars, as well as a saliency
map. These exemplars and counter-exemplars are images classified identically or differently
to x, respectively, offering insights into the classification rationale. The saliency map further
delineates regions influencing the image’s classification. ABELE initiates the explanation
process by generating a latent feature space neighborhood via an adversarial autoencoder
(AAE) [40], followed by learning a decision tree to provide local decision-making and
counterfactual rules [41]. This process involves selecting and decoding exemplars and
counter-exemplars conforming to these rules to produce a saliency map.

3.3.1. Encoding

The image x in question is encoded through the AAE, with the encoder yielding a
latent representation z ∈ R

k, utilizing k latent features, where k is significantly less than n,
the dimensionality of x.

3.3.2. Neighborhood Generation

ABELE generates a set H comprising N latent feature space instances, resembling
z’s characteristics. This neighborhood, inclusive of instances mirroring b(x)’s decision
(H=) and those diverging (H�=), aims to replicate b’s local behavior. The generation of
H may follow diverse strategies, with our experiments favoring a genetic algorithm to
optimize a fitness function [41]. Post-generation, each h ∈ H undergoes validation and
decoding through the disde module, subsequently being classified by the black box model b
to ascertain its class y.

3.3.3. Local Classifier Rule Extraction

With the local neighborhood H established, ABELE constructs a decision tree classifier
c, training it on H labeled according to b(H̃). This surrogate model seeks to closely emulate
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b’s behavior within the defined neighborhood, extracting rules and counterfactual rules.
This method, illustrated in Figure 2, encapsulates the journey from the initial image to the
derivation of the decision tree, highlighting the extraction of pivotal rules. This process is
denoted as LLORE, a latent variant of LORE [41].

Figure 2. Latent local rules extractor (LLORE) module.

3.3.4. Explanation Extraction

In contexts such as medical or managerial decision-making, explanations often re-
volve around referring to exemplars with similar (or differing) decision outcomes. ABELE

adopts this rationale, modeling the explanation of an image x as a triple e = 〈H̃e, H̃c, s〉,
comprising exemplars H̃e, counter-exemplars H̃c, and a saliency map s. Exemplars and
counter-exemplars represent images with outcomes that match or differ from b(x), respec-
tively. ABELE generates these through the eg module (Figure 3-left), initially producing a
set of latent instances H that fulfill the decision rule r or counter-factual rules Φ, as de-
picted in Figure 2. Subsequently, it validates and decodes these into exemplars H̃e or
counter-exemplars H̃c via the disde module (see Figure 4). The saliency map s underscores
regions in x influencing its classification or steering it toward a different category. This
map is derived using the se module (Figure 3-right), which calculates the pixel-to-pixel
difference between x and each exemplar in H̃e, assigning the median of these differ-
ences to each pixel in s. Formally, for each pixel i in the saliency map s, it is defined as
s[i] = median∀h̃e∈H̃e

(x[i]− h̃e[i]).

Figure 3. (Left): Exemplar generator (eg) module. (Right): ABELE architecture.

The efficacy of ABELE heavily relies on the quality of the encoder and decoder functions
used; the more effective the autoencoder, the more realistic and valuable the explanations
become. The following section delves into the autoencoder’s structural nuances necessary
to achieve reliable outcomes for the ISIC dataset.

71



Diagnostics 2024, 14, 753

Figure 4. Discriminator and Decoder (disde) modules.

3.4. Progressively Growing Adversarial Autoencoder

We detail here the customization of ABELE we conducted in order to make it usable
for complex image classification tasks.

3.4.1. Challenges of Generative Models

Training generative adversarial models presents significant challenges, often marred
by various common failures such as convergence issues and the well-documented Mode
Collapse [42]—a situation where the generator produces a limited variety of outputs. These
issues stem from the adversarial training dynamic, where the generator and discriminator
are trained simultaneously in a zero-sum game, making equilibrium elusive. As the
generator improves, the discriminator’s performance may deteriorate, leading to less
meaningful feedback and potentially causing the generator’s performance to falter if
training continues beyond this point.

Moreover, real-world datasets, particularly in healthcare, compound these difficulties
with issues like fragmentation, imbalance, and data scarcity, which hamper the efficiency
and accuracy of machine learning models, especially fragile generative models.

A standard training approach for an AAE on the ISIC dataset, without addressing
these issues, led to subpar performance, primarily due to mode collapse. To mitigate
these generative failures and dataset limitations, we implemented a suite of cutting-edge
techniques capable of addressing these challenges and enabling successful AAE training
with satisfactory performance.

3.4.2. Addressing Mode Collapse in Generative Models

A diverse output range is desirable for generative models; however, the generator’s
tendency to favor outputs that appear most plausible to the discriminator can lead to
repetitive generation of a single or a limited set of outputs, known as mode collapse.
Various techniques, such as Mini Batch Discrimination [43], Wasserstein Loss [44], Unrolled
GANs [45], and Conditional AAE [46], have been proposed to alleviate mode collapse by
either implementing empirical fixes or adjusting the training scheme’s internal structure.

The exact causes of mode collapse and other failures are not fully understood, with such
phenomena becoming more frequent in the health domain, likely due to challenges like
limited data, the necessity for high-resolution image processing, and unbalanced datasets.
To successfully train an AAE and avoid these pitfalls, we adopted a combination of tech-
niques tailored to address these specific challenges.

3.4.3. Progressively Growing Adversarial Autoencoder

Progressively Growing GANs, as introduced in [47], extend the GAN training process
to foster more stable generative model training for high-resolution images. This technique
begins training with low-resolution images, gradually increasing resolution by adding
layers to both the generator and discriminator models until reaching the target size.

In typical GAN setups, the discriminator evaluates the generator’s output directly.
However, in an AAE framework, the discriminator assesses the encoded latent space rather
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than the reconstructed image. To harness the benefits of progressive growth in this context,
we designed the Progressively Growing Adversarial Autoencoder (PGAAE). This approach
starts with a basic convolutional layer block in both the encoder and decoder to reconstruct
low-resolution images (7 × 7 pixels). Incrementally, we add more blocks, enhancing the
network’s capacity to process the desired image size (224 × 224 pixels), while keeping the
latent space dimensions constant. This ensures that the discriminator consistently receives
inputs of the same size. While fixing the discriminator’s network may seem advantageous,
we discovered that gradually expanding its width allows for processing increasingly
complex information more effectively. Conversely, deepening the discriminator tends to
destabilize training, leading to various failures, including performance degradation and
catastrophic forgetting [42].

The rationale behind this methodology stems from the training instability caused by
complex, high-dimensional data. Generating high-fidelity images challenges generative
models to replicate both structural complexity and fine details, where high resolution
exacerbates discrepancies, undermining training stability. Additionally, large images
necessitate significant memory, reducing the feasible batch size and introducing further
training instability.

Layer-by-layer learning enables the model to initially grasp broad structural aspects
before refining focus on detailed textures. This progressive layer introduction acts as a
sophisticated form of regularization across both encoder and decoder networks, smoothing
the parameter space to mitigate issues like mode collapse.

The PGAAE network paradigm is reported in Figure 5. The structure begins with a
simple AAE, focusing on 7 × 7 pixel images, progressively advancing through six stages
to achieve 224 × 224 pixel image reproduction. To enhance the discriminator’s capability
at each stage, its architecture broadens, incorporating two dense layers that progressively
expand from 500 to 3000 neurons. Each convolutional block consists of a conv2d layer
followed by batch normalization and a ReLu activation, with either max pooling or up
sampling depending on the encoder or decoder role.

Figure 5. A Progressively Growing AAE. At each step, an autoencoder is trained to generate an image
that is twice the size of the previous one, starting from an image of 14 × 14 pixels and gradually
increasing to an image of 224 × 224 pixels. The learned features from one autoencoder are then
transferred to the next. To handle the growing image size, both the encoder and decoder networks
are expanded by adding one convolutional block at each step. The transfer learning is confined to the
shared network architecture.
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3.4.4. Denoising Autoencoder

A significant challenge in training generative models is their tendency to learn the
identity function, particularly when hidden layers surpass input nodes, allowing simple
data replication without meaningful representation learning.

Denoising autoencoders, as described in [48], introduce stochasticity to combat this
by corrupting input images, which the model then strives to reconstruct. This pro-
cess not only deters the model from identity mapping but also fosters the learning of
robust representations.

Introducing noise to the discriminator’s inputs [49] further enhances generalization,
mitigates the vanishing gradient issue, and fosters better convergence. Combining denois-
ing techniques with noise injection into the discriminator enhances the model, particularly
noticeable in achieving high-quality reconstructions in latent spaces with 256 features.
Gaussian noise with a standard deviation of σ = 0.1 proved effective, with little benefit
observed beyond this range.

3.4.5. Mini Batch Discrimination

Mini Batch Discrimination, as detailed in [43], was introduced to prevent the generator
network from collapsing. This technique discriminates across entire minibatches of samples
within generative adversarial networks, rather than evaluating individual samples.

The principle behind this approach is for the discriminator to assess batches of data
in their entirety, rather than single data points. This strategy significantly simplifies the
identification of mode collapse, as the discriminator can recognize when samples within a
batch are excessively similar and thus should be deemed inauthentic. Consequently, this
compels the generator to diversify its output within each batch. An L1 penalty norm is
integrated with the input and directed toward the penultimate layer of the discrimina-
tor, quantifying the similarity among samples within the same batch. This penalization
prompts the discriminator to reject batches that exhibit high internal similarity. Coupled
with the progressive growth of the network, this technique has proven effective in avert-
ing mode collapse in batches of moderate size (16–64), albeit at the expense of a slight
increase in discriminator complexity. Training with smaller batch sizes, necessitated by
hardware constraints due to the processing of high-resolution images and managing a
high-dimensional latent space, inherently raises the risk of mode collapse.

As per [43], the fine-tuning of two hyperparameters, designated as B and C, is re-
quired for the minibatch discrimination layer. These parameters determine the number of
discrimination kernels and the dimensionality of the space for calculating sample closeness,
respectively. Theoretically, larger values of B and C enhance performance but at the cost of
computational efficiency. An optimal balance between accuracy and computational speed
was found with B = 16 and C = 5.

3.4.6. Performance

Following an extensive optimization of the encoder, decoder, and discriminator ar-
chitectures, our PGAAE equipped with 256 latent features achieved a reconstruction error,
quantified by the RMSE, ranging from 0.08 to 0.24. This variance is contingent upon
whether the data pertain to the most prevalent or the rarest class of skin lesions. Employing
data augmentation was crucial for addressing the dataset’s limitations regarding scarcity
and imbalance. This strategy substantially mitigated mode collapse, enabling the genera-
tion of diverse and high-quality skin lesion images. Consequently, the ABELE explainer is
now proficient in producing coherent and meaningful explanations.

It is important to underscore that the ABELE framework operates effectively irrespec-
tive of the classifier employed. Naturally, different classifiers yield distinct explanations,
highlighting the flexibility and adaptability of the ABELE system.
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4. Case Study

This section outlines our case study, including the characteristics of the training
dataset and the methodologies employed for training both the black box classifier and
the autoencoder.

4.1. Dataset

The International Skin Imaging Collaboration (ISIC), under the auspices of the Inter-
national Society for Digital Imaging of the Skin (ISDIS), launched the Skin Lesion Analysis
toward Melanoma Detection Challenge aiming to bolster global efforts in melanoma di-
agnosis (https://challenge2019.isic-archive.com/, accessed on 1 September 2019). This
challenge focuses on developing a classifier capable of distinguishing among nine distinct
diagnostic categories of skin cancer: MEL (melanoma), NV (melanocytic nevus), BCC
(basal cell carcinoma), AK (actinic keratosis), BKL (benign keratosis), DF (dermatofibroma),
VASC (vascular lesion), SCC (squamous cell carcinoma), and UNK (unknown, none of
the others/out-of-distribution), see Figure 6. The provided dataset comprises a training set
with 25,331 images of skin lesions labeled by category and a test set containing 8238 images,
the labels of which are not publicly accessible.

Figure 6. Dermoscopic images sampled from ISIC 2019 dataset.

4.2. Black Box Training

From the training set, we allocated 80% of the samples for training and the remaining
20% for validation purposes. The UNK category was excluded from our training focus
since it is not present in the training set, aligning with our objective to develop a diagnostic
classifier. The necessity for a reliable classifier to assist medical practitioners influenced
this decision, endorsing a model capable of rejecting UNK samples when confidence in
classification is low. This capability is crucial from a diagnostic accuracy perspective,
preferring a cautious rejection of out-of-distribution samples over potentially erroneous
labeling. Due to varying image resolutions, we employed specific preprocessing techniques:

• For training, images undergo random scaling, rotation, and cropping to fit the network
input, ensuring the lesions remain undistorted. The processed images are resized
to 224 × 224.

• Validation and test images are first scaled to 256 × 256 based on the shorter edge, then
centrally cropped to 224 × 224.
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Evaluation followed the original challenge’s metric system, utilizing normalized multi-
class accuracy as the performance measure. This metric, defined as the average recall across
all classes, ensures equal importance across categories, preventing biased performance
toward dominant ones. The optimized ResNet model, selected based on validation set
performance, achieved a balanced multi-class accuracy of 0.838 on the test set (see Table 1
for the full performance description). Given the controlled conditions under which images
were captured, ensuring minimal distributional shifts between training and validation sets,
cross-validation was deemed unnecessary. To circumvent overfitting given the dataset’s
size, we fine-tuned a pre-selected pre-trained ResNet model, basing our architectural
choice on its historical efficacy and computational feasibility rather than dataset-specific
performance. The learning rate was fine-tuned to 10−4, optimizing both convergence
speed and validation accuracy, with the best-performing model on the validation set being
retained for further use.

Table 1. Detailed Black Box performance on each skin lesion category.

Metrics Diagnosis Categories

SCC MEL NV BCC AK BKL DF VASC

Recall 0.836 0.818 0.927 0.942 0.890 0.847 0.963 0.886
Specificity 0.969 0.926 0.882 0.960 0.964 0.955 0.988 0.996
Accuracy 0.966 0.906 0.906 0.958 0.961 0.944 0.987 0.995
F1 0.505 0.763 0.910 0.845 0.624 0.753 0.630 0.772
PPV 0.362 0.716 0.894 0.766 0.480 0.678 0.469 0.684
NPV 0.996 0.957 0.918 0.991 0.995 0.982 0.999 0.999

AUC 0.978 0.948 0.967 0.990 0.980 0.966 0.996 0.997
AUC80 0.967 0.907 0.940 0.984 0.970 0.946 0.996 0.997
AP 0.810 0.844 0.967 0.941 0.802 0.848 0.910 0.917

The 50-layer ResNet architecture comprises 18 sequential modules, including one
conv1 module (7 × 7, 64 filters, stride 2), three conv2 modules, four conv3 modules,
six conv4 modules, three conv5 modules, and a final fully connected module fc. Each
conv2 to conv5 module constitutes a residual block with three convolutional layers, where
the block’s output is a sum of its input and the convolutional output. Spatial reduction
occurs only in the first layer of conv3, conv4, and conv5 modules, with the fc module
serving as the classification layer. The fc module integrates average pooling followed by
a 9-output fully connected layer with sigmoid activation to make predictions across the
different diagnostic categories. The innovative structure of ResNet, particularly through
its residual blocks, facilitates the training of deeper networks by addressing vanishing
gradients. This architecture ensures that the network can learn complex patterns associated
with various skin lesion types while maintaining computational efficiency.

Each residual block within the conv2 to conv5 modules consists of a specific sequence
of convolutional layers designed to process and enhance the feature representation of the
input images. These blocks employ a combination of 1 × 1 and 3 × 3 convolutional filters,
allowing the network to capture both the detailed and abstract features of skin lesions
effectively. By strategically increasing the number of filters and adjusting the stride in these
blocks, the network progressively refines its feature maps, leading to a more discriminative
representation suitable for classification tasks.

The decision to incorporate a newly trained prediction layer (fc module) at the
end of the network underscores our commitment to tailoring the model to the specific
requirements of skin lesion classification. This approach allows for fine-grained tuning
and adaptation to the unique characteristics of the ISIC dataset, ensuring that the model is
well-equipped to handle the variability and complexity inherent in dermatological imaging.

In summary, the deployment of a 50-layer ResNet architecture, coupled with thought-
ful preprocessing and strategic model tuning, forms the cornerstone of our approach to
tackling the challenge of skin lesion analysis toward melanoma detection. By leveraging
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the robustness and depth of ResNet, alongside a dataset-specific training regimen, we aim
to push the boundaries of automated medical diagnosis, offering a tool that augments the
capabilities of healthcare professionals in their fight against skin cancer.

4.3. PGAAE Training

Adapting ABELE for the sophisticated image classification task tackled by the ResNet
black box classifier necessitated specific customizations. These adjustments are detailed
in [3]. After extensive optimization across all three network components (encoder, decoder,
and discriminator), our Progressively Growing Adversarial Autoencoder (PGAAE) with
256 latent features attained a root mean square error (RMSE) spanning from 0.08 to 0.24.
This range reflects variability in error based on the frequency of occurrence of the skin
lesion classes under consideration. The choice of 256 latent features was determined
through initial testing, revealing it as the optimal balance between achieving satisfactory
reconstruction accuracy, maintaining high image resolution, and conserving computational
resources. Within the context of processing images of the targeted 224 × 224 resolution,
a latent feature count ranging between 64 and 512 is typically advocated in the literature.

Data augmentation played a crucial role in addressing the challenges posed by dataset
scarcity and imbalance. This strategy significantly diminished the occurrence of mode
collapse, enabling the generation of diverse and high-quality skin lesion images (Figure 7).
Equipped with PGAAE, ABELE demonstrates its capability to furnish insightful explana-
tions, as verified through a participant survey discussed in the subsequent section.

Figure 7. Synthetic skin lesion samples generated by ABELE and classified as melanocytic nevus by
the ResNet black box, except for the upper-right image classified as actinic keratosis.

4.4. User Visualization Module

This segment introduces the innovative visualization module for interpreting explana-
tions rendered by ABELE. The module elucidates the black box model’s recommendations
alongside the explanations generated by ABELE. A screenshot from a dedicated web
application (https://kdd.isti.cnr.it/isic_viz/, accessed on 1 March 2023) illustrates the
module’s functionality, displaying the analyzed image, the black box’s classification, and a
synthetically generated counter-exemplar by ABELE in the upper section of the interface.
For instance, an image of melanoma and its counter-exemplar, classified as melanocytic
nevus, are showcased in Figure 8.

The lower part of the application presents a collection of images akin to the analyzed
instance, bearing the same classification. This neighborhood, curated by ABELE and de-
picted as a list, offers insights into the latent space’s variance surrounding the examined
image. The counter-exemplar—distinguished from the original instance by its different
classification—is chosen from this collection based on its minimal Euclidean distance to the
original image in the latent space, yet with a maximized prediction for an alternate label.
Additionally, the module’s bottom section exhibits four exemplars; these are images ABELE

generated, all sharing the black box’s assigned label to the original image.
The ABELE visualization module, developed in JavaScript as a web application, inter-

faces with a backend through a RESTful API, enabling interaction with the black box and
ABELE. A demonstrator version was created, allowing users to select from a predefined set
of instances for exploration, rather than uploading new ones. This demonstrator served as
a foundation for conducting the survey highlighted in the following discussion.
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Figure 8. User visualization module to present the classification and the corresponding explanation.
The upper part presents the input instance and a counter-exemplar. The lower part shows four
exemplars that share the same class as the input.

5. Explanation

The interface designed to convey the outcomes of both the classifier and the explanator
to users features a streamlined visual layout organized into four distinct sections: (1) the
original image analyzed by the CNN, alongside the classification it was assigned; (2) a
highlight section that underscores specific areas of the image that positively (depicted
in brown) or negatively (depicted in green) influenced the classification decision; (3) a
collection of synthetic prototypes created by the AAE that share the same classification
as the input image; (4) a counter-exemplar, which is a synthetic image representing a
prototype assigned a different classification by the CNN compared to the input image.

An illustrative example presented in Figure 9 depicts an image classified as Melanocytic
nevus. The highlighted section allows users to discern which portions of the image were
deemed significant by the CNN for its classification. This result is further elucidated by
showcasing four prototypes: images synthesized by the AAE, designed to bolster the
user’s confidence in the black box’s decision by facilitating a comparison between the
original image and the exemplars. The counter-exemplar serves to challenge the black
box’s conclusion by offering an image akin to the input yet classified under a different
category by the CNN.

ABELE compiles statistics related to the input’s neighboring instances within the latent
space. These data aid in understanding how the CNN’s model space segments around the
specific input, providing insights into the range of classifications the black box associates
with the given instance. For the instance illustrated in Figure 9, the latent space statistics
and rules are encapsulated as follows:

Neighborhood{NV : 41, BCC : 18, AK : 4, BKL : 26, DF : 11}

e =

⎧⎪⎨
⎪⎩

rules = {7 > −1.01, 99 ≤ 0.07, 225 > −0.75, 255 ≤ −0.02,

238 > 0.15, 137 ≤ −0.14} → {class: NV},

counter-rules = {{7 ≤ −1.01} → {class: BCC}}
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Figure 9. ABELE graphic explanation for a melanocytic nevus.

Here, the Neighborhood section outlines the distribution of synthetic latent instances
produced by the AAE. Rules and counter-rules are delineated in relation to the ordinal
positions within the latent space. While this format is primarily for internal purposes
and does not directly inform the user, it serves as a foundation for the visual interface to
facilitate an interactive enhancement of the provided explanation.

Another explanation, showcased in Figure 10, refers to a basal cell carcinoma case.
A counter-exemplar depicting a vascular lesion (VASC) is crafted in alignment with a local
counterfactual rule derived from the decision tree.

Figure 10. ABELE graphic explanation for a basal cell carcinoma.

The comprehensive breakdown of latent rules for this case is as follows:

Neighborhood{NV : 34, BCC : 24, DF : 28, VASC : 14}

e =

⎧⎪⎨
⎪⎩

r = {7 ≤ 0.81, 187 ≤ 0.46, 224 ≤ −0.10, 219 ≤ 0.07,

242 > −0.25} → {class: BCC},

c = {219 > 0.07} → {class: VASC}

6. Validation and Assessment

This study presents a method designed to evaluate the effectiveness of ABELE expla-
nations in the context of skin lesion diagnosis. Our primary objective was to ascertain
the value of these explanations in aiding physicians and healthcare professionals in the
diagnosis and treatment of skin cancers. Additionally, we sought to gauge their confidence
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in diagnosis models based on opaque algorithms and the clarity of the explanations offered
by the explainer tool.

6.1. Survey Design and Methodological Approach

The survey was structured around ten questions, each associated with a distinct medi-
cal case image. The format for each question was uniform across all cases, consisting of four
segments. The study protocol commenced with participants enrolling online and giving
their informed consent. They were then provided with a concise overview of the task at
hand. The method of manipulation was direct, aligning with methodologies adopted in
prior studies [50,51]. Through this research, our goal is to deepen the understanding of the
dynamics influencing the preference for automated guidance in medical contexts. Further-
more, we aim to build upon the existing literature by examining the potential repercussions
of suboptimal automated advice and its impact on system trust. Unless otherwise noted,
each segment presented a new image x to the participants. Each question was identified by
a sequential number, denoted as Qi, where i ranges from 1 to 10. Each question, from Q1 to
Q10, incorporates the same four points, from P1 to P4, as detailed subsequently.

Point 1 (P1). Participants were shown an unlabeled skin lesion image randomly
selected from the dataset, alongside its ABELE-generated explanation, as displayed by
the visualization module. Specifically, two exemplars and two counter-exemplars from
another lesion class were shown to the participants. They were then asked to categorize the
image into one of two predefined classes using the explanation as a guide. This segment
is aimed at determining whether the explanations provided by ABELE significantly aid in
differentiating between images, even for those without expert knowledge. From another
perspective, this serves as a practical assessment of the usefulness metric, which has been
theoretically evaluated in [15].

Point 2 (P2). Participants were shown a labeled image and were requested to assess
their confidence in the classification made by the opaque algorithm (using a 0–100 slider).

Point 3 (P3). The same labeled image from P2 was presented again, but this time
accompanied by the explanation generated by ABELE. Participants were asked to re-
evaluate their confidence after reviewing the explanation. The purpose of P2 and P3 is
to ascertain whether exposure to an explanation leads to a change in confidence in the
AI’s capabilities.

Point 4 (P4). Participants were asked to evaluate the extent to which the exemplars
and counter-exemplars assisted them in aligning their classification with the AI’s decision,
and their trust in the explanations produced by ABELE.

Throughout the survey, participants were not made aware of the accuracy of their
predictions nor were they allowed to revise their prior responses or explanations upon
receiving new information. To examine how participants react to incorrect advice, question
six (Q6) intentionally included a misclassification (P2), followed by misleading advice
regarding exemplars and counter-exemplars (P3). The remaining nine cases featured
images that were correctly classified. Each survey question, encompassing the points
described above, was designed to evaluate different facets of the participant’s interaction
with the AI-generated explanations, assessing the four segments across all ten questions.

6.2. Hypotheses and Goals

The research framework was structured around specific hypotheses aimed at evaluat-
ing the impact of ABELE explanations on skin lesion classification tasks. These hypotheses
are as follows:

• H1: The explanations provided by ABELE facilitate the classification task for the users,
particularly for domain experts, who are expected to achieve higher classification
accuracy (assessed implicitly through P1).

• H2: The explanations generated by ABELE enhance users’ trust and confidence in the
classifications made by the black box model (assessed implicitly through P2 and P3,
and explicitly through P4).
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• H3: Participants exhibit a significant decrease in confidence and trust in the model
after being presented with incorrect advice (assessed implicitly through the deliberate
introduction of an error).

6.3. Results and Discussion

The survey was completed by 156 participants. These individuals enrolled in the
survey via an online platform, after which they digitally acknowledged a consent form,
completed a demographic questionnaire, and received an overview of various types of skin
cancers involved in the study. To ensure meaningful data analysis, only responses from
participants who completed at least one entire question (10% of the questionnaire), covering
all four points, were considered. The collective demographic profile of the participants is
illustrated in Figure 11. Notably, 94% of the participants came from a scientific background,
with 27% having educational achievements in medicine or dermatology.

Figure 11. Demographic statistics of the survey participants.

Initially, we evaluated the participants’ ability to classify skin lesion images using
the explanations by assigning scores based on their performance in P1. Participants were
categorized into two groups: Sub-sample A, consisting of those who correctly classified
at least 70% of the images, and Sub-sample B, comprising the remainder. Alternative
thresholds within the [60–90%] range were considered but ultimately not used, as they
did not significantly alter the statistical outcomes. The overall average performance was
impressive (82.02%), including among those without specialized knowledge in the domain
(78.67%), and was even more pronounced among those with a medical or dermatology
specialization (91.26%). An analysis using the one-way ANOVA on ranks (Kruskal–Wallis
H test) [52] between sub-samples A and B revealed that educational level or age did not
significantly affect classification performance. However, there was a notable difference
(F = 4.061, p = 0.043) based on the participants’ fields of specialization—those with a
medical or dermatology background were more prevalent in sub-sample A, supporting H1
for domain experts and highlighting commendable performance among participants from
other fields.

Figure 12 displays the change in participants’ confidence in the black box classification
before and after exposure to ABELE explanations, reflecting responses from P2 and P3.
An increase in trust after viewing exemplars and counter-exemplars was observed in
all questions except Q3 and Q9, indicating that explanations generally bolster model
trust. Notably, the anomaly in Q3 suggests that non-medical experts influenced this
particular outcome. A significant boost in confidence from 67.69% to 77.12%, peaking
for Q6 (+21.95%), was noted—Q6 being uniquely misclassified by the black box model
and showing the lowest pre-explanation confidence at 53.08%. This trend may indicate
a resistance to incorrect advice, where consistent erroneous suggestions actually restore
confidence levels. Participants are initially resistant to incorrect advice, but consistency in
such advice resets their perception. This observation aligns with prior studies in the field
of algorithm aversion [50,51,53].
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Figure 12. Participants’ confidence in the classification of the black box before and after receiving the
explanation of ABELE.

Confidence increases were not uniform across demographics. Figure 13 highlights
several insights: an observable rise in confidence across all age groups except those over
55, whose confidence is inherently low and diminishes further post-explanation, possibly
due to a generational distrust in AI technology. Educational level inversely correlates with
initial confidence levels, yet post-explanation confidence surges, particularly among the
more educated—a hint at the Dunning–Kruger effect [54]. Predictably, individuals with
medical backgrounds expressed greater confidence than their counterparts from other
scientific or non-scientific fields.

Specifically designed to explore H3, Q6 focused on responses to misclassifications
by the black-box model. Data indicate a modest skepticism toward the black box’s sixth
classification, with no significant drop in confidence after incorrect advice (68.75% for Q1
to Q5, 60.03% for Q6, and 66.71% for Q7 to Q10). Yet, a more focused analysis on medical
experts reveals a 14% confidence decline following incorrect advice (78.04% for Q1 to Q5,
56.19% for Q6, and 63.95% for Q7 to Q10), corroborating H3: domain experts’ trust and
confidence in the model diminish after encountering inaccurate advice.

Figure 14 condenses the impact of exemplars and counter-exemplars on the recogni-
tion of lesion classes as perceived by participants in P4. Consistent with confidence trends
observed around Q6, both experts and non-experts reported a drop in confidence in the
assistance provided by exemplars and counter-exemplars. Notably, ABELE’s explanations
were found to be more beneficial for medical experts than the general population, with ex-
emplars proving more influential than counter-exemplars for all groups. This effect could
stem from the task’s classification complexity, where the relevance of exemplars escalates
with the number of classes, diverging from binary classification tasks where exemplars and
counter-exemplars may hold similar weight.
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Figure 13. Participants’ confidence among different age groups (top), education level (center),
domains (bottom), before and after explanations (from [17]).

Figure 14. How much exemplars and counter-exemplars helped according to the participants’
responses, divided between groups of experts and non-experts (from [17]).

The validation survey, encompassing a diverse demographic of participants, has un-
earthed intriguing findings that both reinforce and extend the existing literature in the
field. Notably, our observations align with the discourse in recent studies like that of
Ribeiro et al. [12] on model-agnostic interpretations and that of Lundberg and Lee [13]
on SHAP values, which advocate for the customization of explanations to suit the user’s
expertise. A particularly compelling observation from our survey was the differential
impact of explanations on diagnostic confidence across varying levels of expertise. Prior
work, such as that by Holzinger et al. [55], emphasized the importance of XAI in enhancing
user trust and understanding; our findings introduce a nuanced perspective where the
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specificity and nature of explanations may significantly influence user responses. Specifi-
cally, while domain experts showed increased confidence when provided with detailed,
technical explanations, laypersons and novices were more positively influenced by simpli-
fied, visually driven explanations. This dichotomy underscores the necessity of adapting
explanation models to the user’s background, echoing the sentiments of Gunning and
Aha [56] regarding the adaptability of XAI systems. Such insights advocate for the develop-
ment of adaptive XAI systems capable of dynamically adjusting the complexity and format
of explanations based on user profiles, leveraging user feedback to optimize explanatory
output. This advancement could pave the way for personalized explanation frameworks,
as discussed by Caruana et al. [57], enhancing the interpretability and accessibility of
AI-assisted diagnostics for a wider audience, thus marking a significant stride toward
democratizing medical diagnostic tools through AI.

7. Explaining via Saliency Map

In Figure 9, we present an example of ABELE’s explanation mechanism. Synthetic
exemplars and counter-exemplars provided by ABELE prove to be significantly more
informative than traditional saliency maps. These maps allow for a comparison with those
generated by established explanatory frameworks such as LIME and LORE. The saliency
maps depicted in Figure 15 yield deletion AUC (Area Under Curve) scores of 0.888 for
LIME, 0.785 for LORE, and 0.593 for ABELE. The deletion metric evaluates the decline in
the probability of the designated class as crucial pixels, as identified by the saliency map,
are incrementally removed from the image. A lower AUC score suggests a more effective
explanation. This metric was calculated across a dataset of 200 images, with the average
scores indicating that segmentation-based methods (LIME: 0.736 mean AUC score, LORE:
0.711 mean AUC score) tend to underperform in generating meaningful saliency maps,
whereas ABELE excels by producing more detailed maps (0.461 mean AUC score). In
Figure 16 (Top), we outline the deletion curves, represented as the mean AUC of accuracy
versus the percentage of pixels removed for 200 sample images. Notably, ABELE’s curve
descends more swiftly and begins at an earlier point relative to the percentage of pixels
removed, indicating a more refined and detailed saliency map.

Figure 15. Saliency maps for LIME (left), LORE (center), and ABELE (right). LIME and LORE highlight
the macro-regions of the image that contribute positively (green) or negatively (red) to the predic-
tion while ABELE provides a more fine-grained level of information with a divergent color scale,
from relevant areas (dark orange) to marginally significant areas (green/cyan) (from [17]).

A parallel observation is made when analyzing the insertion metric, which adopts an
opposite strategy by incrementally adding each pixel according to its ascending importance.
This process expects an improvement in the black box prediction as more features are
incorporated, leading to a stepwise increase in model performance. A larger AUC indicates
a superior explanation. Figure 16 (Bottom) illustrates that ABELE achieves consistently
higher insertion scores across an average of 200 samples (0.417 for LIME, 0.471 for LORE,
and 0.748 for ABELE). The rapid ascent in ABELE’s insertion curve signifies that its saliency
map more accurately identifies the image segments most critical to the classifier’s decision-
making process.
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Figure 16. Deletion (Top) and Insertion (Bottom) metrics expressed as mean AUC of accuracy vs.
percentage of removed or inserted pixels for 200 sample images. ABELE deletion curve drops earlier
and faster relative to the percentage of removed pixels, signaling finer and more granular maps.
ABELE insertion curve grows much earlier with respect to LIME and LORE (from [17]).

8. Explaining through Latent Space Analysis

The PGAAE model employed by ABELE maps the ISIC dataset into a 256-dimensional
latent space, exhibiting a structured posterior distribution. This feature, as highlighted
in [15], enables the use of latent space for visualizing the proximity among individual
data instances, offering valuable insights. Such visualizations can assist medical experts
and data scientists in better comprehending the distinctive characteristics of various skin
cancers, thereby enhancing classification accuracy or trust in the explainer.

Employing multidimensional scaling (MDS) [58] for dimensionality reduction, we
translate the latent space information into a two-dimensional visual representation. This
process converts the 256-dimensional latent space into a 2D visual field. Figure 17 visualizes
the latent encoding of eight skin cancer classes, revealing that primary features of skin
lesions can also be discerned in this 2D projection. Notably, all classes except melanoma
distribute around the perimeter, avoiding the center, whereas melanomas predominantly
occupy the central region of the plot.

This distribution pattern suggests a similarity hierarchy among the skin cancer types.
As noted in [59], Benign Keratosis is often misdiagnosed as melanoma, with misiden-
tification rates ranging from 7.7% to 31.0% across different studies. To further explore
differentiation capabilities among skin lesion classes, a Random Forest (RF) classifier with
500 trees was trained on the 2D MDS space. This classifier successfully distinguishes
Melanoma from Benign Keratosis with 85.60% accuracy (see Figure 18-left), providing a
visual tool for distinguishing between lesion types with performance comparable to that
of the original complex model. Melanocytic Nevus also exhibits unique characteristics,
with a significant proportion of samples centralized in the plot, reflecting the clinical obser-
vation that a considerable number of melanomas, especially in younger patients, evolve
from benign nevi [60]. The RF classifier demonstrates a 78.53% accuracy in distinguish-
ing Melanoma from Melanocytic Nevus (see Figure 18-right), paralleling the accuracy of
state-of-the-art classification techniques.

Our study extends beyond the traditional two-dimensional latent space analysis,
introducing a novel application of multidimensional scaling (MDS) in three dimensions.
This enhancement is not merely a technical increment but a strategic move to unlock deeper
insights into the complex nature of skin lesions. By transitioning from a 2D to a 3D latent
space representation, we aim to explore the nuanced interplay between various lesion types,
potentially uncovering hidden patterns and relationships that were previously obscured.
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Figure 17. Training set represented in two dimensions through an MDS applied on the latent space
learned by the PGAAE (from [17]).

Figure 18. Visual separation between melanoma and benign keratosis (Left) and melanocytic ne-
vus (Right).

Our exploration revealed a distinct spatial distribution of two prevalent skin le-
sion classes—melanoma and melanocytic nevus—when modeled in this enriched three-
dimensional space. Specifically, we observed once again a robust separation between these
classes, with melanomas predominantly located within a spherical region, marked by
red dots, and melanocytic nevi, denoted by green dots, primarily positioned outside this
spherical boundary (see Figure 19). This spatial arrangement not only validates the model’s
capability to distinguish between these clinically significant categories but also suggests a
deeper, perhaps previously unexplored, biomarker-based differentiation between them.

Moreover, the 3D mapping facilitated a more intuitive and comprehensive visualiza-
tion of the data, offering a tangible, three-dimensional landscape for medical practitioners
to navigate. This approach could significantly enhance diagnostic accuracy by providing
clinicians with a more detailed, spatially nuanced understanding of the lesions under
examination. Importantly, this method allows for the identification of outliers or atypical
presentations, which are often crucial in early-stage melanoma detection.

To further enrich this diagnostic landscape, in future works we will propose the inte-
gration of exemplars and counter-exemplars within this 3D model. By zooming into specific
data points—individual lesions in this context—we can offer detailed comparative analyses
between similar lesion types. This not only aids in the immediate diagnostic process but
also serves as an educational tool, enabling practitioners to refine their diagnostic criteria
based on visual and spatial comparisons of lesion characteristics in the latent space.

Given the intense focus on melanoma detection within oncological research, accurately
predicting the transformation of a nevus into malignant melanoma remains a significant
challenge. Future studies should consider the temporal evolution of oncological data.
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Our methodologies and discoveries could aid clinicians in more precisely evaluating the
potential malignancy of benign skin lesions.

Figure 19. Visual 3d separation between melanoma (red) and melanocytic nevus (green).

9. Discussion and Future Work

In light of the significant advancements made in the field of dermatological diagnostics
through interpretable AI, this section outlines new challenges and proposes practical
experiments to further the research direction initiated by this study. Our objective is
to bridge existing gaps and pave the way for groundbreaking solutions in the realm of
medical diagnostics.

Despite the successes achieved, a challenge remains in generating high-fidelity ex-
planations for complex or rare skin lesion cases where the model’s confidence is low.
To address this, we propose an experiment involving the creation of a more diverse and
challenging dataset that includes underrepresented skin lesion types. This dataset will
be used to train and evaluate an enhanced version of ABELE, focusing on its ability to
generate meaningful explanations for these complex cases.

Another promising direction involves the exploration of cross-modal explanation
methods that not only leverage visual explanations but also incorporate textual descriptions
generated through natural language processing techniques. This experiment aims to
develop a multimodal explanation framework that provides clinicians with a holistic
understanding of the AI’s decision-making process.

• Experiment 1a: Integrate ABELE with a language model capable of generating de-
scriptive explanations for the visual exemplars and counter-exemplars.

• Experiment 1b: Conduct user studies with medical professionals to assess the impact
of multimodal explanations on their trust and understanding of AI-based diagnostics.

To further enhance the practical utility of AI in dermatology, we propose the devel-
opment of a real-time interactive explanation system. This system may allow users to
interactively query the AI model about specific regions of interest in the skin lesion images
and receive instant visual and textual explanations.

The rapid evolution of deep learning architectures offers opportunities to improve the
accuracy and interpretability of skin lesion classification models. We propose an experiment
to explore the application of novel neural network architectures, such as Transformer
models, in the context of dermatological image analysis.
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• Experiment 2a: Evaluate the performance of Transformer-based models on the ISIC
dataset and compare it with the ResNet-based approach.

• Experiment 2b: Investigate the integration of Transformer models with ABELE to
assess the impact on explanation quality and user trust.

Finally, we advocate for a longitudinal study to monitor the adoption and impact of AI
and XAI tools in dermatological practice over time. This study may focus on understanding
the evolving needs of healthcare professionals and how AI tools can be adapted to meet
these requirements.

The proposed challenges and experiments aim to push the boundaries of current
research in interpretable AI for skin lesion classification. By addressing these challenges,
we hope to unlock new possibilities for AI-assisted diagnostics that are more trustworthy,
paving the way for broader acceptance and utilization in clinical settings. Exploring novel
architectures, multimodal explanations, and real-time interaction systems promises to
enhance the diagnostic process, enabling clinicians to make more informed decisions with
greater confidence in the AI’s recommendations. Through the proposed longitudinal study,
we can gain valuable insights into the long-term effects of AI integration in dermatology,
identifying areas for improvement and adaptation to ensure that AI tools remain relevant
and beneficial in the face of evolving medical practices and patient needs.

10. Conclusions

This paper demonstrates the application of classification and post hoc explanation
methodologies in the context of skin lesion detection. It has been established that ABELE,
following meticulous customization and training, can generate insightful explanations
that significantly benefit medical practitioners, offering superior qualitative value over
traditional local explainers. The primary challenge lies in the generative model’s training
phase. Latent space analysis reveals an intriguing distribution of images within the latent
space, potentially aiding in the differentiation of commonly misclassified skin lesions
(benign versus malignant). Furthermore, a survey involving experts and non-experts in
skin cancer and healthcare sectors corroborated the hypothesis that unvalidated explanation
methods lack utility. Future research avenues include applying ABELE to various diseases
and health domains, particularly those reliant solely on raw images or scans of specific
body parts. In skin cancer diagnosis, tactile feedback plays a crucial role alongside visual
analysis. Enhancements to the user visualization module to support real-time explanation
generation would necessitate substantial efforts and resources, as explanation extraction
currently depends on the complexity of the image.

Despite the advancements presented in our study, it faces certain limitations that
provide avenues for future research. One primary limitation is the reliance on a prede-
fined dataset, which may not fully represent the diversity of skin lesions and different
shades of skin color encountered in clinical practice. This can potentially lead to biases
in model training and explanation generation. To address this, future work could focus
on expanding the dataset to include a wider variety of lesion types, stages, and patient
demographics, ensuring a more comprehensive and inclusive model training process.
Lastly, this study predominantly focuses on the model’s ability to generate explanations
for medical practitioners, with less emphasis on patient comprehension. Developing
patient-friendly explanation modules that translate complex diagnostic information into
understandable insights could enhance patient engagement and satisfaction, paving the
way for a more patient-centric approach in AI-assisted diagnostics.
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Abstract: Objectives: The aim of this study is to evaluate the diagnostic accuracy of dual-energy
computed tomography (DECT)-based Rho/Z maps in differentiating between metastases and benign
liver lesions in patients diagnosed with malignant melanoma compared to conventional CT value
measurements. Methods: This retrospective study included 73 patients (mean age, 70 ± 13 years;
43 m/30 w) suffering from malignant melanoma who had undergone third-generation DECT as
part of tumor staging between December 2017 and December 2021. For this study, we measured
Rho (electron density) and Z (effective atomic number) values as well as Hounsfield units (HUs)
in hypodense liver lesions. Values were compared, and diagnostic accuracy for differentiation was
computed using receiver operating characteristic (ROC) curve analyses. Additional performed MRI or
biopsies served as a standard of reference. Results: A total of 136 lesions (51 metastases, 71 cysts, and
14 hemangiomas) in contrast-enhanced DECT images were evaluated. The most notable discrepancy
(p < 0.001) between measured values and the highest diagnostic accuracy for distinguishing melanoma
metastases from benign cysts was observed for the Z (0.992; 95% CI, 0.956–1) parameters, followed by
Rho (0.908; 95% CI, 0.842–0.953) and finally HU120kV (0.829; 95% CI, 0.751–0.891). Conversely, when
discriminating between liver metastases and hemangiomas, the HU120kV parameters showed the
most significant difference (p < 0.001) and yielded the highest values for diagnostic accuracy (0.859;
95% CI, 0.740–0.937), followed by the Z parameters (0.790; 95% CI, 0.681–0.876) and finally the Rho
values (0.621; 95% CI, 0.501–0.730). Conclusions: Rho and Z measurements derived from DECT allow
for improved differentiation of liver metastases and benign liver cysts in patients with malignant
melanoma compared to conventional CT value measurements. In contrast, in differentiation between
liver hemangiomas and metastases, Rho/Z maps show inferior diagnostic accuracy. Therefore,
differentiation between these two lesions remains a challenge for CT imaging.

Keywords: malignant melanoma; metastasis; dual-energy CT; Rho/Z; HU

1. Introduction

Cutaneous malignant melanoma, while representing only 4% of all skin tumors, is
responsible for approximately 80% of all skin cancer deaths. It represents one of the most
aggressive and dangerous skin tumors and is often associated with a poor prognosis [1].
The incidence is increasing, especially in fair-skinned people, on a global scale. Australia
has the highest melanoma incidence rates worldwide. In Europe, the melanoma incidence is
highest in the northern regions and lowest in the southern regions [2]. In 2020, 325,000 new
cases of melanoma were estimated globally, while 57,000 people died of the disease [3]. The
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number of new cases in Germany has increased more than fivefold in the last 50 years [4].
Nowadays, malignant melanoma is considered to be a multi-factorial disease. In evaluating
risk factors, exogenous and endogenous factors are distinguished. The most crucial external
melanoma risk is increased ultraviolet exposure, especially in early childhood [5]. In adults,
both artificial and natural UV radiation increase the risk of developing melanoma. Even
when compared, spending time in a solarium is significantly more dangerous than bathing
outside in the sun when it comes to developing skin cancer. The average age of diagnosis
is 60 years for women and 68 years for men. Furthermore, malignant melanoma can occur
on any part of the body. In women, malignant melanoma is most commonly found on the
lower legs, whereas in men, the head and trunk are most commonly affected.

Malignant melanoma in the advanced, metastatic stage almost always has a lethal
outcome with a short survival time. Therefore, early and highly accurate tumor staging is
crucial for treatment decisions and prognosis [6]. Current guidelines recommend staging
CT scans of the chest and abdomen as a standard imaging modality due to its widespread
availability [7,8]. CT imaging, while instrumental in diagnosing various medical conditions,
often encounters challenges in confidently distinguishing between malignant and benign
lesions. One of the primary limitations lies in the inherent nature of CT scans, which
primarily provide anatomical information with limited tissue characterization capabilities.
Consequently, subtle differences in the imaging characteristics of malignant and benign
lesions may not always be discernible with CT images alone. Additionally, certain benign
lesions can manifest with features that mimic malignancy, further complicating the diag-
nostic process. Moreover, the reliance on morphological criteria, such as lesion size and
enhancement patterns, for differentiation may lead to inaccuracies, as these features can
overlap between benign and malignant entities. For instance, cysts, hemangiomas, and
metastases may share similar CT values due to factors like low vascularity and necrosis
within metastatic lesions, contributing to diagnostic uncertainty [9,10]. Moreover, it is worth
noting that liver metastases may occasionally present with high attenuation due to hemor-
rhagic content, which can pose challenges in differentiating them from hemangiomas [11].
The differentiation of cysts can also pose challenges, especially when presenting with
septations, nodularities, or hemorrhagic contents. In addition, small, hypodense metastases
may be difficult to differentiate from benign hepatic lesions. Small lesions (<1 cm) are rarely
malignant in patients without a known primary disease. However, it is important to note
that in patients with known primary tumors, lesions meeting this criterion have up to a 30%
chance of being malignant [12,13]. As a result, CT imaging may necessitate supplementary
diagnostic modalities or clinical correlation to enhance diagnostic confidence in distinguish-
ing between the malignant and the benign. MRI or biopsies are often for used for accurate
differentiation. Nevertheless, limited MRI availability, specific contraindications, and the
invasive character of biopsies with potential complication risks are critical in some patients.
Furthermore, compared to computed tomography, MRI examinations are also significantly
more complex, time-consuming, and associated with higher costs. As previously noted,
CT imaging has its limitations. In this study, our primary focus lies in enhancing the
capabilities of CT imaging, specifically aiming to overcome some of these limitations.

Over the past few years, technological advancements in CT have improved image
quality, reduced scan times, and even provided additional information to improve diagnos-
tic accuracy. In this context, dual-energy CT (DECT) has been proven to be a highly accurate
method for tumor assessment due to its shown improved material characterization and
differentiation compared to conventional single-energy CT [14,15]. In this context, DECT
postprocessing provides a variety of additional quantitative parameters of tumor character-
istics, including atomic number maps (Rho/Z) showing the Rho and Z of lesions [16,17].
Numerous studies have assessed DECT advantages, especially in oncology [14,18–22].
However, this technique has not been evaluated to differentiate liver metastases and benign
lesions in patients with malignant melanoma. Therefore, this study aimed to investigate and
compare the diagnostic accuracy of DECT-based Rho and Z values and conventional HU
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measurements for the differentiation of MRI- or biopsy-proven hypodense liver metastases
and benign lesions in patients suffering from malignant melanoma.

Until now, hypodense liver lesions in patients with malignant melanoma could only be
detected in computed tomographic staging using image morphological elements. With the
dual-energy CT technology routinely used at our institute in recent years, better material
differentiation is now possible due to the tube voltage discrepancies in the two X-ray tubes.
The aim of this work is to improve the detection of malignant melanoma metastases in
the liver using dual-energy computed tomography in combination with special computer
software. It was investigated to what extent patients with diagnosed malignant melanoma
can be distinguished between benign liver lesions and liver metastases on the basis of
electron density and effective atomic numbers. This could result in an additional method
of CT diagnosis, of metastases of malignant melanoma, to HU measurement.

2. Materials and Methods

The institutional review board approved this retrospective study. The requirement to
obtain written informed consent was waived.

2.1. Study Population

A total of 2154 patients (patient age > 18 years) with histologically confirmed malig-
nant melanoma who had undergone routine third-generation dual-source DECT malignant
melanoma staging between December 2017 and December 2021 were considered for inclusion
in this retrospective study. The exclusion criteria were amelanotic melanoma (n = 9 patients),
scans without contrast media application (n = 862 patients), and patients with neither malig-
nant melanoma metastases nor benign cysts in the liver (n = 1210 patients). The final study
population consisted of 73 patients. Figure 1 illustrates the patient selection process in this study.

Figure 1. Flow chart showing the selection process in this study.
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2.2. Dual-Energy CT Scan Protocol

Routine chest–abdominal staging CT scans were performed with third-generation
dual-source DECT (Somatom Force, Siemens Healthineers, Forchheim, Germany) with
the intravenous administration of a contrast agent after an 85 s delay. Contrast media
(Imeron 400 mgI/mL, Bracco, Milan, Italy) were intravenously injected at a dose of 1.3 mL
per kilogram of body weight and a flow rate of 3 mL/s through a superficial vein of the
forearm. The CT examinations were all performed in the craniocaudal scan direction using
DE mode, in which two X-ray tubes were operated at two different voltage levels (tube
A: 100 kV and tube B: Sn150 kV with a tin filter). The rotation time was 0.5 s, collimation
width 128 × 0.6 mm, and pitch 0.6 mm.

2.3. CT Image Reconstruction

In each CT scan, three different image sets were acquired, 100 kVp, Sn150 kVp, and
the calculated weighted average (ratio 0.5:0.5), to resemble the image properties of a single-
energy 120 kVp scan [21]. Standard reconstructions (axial, coronal, and sagittal; section
thickness, 1 mm; increment, 0.75 mm) were generated using a dual-energy medium-soft
convolution kernel (Qr40, advanced model-based iterative reconstruction [ADMIRE] level
of 3) for the high- and low-kilovolt series. All reconstructions were transferred to the
picture archiving and communication system (PACS) for image evaluation.

2.4. CT Measurements

DECT image series were postprocessed on a dedicated DECT workstation (syngo.via,
version VB10B; Siemens Healthineers, Erlangen, Germany) using the Rho/z map algorithm
to achieve tissue differentiation based on Rho and Z. The calculation parameters of the
generated data were selected as follows: resolution, 10; minimum HU120kV threshold, 40;
maximum HU120kV threshold, 50.

Circular regions of interest (ROIs) were placed in malignant melanoma liver metastases
and liver cysts to obtain Rho/z and HU120kV data, avoiding lesion margins, large blood
vessels, and surrounding artifacts. Each lesion was measured ten times, and the average
was calculated.

2.5. Reference Standard

MRI or biopsy served as a standard reference in this study for lesion definition. The
MRI scan protocols included T1-weighted imaging before and after intravenous injection,
T2-weighted sequences with and without fat saturation, diffusion-weighted images, and
corresponding apparent diffusion coefficient (ADC) maps. MRI interpretation, as well as
the identification of lesions in cases where biopsy served as reference, were performed by
one board-certified radiologist (blinded) with 31 years of experience in liver imaging.

2.6. Statistical Analysis

Statistical analysis was performed using commercially available software (MedCalc for Win-
dows, version 13, and GraphPad Prism for Windows, version 7). The Kolmogorov–Smirnov test
was used for analyzing the normality of data. Variables were given as means ± standard
deviations and analyzed with the Wilcoxon matched-pairs test. p < 0.05 was considered to
show a statistically significant difference.

For better visualization of the data variance, we recalculated the mean differences
(MDs) between melanoma liver metastases and benign lesions into percentage differences,
as the Z values were measured with a different unit than Rho and HU120kV. The calculations
were made with the following equation:

Percentage difference =
MDmetastases − MDbenign lesion

(MDmetastases + MDbenign lesion)/2
× 100
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For the quantitative image analysis, ROC curve analysis and the area under the curve
(AUC) were applied to define optimal cut-off values for the differentiation of liver lesions.
For these optimal cut-off values, sensitivity and specificity values were calculated. The
values of overall sensitivity, specificity, positive predictive value (PPV), and negative predic-
tive value (NPV) were given as means. Finally, AUC values were compared to demonstrate
significant differences and to calculate the standard error using the DeLong test.

3. Results

A total of 136 lesions (51 metastases, 38%; 71 cysts, 52%; and 14 hemangiomas, 10%)
were evaluated in 73 patients (70 ± 13 years; range, 39–92) consisting of 30 women (41%;
69 ± 15 years; range, 39–90) and 43 men (59%; 70 ± 12 years; range, 47–92). An average of
one lesion per patient was reported, ranging from one to three. The characteristics of the
study population are presented in Table 1.

Table 1. Characterization of the study population (n = 73).

Characteristics Value

Number of patients 73

Mean age ± SD, range 70 ± 13, 39–92

Men 43/73 (0.59)

Mean age of men ± SD, range 70 ± 12, 47–92

Women 30/79 (0.41)

Mean age of women ± SD, range 69 ± 15, 39–90

Average number of lesions per patient, range 1, 1–3

The Z and Rho values showed a significant difference (p < 0.001) between malignant
melanoma metastases and benign liver cysts (Z, MD, 1.613 ± 0.0921; percentage difference
(PD), 110%; and Rho, MD, 34.71 ± 3.318 and PD, 88%). The HU120kV measurements (MD,
22.46 ± 3.007; PD, 63%) also demonstrated a significant difference (p < 0.001) for metastases
and cysts. However, the Z parameters showed the greatest difference in measured values,
followed by Rho and finally HU120kV. When comparing hemangiomas and metastases,
the most pronounced dissimilarity (p < 0.001) was observed in the HU120kV values (MD,
21.62 ± 7.45; PD, 37%), with secondary distinctions noted in the Z (MD, 0.60 ± 0.12; PD,
23%) and Rho (MD, 11.27 ± 5.12, PD, 21%) parameters. The quantitative parameters for
the Rho, Z, and HU120kV parameters are summarized in Table 2.

Table 2. Rho/Z and HU120kV mean values for malignant melanoma metastasis, cysts, and hemangiomas.

Parameters Cyst (n = 71) Metastasis (n = 51)
Hemangioma (n =

14)

Rho 21.89 ± 16.24 56.60 ± 20.36 45.43 ± 12.76

Z 0.63 ± 0.33 2.26 ± 0.96 2.87 ± 0.30

HU120kV 24.27 ± 1.957 46.73 ± 16.23 68.35 ± 10.87

The ROC curve demonstrated that the Rho and Z parameters have high diagnostic
accuracy for differentiating malignant melanoma liver metastases and benign cysts. The Z
values indicated the highest AUC value (0.992; 95% CI, 0.956–1), followed by Rho (0.908;
95% CI, 0.842–0.953). In both measurements, the sensitivity ranged from 98.04% (95% CI,
89.6–100) for Z and 96.08% (95% CI, 86.5–99.5) for Rho, while the specificity was 95.77
(95% CI, 88.1–99.1) for Z and 74.65% (95% CI, 62.9–84.2) for Rho. In comparison, the
HU120kV parameters showed a lower AUC value (0.829; 95% CI, 0.751–0.891) as well as
lower sensitivity (86.27%; 95% CI, 73.7–94.3) and specificity (63.38%; 95% CI, 51.1–74.5).
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To visualize the measurement differences between benign lesions and metastases, box-
and-whisker plots (Figure 2) are used to show the data distribution through their quartiles.

   
(A) (B) (C) 

Figure 2. Box-and-whisker plots visualize the comparison of region-based mean Z values (A), Rho
values (B), and CT numbers for 120 kV in HUs (C) between benign cysts, malignant melanoma
metastases, and hemangiomas. Overall, the most significant disparity between cysts and metastases
is observed in the Z and Rho values, whereas for hemangiomas and metastases, the most significant
differentiation is observed in the HU120kV parameters, followed by the Z values.

In a comparative analysis, the ROC curve for distinguishing hemangioma versus
metastasis exhibited the highest AUC value with the HU120kV parameters (0.859; 95%
CI, 0.740–0.937), followed by the Z parameters (0.790; 95% CI, 0.681–0.876). Conversely,
the Rho parameters demonstrated the lowest AUC value in this context (0.621; 95% CI,
0.501–0.730). Notably, the Z and Rho parameters (Z, 95.83%; 95% CI, 78.9–99.9 and Rho,
95.83%; 95% CI, 78.9–99.9) demonstrated superior specificity in comparison to the HU120kV
parameters (80%; 95% CI, 28.40–99.50). The AUC values, along with their corresponding
95% CI, sensitivities, specificities, PPVs, and NPVs for each lesion and parameter, are
presented in Tables 3 and 4.

Table 3. Diagnostic accuracy of Rho, Z, and HU120kV in differentiating benign liver cysts and
melanoma metastases.

Parameters AUC
Sensitivity

(%)
Specificity (%) PPV (%) NPV (%)

Rho
0.908 96.08 74.65 73.1 96.4

(0.842–0.953) (86.5–99.50) (62.9–84.20) (64.5–80.30) (87.1–99)

Z
0.992 98.04 95.77 94.3 98.6

(0.956–1) (89.6–100) (88.1–99.1) (84.6–98.10) (90.7–99.80)

HU120kV
0.829 86.27 63.38 62.9 86.5

(0.751–0.891) (73.7–94.30) (51.1–74.50) (55–70.10) (76–92.90)

Table 4. Diagnostic accuracy of Rho, Z, and HU120kV in differentiating liver hemangiomas and
melanoma metastases.

Parameters AUC
Sensitivity

(%)
Specificity (%) PPV (%) NPV (%)

Rho
0.621 39.20 95.83 95.2 42.6

(0.501–0.730) (25.8–53.9) (78.9–99.9) (74.0–99.3) (37.0–48.4)

Z
0.790 70.59 95.83 97.30 60.5

(0.681–0.876) (56.2–82.5) (78.9–99.9) (84.0–99.6) (49.9–70.3)

HU120kV
0.859 82.35 80.00 91.1 61.5

(0.740–0.937) (69.1–91.6) (28.4–99.5) (80.9–96.1) (46.8–74.4)
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The diagnostic performances of Rho, Z, and HU120kV in differentiating liver lesions
are displayed as ROC curves in Figures 3 and 4.

Figure 3. Comparison of representative ROC curves of Z values (orange line), Rho values (green
line), and CT numbers for 120 kV in HUs (blue line) for differentiation between benign cysts and
malignant melanoma metastases. The Z (area under the curve [AUC] = 0.992) and Rho (AUC = 0.908)
parameters yielded significantly higher diagnostic accuracy for the differentiation between cysts and
metastases compared to the HU120kV measurements (AUC = 0.829).
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Figure 4. Comparison of representative ROC curves of Z values (orange line), Rho values (green
line), and HU120kV parameters (blue line) for differentiation between hemangioma and malignant
melanoma metastases. The HU120kV measurements (AUC = 0.859) and Z (AUC = 0.790) parameters
yielded significantly higher diagnostic accuracy for the differentiation between hemangioma and
metastases compared to Rho (AUC = 0.621).

In Figure 5, an exemplary CT scan of a patient reveals multiple hypodense liver lesions
in the context of malignant melanoma. Despite the acquisition of HU measurements,
distinguishing between these lesions proved challenging. Nevertheless, a clear diagnosis
remained challenging, which is why Rho/Z maps were derived.
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Figure 5. Axial contrast-enhanced CT scan in a 54-year-old female suffering from malignant
melanoma. The scan showed multiple hypodense liver lesions in different segments, including
a biopsy-confirmed liver metastasis in segment 8 (arrow) and an MRI-confirmed subcapsular liver
cyst in segment 4 (star) (A). Conventional CT value measurements (B) demonstrated surprisingly
high mean CT values for both lesions (72.0 and 58.0, respectively), while the mean Rho and Z values
(C) showed greater differences for both lesions (Rho, 79.5 and 51.9; Z, 1.53 and 0.40, respectively)
facilitating CT-based differentiation between metastases and cysts.

4. Discussion

The results of this retrospective study demonstrate the improved diagnostic accuracy
of Rho/Z maps and corresponding measurements reconstructed from DECT data in dif-
ferentiating malignant from benign liver lesions in patients with malignant melanoma
compared to conventional CT value measurements. In summary, when discriminating
between metastases and cysts, the Z values (AUC, 0.992; 95% CI, 0.956–1) and Rho values
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(AUC, 0.908; 95% CI, 0.842–0.953) showed superior diagnostic accuracy measures than the
HU120kV parameters (AUC, 0.829; 95% CI, 0.751–0.891), indicating the beneficial potential
of DECT in assessing hypodense liver lesions in patients with malignant melanoma under-
going staging CT examinations. Conversely, when discriminating between metastases and
hemangiomas, the HU120kV parameters yielded higher diagnostic accuracy values (0.859;
95% CI, 0.740–0.937), followed by the Z values (0.790; 95% CI, 0.681–0.876) and finally
the Rho values (0.621; 95% CI, 0.501–0.730). However, the Rho and Z parameters (Rho,
95.83%; 95% CI, 78.90–99-9 and Z, 95.83%; 95% CI, 78.90–99.9) exhibited higher specificity
compared to HU120kV (80%; 95% CI, 28.40–99.50), indicating that while differentiation be-
tween metastases and hemangiomas in CT scans remains challenging when relying solely
on visual characteristics and standard HU values, the use of Rho/Z maps can enhance
diagnostic confidence in differentiating between liver metastases and benign cysts. This is
crucial for patient outcomes because metastases are the leading cause of death associated
with melanoma, with a 5-year survival rate of 23% for patients with metastases at the time
of diagnosis [23]. The extent of the disease and the location of distant metastases determine
what kind of therapy is required. Generally, as soon as distant metastases occur, therapy is
only palliative. However, recent studies have shown that targeted immunotherapies can
prolong survival. Nevertheless, the outcome of the treatment is dependent heavily on a
patient’s immunological status and the stage of the tumor [23,24]. In this context, numerous
patients present with incidental benign liver lesions, with cysts being the most prevalent.
Given the potential consequences of misdiagnosing a benign liver lesion as a metastasis,
avoiding inappropriate treatment decisions is paramount. Therefore, achieving highly
accurate staging that includes the liver is essential to promptly initiate optimal treatment
and ultimately improve patient outcomes.

CT-based differentiation between liver lesions remains a challenge. The appearance
of liver metastases in CT images may vary based on factors such as blood supply, hemor-
rhage, cellular differentiation, fibrosis, and necrosis, posing challenges in differentiation,
particularly from hemangiomas. In addition, simple benign cysts can become complex if
they are infected, hemorrhaged, or ruptured, increasing the HU value above the average
value (0–20 HUs). Consequently, benign liver cysts may exhibit HU values similar to liver
metastases in certain instances [25,26]. Furthermore, small lesions (<1 cm) pose difficul-
ties in diagnosis. Therefore, accurate assessment of these liver lesions often necessitates
biopsy or additional MRI evaluation [27,28]. However, limited MRI availability, specific
contraindications, and the invasive nature of biopsy may introduce potential complications
for some patients. As a result, staging melanoma patients can be particularly challenging
in certain scenarios.

In recent years, DECT has become one of the main focuses of interest in CT-based on-
cological imaging owing to its many advantages, including better material characterization
and differentiation. DECT is based on the principle that the attenuation of X-rays in tissue
(expressed as the CT attenuation number in HUs) depends on the tissue density but also on
the Z of the specific tissue and on the energy of the photon beam. Thus, DECT can thereby
also quantify lesion iodine content. Various postprocessing techniques provide additional
information to distinguish lesions by analyzing these parameters. Former studies have
demonstrated DECT’s advantage in distinguishing benign lesions from malignant ones
compared to conventional single-energy CT [14,18,29–31]. However, there are insufficient
studies that performed multiparametric analysis based on the Z and Rho of each tissue type
using the application class of special postprocessing software (Rho/Z maps), especially in
patients with malignant melanoma.

Different postprocessing techniques on dedicated software, for example, syngo.via
(our software of choice), provide additional information for more accurate diagnosis of
lesions by analyzing their electron density, effective atomic number, and iodine concen-
tration. There have been a few previous studies that have shown the value of Rho/Z
maps as an accurate addition to CT oncological diagnostics. Mileto et al. have shown
that non-enhancing renal cysts, including hyperattenuating cysts, can be distinguished
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from enhancing masses on effective atomic number maps derived from dual-energy CT. In
this study, the analysis showed an AUC for Z of greater than 0.9 (0.92; 95% CI, 0.89–0.94)
for the evaluation of renal masses, indicating high diagnostic accuracy [32]. DECT-based
Rho/Z maps were also used by Chijie Xu et al. to better distinguish osteoblastic metastases
from bone islands (AUC for Z, 0.91; AUC for Rho, 0.88). Our findings are in accordance
with the studies by Mileto et al. and Chijie Xu et al. and emphasize the value of DECT in
abdominal oncologic imaging. Further studies have shown similar results for DECT Rho/Z
measurements for other body regions, such as head and neck imaging, when differentiating
benign from malignant thyroid nodules and T1 stage nasopharyngeal carcinoma from
benign hyperplasia [33,34].

Current diagnostic techniques for identifying liver lesions and staging in melanoma
patients involve a multifaceted approach utilizing various imaging modalities. Ultrasound,
a widely accessible, non-invasive, and inexpensive tool, serves as an initial screening
method due to its ability to detect hepatic lesions. However, its effectiveness may be
limited by factors such as operator skill, patient cooperation, and the presence of bowel gas
interference [35]. PET-CT has emerged as a key diagnostic tool for detecting liver lesions.
This imaging modality combines the functional information obtained from PET, which
highlights metabolic activity within tissues, with the anatomical details provided by CT
imaging. PET-CT offers several advantages in the evaluation of liver lesions, including
its ability to detect lesions with high metabolic activity indicative of malignancy, thereby
aiding in the differentiation between benign and malignant lesions. However, despite
its utility, PET-CT does have limitations. Notably, it presents a comparatively lower spa-
tial resolution compared to MRI, potentially impacting the delineation of fine anatomical
details. Additionally, concerns regarding accessibility and ionizing radiation exposure
persist, with PET-CT’s availability being less widespread than other imaging modalities
and its utilization carrying a heightened risk of radiation exposure. MRI presents another
crucial modality in liver lesion diagnostics, with superior soft tissue contrast resolution. Its
capacity to detect nuanced alterations in liver tissue renders it highly adept at identifying
small lesions and characterizing tumors. However, MRI does present limitations, primarily
its lower availability compared to other imaging modalities. Furthermore, challenges arise
in cases of patient non-cooperation, potentially leading to suboptimal study outcomes.
Additionally, MRI may be contraindicated in patients with metal implants or those experi-
encing claustrophobia [36]. In contrast, DECT data facilitate rapid reconstruction of Rho/Z
maps, with measurements easily accessible, making it a time-efficient and valuable addi-
tional clinical tool. This postprocessing tool is particularly beneficial for patients with MRI
contraindications or coagulopathies prohibiting biopsy. Additionally, CT scans are readily
available during on-call periods, unlike MRI or biopsy, potentially expediting diagnosis
and treatment in specific cases. This highlights the potential of DECT-based Rho/Z maps
as a versatile and efficient tool in clinical practice, particularly for patients with limitations
to other imaging modalities or invasive procedures.

This study has limitations that need to be discussed. First, the present study is a single-
center retrospective study, which may limit the generalizability of its findings. Second,
our research was limited to a vendor-specific CT system and may not be applicable to
other DECT technologies. Third, the scope of our analysis was limited to benign cysts,
hemangiomas, and metastases in the liver, which are indeed the predominant liver lesions
encountered in clinical practice. Further, our study is limited by a relatively small sample
size of only 73 patients. Increasing the sample size would provide a broader understanding
of our research and strengthen the reliability of our findings. Additionally, the limited
number of participants may impede the detection of subtle yet clinically significant as-
sociations or effects within the patient population. Moving forward, it is essential for
subsequent research efforts to replicate our study in larger cohorts to ensure the validity
and generalizability of our findings. Nevertheless, future studies should aim to investigate
the extent to which the Rho/Z values of cysts, hemangiomas, and metastases differ from
other liver lesions, thus providing deeper insights into lesion differentiation. In addition,

102



Diagnostics 2024, 14, 742

it should be noted that our research focused primarily on contrast-enhanced CT images.
Therefore, there is a need for future investigations to assess the utility of non-contrast DECT
images in this context. Further, the results of this study are specific to melanoma metastases
and cannot be generalized to staging studies in the settings of other cancers.

Another limitation in the present study is that the impact of DECT on clinical outcomes
was not investigated. While our study focused on evaluating the diagnostic accuracy of
DECT-derived parameters in distinguishing between liver metastases and benign liver
lesions in patients with melanoma, the broader implications of DECT on patient manage-
ment and treatment outcomes were not explored. Further research is needed to assess the
potential clinical benefits of DECT in influencing patient outcomes and guiding therapeutic
decisions. Nonetheless, our findings suggest the potential applicability of Rho/Z maps to
other malignancies featuring liver metastases and benign liver lesions, thereby warranting
further investigation.

5. Conclusions

In conclusion, DECT-based Rho and Z measurements offer enhanced differentiation
between liver metastases and benign liver cysts in patients with malignant melanoma
compared to conventional CT measurements. Improved detection and characterization
of lesions by DECT could expedite the diagnostic process and improve staging accuracy
in patients with malignant melanoma, a critical factor for guiding treatment decisions.
Nevertheless, patients with contraindications for other imaging modalities and diagnostic
methods may particularly benefit from DECT-based Rho and Z measurements. This
highlights the importance of considering DECT as a valuable additional tool in the staging
of liver metastases in patients with malignant melanoma. Thus, if technically possible,
Rho/Z maps and corresponding measurements should be applied in the context of tumor
staging in patients with malignant melanoma and the presence of hypodense liver lesions.

In contrast, in the differentiation between hemangiomas and liver metastases, Rho/Z
maps show inferior diagnostic accuracy compared to HU measurements. Therefore, differ-
entiation between these two lesion types remains a challenge in CT imaging.
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ADC Apparent diffusion coefficient
AUC Area under the curve
DECT Dual-energy CT
MD Mean difference
NPV Negative predictive value
PACS Picture archiving and communication system
PPV Positive predictive value
Rho Electron density
ROI Circular regions of interest
ROC Receiver operating characteristic
SD Standard deviation
CI Confidence interval
Z Effective atomic number
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Abstract: Background: The differential diagnosis of atypical melanocytic palmoplantar skin lesions
(aMPLs) represents a diagnostic challenge, including atypical nevi (AN) and early melanomas (MMs)
that display overlapping clinical and dermoscopic features. We aimed to set up a multicentric dataset
of aMPL dermoscopic cases paired with multiple anamnestic risk factors and demographic and
morphologic data. Methods: Each aMPL case was paired with a dermoscopic and clinical picture
and a series of lesion-related data (maximum diameter value; location on the palm/sole in 17 areas;
histologic diagnosis; and patient-related data (age, sex, family history of melanoma/sunburns, photo-
type, pheomelanin, eye/hair color, multiple/dysplastic body nevi, and traumatism on palms/soles).
Results: A total of 542 aMPL cases—113 MM and 429 AN—were collected from 195 males and
347 females. No sex prevalence was found for melanomas, while women were found to have rel-
atively more nevi. Melanomas were prevalent on the heel, plantar arch, and fingers in patients
aged 65.3 on average, with an average diameter of 17 mm. Atypical nevi were prevalent on the
plantar arch and palmar area of patients aged 41.33 on average, with an average diameter of 7 mm.
Conclusions: Keeping in mind the risk profile of an aMPL patient can help obtain a timely differentia-
tion between malignant/benign cases, thus avoiding delayed and inappropriate excision, respectively,
with the latter often causing discomfort/dysfunctional scarring, especially at acral sites.

Keywords: acral melanoma; acral nevi; dermoscopy; integrated dataset; web registry; atypical
pigmented palmoplantar lesions

1. Introduction

Acral-pigmented lesions are still less investigated by dermoscopy than facial or body-
pigmented lesions, and the referring terminology is otherwise rather confused [1–5]. To
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date, the term “acral” has been used to define melanocytic lesions localized not only on
volar glabrous skin surfaces of the extremities but also on the nail apparatus and subungual
region—especially in reference to acral lentiginous melanoma (MM) [1–5]. Moreover, in
many different studies to date, the terms “acquired acral nevi”, “congenital acral nevi”,
“acral melanocytic lesions”, and “acral lentiginous melanoma” have been vaguely em-
ployed, without specifying if the lesions were on palms/soles or subungual region/nail.
However, the acral glabrous skin, which is anatomically limited to the palms of the hands
and soles of the feet, distally to the Wallace’s line, significantly differs from other body
sites skin areas, both clinically and dermoscopically, due to the presence of dermato-
glyphics [1–7]. To avoid confusion, in this study we preferred naming the melanocytic
lesion on glabrous acral skin as “melanocytic (M) palmoplantar (PP) lesions (Ls)” (MP-
PLs). This definition encompasses the spectrum of histologically benign MPPLs (with
no/mild/moderate/severe atypia), histologically malignant MPPLs, and the grey zone
of borderline provisional entities such as nevi MELTUMP/SAMPU/THIUMP/IAMPUS
lesions [6].

The prevalence of MPPLs varies greatly according to populations, countries, and study
groups, and it is essentially in line with that of benign MPPLs, ranging from 36–42% in dark
phototypes and 18–23% in Caucasians [4–7]. This may also explain why studies focused on
large datasets of acral nevi in Europe are scarce [8,9]. Interestingly, in dark skin types and
Asiatic populations, the number of PP nevi is relatively high compared with other body
sites and in a globally low total-body nevus count, while the trend is opposite in European
and North American populations [1–7]. In parallel, the current bulk of knowledge from PP
melanoma greatly derives from studies carried out in Asiatic countries (e.g., Japan, China,
Taiwan) in the last 30 years [10–13], where this form accounts for nearly 50% of all MM cases.
On the contrary, PP melanoma is traditionally considered rare in Caucasians, accounting
for 3% of all MMs in North America and about 1–2% in Europe [1,3,9,11]. There is currently
no univocal hypothesis to explain these discrepancies of both benign and malignant MPPLs
among different populations: genetic predisposition is known to play a role, but genetic
studies recently highlighted that PP nevi exhibit a mutational spectrum comparable to that
of nevi arising on low cumulative sun-damaged skin [1,14,15]. Currently, PP melanoma
is regarded as a non-UV-related tumor and represents a higher proportion of cases in
countries with a lower incidence of melanoma overall [1]. External mechanisms and risk
factors such as trauma, physical stress, and friction have been hypothesized to have a role in
its development, but no conclusive data have been produced to date [16–18]. Additionally,
other factors have been addressed such as the rarely examined location (sole melanoma),
the atypical appearance (palm melanoma), and the lack of pigment (PP melanoma) [19,20].

Dermoscopic examination was shown to help increase the diagnostic accuracy of
MPPLs, especially in differentiating malignant from benign cases [21,22] and in clear-cut
lesions. Indeed, considering clear-cut PP nevi and PP melanomas, a series of specific
dermoscopic patterns were first described by Japanese study groups and included benign-
related features (parallel furrow pattern, lattice-like, fibrillar, globular, and homogenous)
and malignancy-related features (parallel-ridge pattern, irregular diffuse pigmentation,
and multicomponent pattern) [7,9,11,23–25]. We have otherwise to keep in mind that
there are atypical MPPLs (aMPPLs) that exhibit equivocal clinical and dermoscopic fea-
tures, including PP nevi mimicking PP melanomas (e.g., asymmetrical, maculopapular,
and with non-homogenous pigmentation) and, vice versa, featureless or doubtful early
melanoma [1,10,13,26]. In this subset of difficult “borderline” lesions, dermoscopy alone
cannot reach adequate diagnostic accuracy, and further parameters should be taken into
account to assess the risk of that lesion being malignant [24–26]. It has been widely demon-
strated that the Bayesian scoring classifier models are reliable tools able to efficiently select
and combine a series of patient and lesion objective parameters with dermoscopic data,
with the final aim of developing a risk scoring model dedicated to a specific subset of
lesions [27–33]. In particular, our group previously created and tested four different risk
scoring models, named “integrated clinic-dermoscopic scores” (iDScore) for difficult-to-

107



Diagnostics 2024, 14, 460

diagnose melanocytic skin lesions of the body (i.e., early melanomas and atypical nevi
(AN) [28,29], for regressing nevi and melanomas with regression [30], and for atypical
pigmented lesions of the face (i.e., lentigo maligna and benign simulators—pigmented ac-
tinic keratosis, solar lentigo, seborrheic keratosis, lichen planus-like keratosis, and atypical
nevi) [31]. The development of an iDScore model relies, at first, on the preparation of a
large detailed and standardized dataset of the lesions of interest. A dataset of 1700 cases of
atypical melanocytic lesions of the body [32] and about 2000 cases of atypical pigmented
lesions of the face [29] was developed, with each case integrated with multiple data of
the patient and lesion and further subjected to pattern analysis and complex statistical
analysis [28–33].

On these premises, we aimed to create, for the first time, a large international web reg-
istry able to provide a detailed characterization of aMPPLs (including early PP melanomas
and atypical and/or dysplastic PP nevi) in terms of morphology (clinical and dermoscopic),
epidemiology, patient risk factors, and anamnestic data.

In this study, we describe the development and implementation of a European multi-
center database specifically dedicated to aMPPLs, the iDScore-PalmoPlantar dataset.

2. Materials and Methods

Ethics. This study was carried out in compliance with the Helsinki Declaration. Ap-
proval was obtained by the local ethical committee of Siena Hospital (Azienda Ospedaliero-
Universitaria Senese, Siena, Italy, Study Protocol No. 16801) and was then shared with the
participating centers. All data were de-identified before use and are kept in accordance
with the EU General Data Protection Regulations (GDPR) on the processing of personal
data and the protection of privacy in electronic communication (2016/679/EU) [34].

Study design. The development of the international clinical–dermoscopic database
dedicated to aMPPLs was promoted as part of the iDScore-PalmoPlantar project by derma-
tologists (LT, PR, and EC) and technical figures (bioengineer: GC, biostatisticians: AC and
SLC, and data manager: GC) of Siena University Hospital and extended to the Teleder-
moscopy Working Group (AL, MCF, IS, GN, PB, JP, HK, JLP, EM, FL, CL, ED, MS, and
EC) under the Teledermatology Task Force of the European Academy of Dermatology and
Venereology (EADV). The iDScore-PalmoPlantar project is devoted to the study of difficult-
to-diagnose melanocytic skin lesions from a clinical and dermoscopic point of view. In
particular, the iDScore-PalmoPlantar database was designed for educational and training
purposes, through a tele-dermoscopic setting, accessible to all European dermatologists;
thus, the database is currently hosted on a dedicated website, www.iDScore.net (accessed
on 16 February 2023).

Center participation. A center was enrolled in the iDScore-PalmoPlantar project if it
could provide at least 60 cases (up to a maximum of 110) of clinically and dermoscopically
challenging aMPPLs excised in the suspect of malignancy. Thus, each center was required
to provide a minimum of 20 malignant cases (up to 30) and a minimum of 40 benign cases
(up to 80). Participation in the study was open to any European dermatology center actively
working in skin cancer screening as a second-level referring center. The data were collected
both retrospectively and prospectively: the collection phase lasted from September 2020
to March 2023. Since data were collected during routine consultation activity, there were
neither costs nor financial compensation to participate. Each center designated one Site
Investigator as responsible for the whole selection and submission process. Site Investi-
gators were required to sign in to a web platform—hosted at www.iDScore.net—through
secure access with personal credentials. Site Investigators were enabled to upload their
cases from between October 2020 to June 2023 by using a “Contribution form” specifically
created for the project and hosted on the website: the form was designed to record a total
of 14 parameters (5 mandatory and 9 optional) along with 2 standardized image files. The
assessment of the specific palmar or plantar location was mandatory; thus, site investigators
were guided to select only one site per image among 9 areas of the palms or only one
among 8 areas of the soles.
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Inclusion criteria. In order to avoid repetition of clinical/anamnestic data and thus
bias affecting the analysis, each lesion had to be derived from one patient only. Each
aMPPL case must be composed of one dermoscopic image, one clinical image, three
mandatory lesion data (i.e., definitive histopathological diagnosis, maximum diameter
(mm), and precise body location), and two mandatory patient data (i.e., sex (F/M) and
age (years). Histologic diagnosis could be (a) nevus with mild atypia, (b) nevus with
severe atypia, (c) dysplastic nevus, or (d) melanoma in situ or stage Ia/Ib/IIa (pathologic
TNM classification pTis/pT1a/pT1b/pT2a). Additional histological data were required for
MM cases only: thickness, mitosis number, regression (%), and presence of lymphocytic
infiltrate. Patients were required to be aged at least 18 years; there was no upper range limit.
According to anatomical and morphologic criteria, a classification into 17 subareas was
adopted (Figure 1), including 8 plantar areas (i.e., anterior lateral eminence of the sole, anterior
medial eminence of the sole, central eminence of the sole, heel, interdigital spaces, lateral surface
of the fingers, and plantar region) and 9 volar palmar areas (i.e., plantar surface of the fingers
of the sole, central metacarpal, fingertips, interdigital spaces, hypothenar surface, lateral surface
of the fingers, metacarpal surface, thenar surface and volar surface of the fingers, and proximal
phalangeal surface).

Figure 1. Schematic representation of the classification used in the iDScore-PalmoPlantar database into
17 areas: 9 palmar (a) and 8 plantar (b).

Patients’ additional data. Details concerning 4 anamnestic data and 5 phenotypic
traits were strongly recommended (Table 1). Four types of anamnestic data were strongly
recommended, though not mandatory, namely personal or family history of melanoma
(i.e., in a 1st-degree relative), history of sunburns (>3) in childhood below the age of
14 years, history of chronic traumatism on the soles for work, and chronic traumatism
on the palms for work. Five types of patient clinical data were strongly recommended,
though not mandatory, namely presence of multiple common nevi (>100) or dysplastic
nevi (>10) on the body, phototype (I–IV), pheomelanin phototype [35–37], presence of
green/light blue/blue eyes, and presence of blond hair. In order to avoid repetition of
clinical/anamnestic data and thus bias affecting the analysis, each lesion should be derived
from one patient only.
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Table 1. Characteristics of the case study of 542 atypical melanocytic palmoplantar lesions (aMPPLs)
comprising the iDScore-PalmoPlantar dataset.

Lesion Data n (%)/Mean ± SD

Histological Diagnosis 542
Nevus 429 (79.2%)
Malignant melanoma 113 (20.8%)
Maximum diameter 8.83 ± 7.85
Four macro-areas of the sole 490 (90.6%)

• Toe area (fingers + interdigital spaces + lateral surface of the
fingers) 111 (22.7%)

• Eminence of the sole area (anterior lateral + central +
anterior medial eminence of the sole) 87 (17.8%)

• Plantar arch area 229 (46.7%)

• Heel area 63 (12.9%)

Three macro-areas of the palm 51 (9.4%)

• Palmar lateral area (proximal phalangeal surface + thenar
eminence) 12 (23.5%)

• Fingers (lateral surface of the fingers + fingertips +
interdigital spaces) 17 (33.3%)

• Palmar medial area (hypothenar surface + metacarpal
surface + central metacarpal) 22 (43.1%)

Patient Data
Age 46.33 ± 19.07
Male 195 (36.0%)
Female 347 (64.0%)
ANAMNESTIC DATA/RISK FACTORS YES NO NA
Personal/family history of
melanoma—1st-degree-relative 11 (2.0%) 79 (14.5%) 452 (83.4%)

History of sunburns (>3) in childhood below the age of
14 years 41 (7.5%) 75 (13.8%) 426 (78.5%)

Chronic traumatism of palms 0 (0.0%) 7 (12.9%) 44 (86.3%)
Chronic traumatism of soles 10 (1.8%) 138 (25.4%) 342 (63.0%)
PHENOTYPIC TRAITS
Presence of >100 common nevi or >10 dysplastic nevi on
the body 24 (4.4%) 67 (12.3%) 451 (83.2%)

Phototype 355 (65.5%) 187 (34.5%)

• II 94 (17.3%)

• III 248 (45.7%)

• IV 11 (2.0%)

• V 2 (0.3%)

Pheomelanin phenotype 35 (6.4%) 65 (11.9%) 442 (81%)
Presence of green/light blue/blue eyes 51 (9.4%) 76 (14%) 415 (76%)
Presence of blond hair 93 (17.1%) 69 (12.7%) 380 (70.1%)

Technical requirements. Each site investigator should also respect a series of technical
requirements for the dermoscopic images (i.e., ≥1.5 Mpx, 15–20× enlargement, JPEG
format, in-focus picture) and device type (e.g., videodermatoscope—Fotofinder system
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Medcam1000, camera-based systems—Dermlite Photo System Pro/Dermlite Foto II Pro
WITH Nikon D500, 3GEN Dermlite Foto Dermoscopy System, Heine DL 20 Canon/Nikon,
smartphone-based system—Foto X Dermlite).

Exclusion criteria and quality check. Exclusion criteria for center contribution relied
on the impossibility of reaching the adequate number and proportion of MMs and AN re-
quired. Exclusion criteria for pictures included blurred/out-of-focus dermoscopic pictures;
clinical pictures with recognizable patient personal characteristics (e.g., tattoos, etc.); and
nodular/ulcerated/inflamed/intensely traumatized MPPLs. Duplicate cases (e.g., multiple
dermoscopic images of the same patient uploaded as separate cases or the same case en-
tered 2 or 3 times) were rejected as well. Once uploaded onto the platform, each submission
was examined; if judged suitable, the case was transferred to the iDScore-PalmoPlantar
dataset itself. A review of all the cases received in the registry was performed weekly by LT,
AC, GC, and SL from October 2020 to July 2023. This rapid review after each submission
allowed all Site Investigators to be updated on their acceptance rate and allowed them to
proceed with contributions until the minimum criteria were reached.

Statistical analysis. Descriptive statistics was carried out; continuous variables were
summarized as mean ± standard deviation, with the qualitative ones recorded as absolute
frequencies and percentages. The χ-squared test was performed to examine the association
between qualitative variables and histological diagnosis. Student’s t test was performed to
compare age and maximum diameter between MMs and AN. A significance of p < 0.05 was
assumed. All analyses were carried out using R version 4.0.0. For statistical purposes, the
17 subareas were further grouped into 7 macro-areas, namely 3 macro-areas on the palm
and 4 macro-areas on the sole (Table 1).

3. Results

3.1. Participating Centers

A total of 21 dermatologic centers from 14 European Countries were invited; all of
them had a second-level ambulatory clinic active in screening and research on skin cancer.
Among them, 10 were able to meet the minimum contribution criteria, namely Siena (Italy),
Thessaloniki (Greece), Meldola (Italy), Milan (Italy), Gothenburg (Sweden), L’Aquila (Italy),
Turin (Italy), Vienna (Austria), St. Etienne (France), and Naples (Italy). Each country
contributed 65 cases on average (range 50–80), for a total of 565 cases. After a quality
check, a total of 545 cases were definitively included in the final dataset, that is, 54 cases on
average per center (range 44–64).

3.2. Dataset Characteristics

The iDScore-PalmoPlantar dataset comprised 542 aMPPL cases with defined histopatho-
logical diagnosis and doubtful clinical and dermoscopic appearance, namely 113 (20.8%)
melanomas and 429 (79.2%) nevi. Morphologic data of the 542 lesions and patient demo-
graphics, anamnestic, and phenotypic data are reported in Table 1, while characteristics of
MMs and nevi are reported in Table 2 The analysis of clinical pictures reveals that 291 nevi
(67.8%) were flat and 138 (32.1%) were palpable (Figures 2–4).

Table 2. Distribution of anamnestic and phenotypic data of 542 atypical melanocytic palmoplantar
lesion (aMPPL) cases, grouped according to seven macro-areas (four on the sole and three on
the palm).

n (%)/Mean ± SD

Lesion Data MMs (113) Nevi (429) p

Maximum diameter 17.39 ± 12.47 6.58 ± 3.58 <0.001
Body site 0.285
Four macro-areas of the sole * 98 (87.5%) 392 (91.4%)

• Toe area 21 (21.4%) 90 (23.0%)
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Table 2. Cont.

n (%)/Mean ± SD

Lesion Data MMs (113) Nevi (429) p

• Eminence of the sole area 21 (21.4%) 66 (16.8%)

• Plantar arch area 29 (29.6%) 200 (51.0%)

• Heel area 27 (27.6%) 36 (9.2%)

Three macro-areas of the palm # 14 (12.5%) 37 (8.6%)

• Palmar medial area 3 (21.4%) 9 (24.3%)

• Finger area 7 (50.0%) 10 (27.0%)

• Palmar lateral area 4 (28.6%) 18 (41.6%)

Patient Data
Age 65.30 ± 14.79 41.33 ± 16.81 <0.001
Male 55 (48.6%) 140 (32.6%)
Female 58 (51.3%) 289 (67.4%) 0.002
Anamnestic Data/Risk Factors
Personal/family history of melanoma—1st-degree relative 0.520
No 9 (7.9%) 70 (16.3%)
Yes 0 (0.0%) 11 (2.5%)
History of sunburns (>3) in childhood below the age of 14
years
No 25 (22.1%) 50 (11.6%)
Yes 7 (0.6%) 34 (7.9%)
Chronic traumatism on soles
No 15 (13.2%) 129 (30.0%)
Yes 0 (0%) 10 (23.3%)
Chronic traumatism on palms
No 10 (8.8%) 94 (21.9%)
Yes 0 (%) 1 (0.2%)
PHENOTYPIC TRAITS
Presence of >100 common nevi or >10 dysplastic nevi 1.000
No 7 (6.1%) 60 (13.9%)
Yes 3 (2.6%) 21 (4,8%)
Phototype (%) 100% 100% 0.717
II 19 (29.7%) 75 (25.8%)
III 44 (68.8%) 204 (70.1%)
IV 1 (1.6%) 10 (3.4%)
V 0 (0.0%) 2 (0.7%)
Pheomelanin phenotype
No 17 (15.0%) 48 (11.1%) 0.610
Yes 9 (7.9%) 26 (6.0%)
Presence of green/light blue/blue eyes
No 23 (20.3%) 53 (12.3%) 0.320
Yes 18 (15.9%) 33 (7.6%)
Presence of blond hair
No 14 (12.3%) 55 (12.8%) 0.430
Yes 26 (23%) 67 (15.6%)

* SOLE SUBAREAS: Toe area (plantar surface of the fingers + lateral surface of the fingers + interdigital spaces);
eminence of the sole area (anterior eminence + central eminence + antero-medial eminence); plantar arch area;
and heel. # PALM SUBAREAS: Finger area (fingertips + lateral surface of the fingers + interdigital spaces + volar
surface of the finger + proximal phalangeal surface); palmar lateral area (metacarpal area + hypotenar); and
palmar medial (thenar + central metacarpal).
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Figure 2. Clinical and dermoscopic (polarized light, 20×) appearance of 2 atypical melanocytic
plantar lesions (aMPPLs) of the sole, localized at the central eminence (a,b) and anterior–medial
eminence (c,d). Both lesions appear as brownish roundish pigmented macules with clear-cut borders
and non-homogenous pigmentation, similar diameter and multiple colors, and irregular blotches
observed under dermoscopy; however, the lesion of the central eminence was an atypical nevus of
12 mm in a 20-year-old female (a,b), while the lesion on the anterior–medial eminence was an early
melanoma (pt1a) of 13.6 mm in a 63-year-old male (c), with additional dermoscopic features of a
hyperkeratosic component/blue–white veil and irregular streaks.

Figure 3. Clinical appearance of atypical melanocytic plantar lesions of the plantar surface of the
fingers, namely first (a) and fifth (c) fingers, presenting as brownish elongated pigmented macules
with clear-cut borders and irregular cobblestone-like pigmentation. Lesion one had a maximum
diameter of 13 mm and belonged to an 18-year-old female (a). Lesion two had a maximum diameter
of 11 mm and belonged to a 52-year-old male (c). Dermoscopic examination (polarized light, 20×)
reveals an overall homogenous color arranged both in a parallel furrow and in a cobblestone (b) in
case one, which was histologically classified as an acral nevus. Conversely, case two exhibits multiple
colors (light brown, dark brown, gray, and reddish) arranged in a multicomponent pattern with
streaks, globules, and irregular blotches (d); the lesion was histologically classified as an acral
melanoma pt1a.
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Figure 4. Clinical (a,c) and dermoscopic (b,d) appearance of two atypical melanocytic palmar lesions
in two women aged 68: the lesion on the volar surface of the finger (a) is a multi-colored nodule,
with irregular pigmentations and chaotic dermoscopic pattern (b), consistent with a histopathologic
diagnosis of acral melanoma (pT3a); the lesion on the metacarpal surface appears as a multi-colored
macule (c, blue arrow) with a quite regular dermoscopic pattern and a histopathologic report of
acral nevus.

3.3. Lesion Morphological Features

The obtained maximum diameter range for all aMPPLs was 1–50 mm, the average
value was 8.83 mm, and the standard deviation was ±7.85 mm (Figures 2–4). In melanoma
cases, the average diameter was 17.39 (±12.47 standard deviation), range 6–50 mm; in
nevi cases, the average diameter was 6.58 (±3.58 standard deviation), range 1–20 mm.
The difference between the average diameter of the melanomas and that of the nevi was
statistically significant (p < 0.001) (Table 2 and Figures 2–4).

3.4. Lesion Location
3.4.1. All aMPPLs

Among 542 aMPPL cases, 490 (90.6%) were located on the sole; of them, 98 (87.5%)
were MMs and 392 (91.4%) were nevi. A total of 51 out of 542 aMPPL cases (9.4%) were
located on the palm, including 14 (12.5%) melanomas and 37 (8.6%) nevi. According to the
classification into five macro-areas, aMPPL cases of the sole were predominantly localized
on the plantar arch with 229 (46.7%) cases, then on the toes with 111 (22.7%) cases, on
the eminence of the sole with 87 (17.8%) cases, and on the heel with 63 (12.9%) cases. On
the palm, aMPPL cases were more homogeneously distributed, namely 22 (43.1%) on the
palmar medial area, 17 (33.3%) on the finger area, and 12 (23.5%) on the palmar lateral area
(Table 1).
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3.4.2. Malignant aMPPLs

On soles, melanomas were prevalent on the plantar arch (29.6%) and heel (27.6%),
while on palms, skin distribution was homogeneous among nine subareas (Table 3). Re-
grouping determined similar proportions of melanomas among four plantar macro-areas
and a predominance of malignant cases on the finger area of the palms (Table 2).

Table 3. Distribution of 542 atypical melanocytic palmoplantar lesions (aMPPLs) of the iDScore-
PalmoPlantar dataset according to histologic diagnosis and detailed body location to 8 plantar and
8 palmar subareas.

Lesion Data
aMPPLs
n = 542

MMs
n = 113

Nevi
n = 429

Eight Subareas of the sole 490 98 (87.5) 392 (91.4)
Anterior lateral eminence of
the sole 21 (3.18%) 3 (3.1%) 18 (4.6%)

Anterior medial eminence of
the sole 45 (7.85%) 15 (15.3%) 30 (7.7%)

Central eminence of the sole 21 (4.46%) 3 (3.1%) 18 (4.6%)
Heel 63 (1.21%) 27 (27.6%) 36 (9.2%)
Interdigital spaces (foot) 34 (5.73%) 4 (4.1%) 30 (7.7%)
Lateral surface of the fingers
(foot) 36 (7.21%) 8 (8.2%) 28 (7.1%)

Plantar arch 229 (43.9%) 29 (29.6%) 200 (51.0%)
Plantar surface of the fingers 41 (7.85%) 9 (9.2%) 32 (8.2%)
Nine Subareas of the palms 36 14 (12.5%) 37 (8.6%)
Central metacarpal 2 (5.6%) 0 (0.0%) 2 (5.4%)
Fingertips (hand) 2 (5.6%) 2 (14.3%) 0 (0.0%)
Interdigital spaces 3 (8.3%) 0 (0.0%) 3 (8.1%)
Ipothenar surface 11 (30.6%) 1 (7.1%) 10 (27.0%)
Lateral surface of the fingers
(hand) 5 (13.9%) 3 (21.4%) 2 (5.4%)

Metacarpal surface 11 (30.6%) 3 (21.4%) 8 (21.6%)
Thenar surface 10 (27.8%) 3 (21.4%) 7 (18.9%)
Volar surface of the fingers 7 (19.4%) 2 (14.3%) 5 (13.5%)
Proximal phalangeal surface 0 0 0

3.4.3. Benign aMPPLs

On soles, half of the cases were on the plantar arch site (51%), with no significant
differences in size to the other seven sites and an unmodified trend after regrouping
(Tables 2 and 4). On palms, a slight predominance was found on the hypothenar surface
(27% of cases) (Table 3), but the palmar lateral area (41% of cases) was the most involved
after grouping (Table 2).

Table 4. Characterization of digital imaging acquisition of 542 atypical melanocytic palmoplantar
lesion (aMPPL) cases of the iDScore-PalmoPlantar dataset: three different devices for dermoscopic
imaging acquisition are reported, along with the distribution per histologic diagnosis.

Device Type Used for Image
Acquisition/

aMPPLs Melanomas Nevi

n (%) 542 (100%) 113 (100%) 429 (100%)

Camera-based system 254 (46.8%) 31 (27.4%) 223 (51.9%)

Videodermatoscope 160 (29.5%) 51 (45.1%) 109 (25.4%)

Smartphone-based system 97 (17.8%) 20 (17.6%) 77 (17.9%)

Unknown/unspecified 31 (5.7%) 11 (9.7%) 20 (4.6%)
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3.5. Patient Data
3.5.1. Age

Patients with aMPPLs had an age range of 18–92 years. Patients with acral melanoma had
an age range from 39 to 92 years old. The difference between the average age of patients with
melanomas (65.30 on average (±14.79 sd) and patients with nevi (46.33 on average ± 19.07 sd))
was statistically significant (p < 0.001) (Tables 1 and 2).

3.5.2. Sex

The majority (64%) of patients with aMPPLs were women (347 cases), while men
accounted for 36% of cases (i.e., 195). Specifically, this female predominance was sustained
by a relevant number (67.4%) of women exhibiting acral nevi (i.e., 289) compared with
men (140, 32.6%). Differently, the distribution of acral melanomas was very similar (only
a 2% difference) between the two sexes: 51.3% of cases in women, and 48.6% of cases
in men. In addition, the difference between the rate of female patients with melanoma
and that of female patients with nevi is statistically significant (p = 0.002); in males, the
two subgroups did not differ significantly (55 melanomas versus 140 nevi) (Tables 1 and 2).

3.6. Patient Optional Data

A total of 148 cases out of 542 (27.3%) had optional risk factor data assessed
(Tables 1 and 2). The results of distribution analysis according to the histologic diag-
nosis are reported in Table 2 for those cases in which the optional data regarding patients’
anamnestic/phenotypic and risk factor data were available.

3.6.1. Anamnestic Data/Risk Factors

Among the available records, the majority of patients with aMPPLs had a negative
personal or familial history of melanoma (i.e., melanoma affecting a first-degree relative),
which is 14.5% negative versus 2% positive. History of sunburns (>3) in childhood below
the age of 14 years was present only in 7.5% of patients, negative in 13.8%, and not assessed
in 78.5% of cases. Chronic traumatism was overall not reported on the palms and rarely
on the soles (10 patients). In patients with melanomas, no specific anamnestic risk factors
reach statistical significance. In patients with nevi, a positive history of sunburns in
childhood was reported in 7.9% of cases, and chronic traumatism of soles in 23.3% of cases
(Tables 1 and 2).

3.6.2. Phenotypic Traits

Concerning all patients with aMPPLs, a small proportion (24 cases, 4.4%) had more
than 100 common nevi on the body (or more than 10 dysplastic nevi), but the number of
missed assessments was relevant (83% of cases) (Table 1). Of them, 21 patients fell in the
nevi group (Table 2).

Phototype III was the prevalent one in this case study (45.7% of patients) (Table 1), as
well as in melanoma (68%) and nevi (70%) subgroups (Table 2). The second most prevalent
prototype was type II.

A small number of patients had pheomelanin phenotype, either in the whole case
study (6.4%) or in subgroups (7.9% of melanoma patients, 6% of nevi patients).

Only 51 patients were reported to have green/light-blue/blue eyes, with a high rate
of non-reporting (76%); of them, 18 had a melanoma and 33 a nevus.

Lastly, a total of 93 patients were reported to have blond hair: 26 with melanoma, and
67 with a nevus.

3.7. Device for Image Acquisition

Table 4 reports in detail how the clinical and dermoscopic pictures for each aMPPL
case were obtained. In 31 cases it was not specified what device was used for imag-
ing acquisition (11 melanomas and 20 nevi). Taking into account the whole case study
of 542 aMPPL cases, the more frequently employed devices were camera-based systems
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(46.8% of cases), followed by videodermatoscope (29.5% of cases) and smartphone-based
systems (17.8%).

This trend was similar for the imaging of nevi, with 52% of cases imaged with a
camera-based system, 25.4% with a dermatoscope, and 18% with a smartphone. On the
contrary, the majority of melanoma cases were imaged with a videodermatoscope (45% of
cases) versus 27% with a camera-based system and 17.6% with a smartphone-based system.

4. Discussion

The current knowledge on clinical and epidemiologic features of PP nevi delineates the
profile of a small (usually under 6 mm) macule, symmetric in shape and with homogenous
pigmentation [9,13,16,38], and mainly derive from Asiatic [4,39,40] or South American
countries [4,41,42], with fewer reports from South European countries [2,7,9]. However,
equivocal aMPPLs have been poorly or not investigated, especially in Europe [26]. In
parallel, large series of acral melanoma in early stages from European populations are lack-
ing, [3,26] due to both low incidence and delayed diagnosis [22,23]. Compared with body
or head and neck melanomas, indeed, the diagnosis of PP melanoma is frequently late, with
a reported misdiagnosis rate of 20% [3,11,19–23]. A series of factors can be hypothesized
to explain this trend: (i) physicians’ reticence to perform biopsies/excision on the sole,
which often causes discomfort and painful scar, in addition to nail dystrophy in case of
biopsy on the nail apparatus [1,11,19–23]; (ii) immunohistochemical studies and molecular
testing that may help to differentiate malignant from benign aMPPLs [1,13,14,43,44] are
available only in specific centers, are time-consuming, and require a surgical excision as
well; (iii) reflectance confocal microscopy, which is helpful in the non-invasive diagnosis
of dermoscopically doubtful cases of the body and face, is not effective on acral skin due
to the low penetration [45]; and (iv) patients are sometimes unaware of the onset date of
their lesions on the soles (even if they are long-lasting benign nevi). In those cases, the
dermatologist should make decisions without the clinical history data, relying on morpho-
logical features only; this has a relevant impact on the dermatologist management decision
as well, ending up in surgical excision in most cases [22,23,43,44]. From an epidemiological
point of view, nevi with mild/moderate/severe atypia and early melanomas on palms
and soles are very rare. For this reason, a dataset that collects only PP melanomas at early
stages and PP atypical nevi has not previously been set up, to the best of our knowledge.
Thus, a better understanding of the aMPPL spectrum is deserved to improve clinical and
dermoscopic diagnosis and management [13,23,43,44]. For this purpose, the setting up
of a large multicentric European registry dedicated to aMPPLs was needed. Moreover,
no specific classification according to plantar and volar subareas has been carried out to
date [3,7,9–11].

The iDScore-PalmoPlantar dataset—comprising 542 aMPPL cases coming from 10 different
European Centers—is innovative according to several aspects. First, it was designed to
provide representative scenarios of the general characteristics of difficult PP lesions that
dermatologists have to manage in secondary referring centers. It was indeed balanced to
have 20% melanoma and 80% nevi cases and this proportion was chosen in order to reach a
compromise between an adequate representation of malignant cases and a reproduction of
the epidemiologic in secondary referring centers. Second, the minimum age for inclusion
was set at 18 years in order to both exclude pediatric cases a priori (and, consequently,
the bias of having large congenital acral nevi in the dataset) and not miss benign lesions
in young adults exhibiting chronic traumatism-related alterations. Third, a specifically
created classification into 17 subareas was adopted according to anatomical and morpho-
logic criteria (Figure 1) in order to obtain details otherwise missed in previous acral lesion
databases. Then, some of the 17 subareas (Table 3) were further grouped into macro-areas
following the anatomo-functional criteria of weight bearing, obtaining three macro-areas
on the palm and four macro-areas on the sole (Tables 1 and 4). Fourth, all possible risk
factors known or hypothesized for PP melanoma were investigated at contribution time.
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Concerning lesion objective data, we found that the maximum diameter value was
a significant discriminant (Table 4, p < 0.001) between benign and malignant aMPPLs.
These data are of main importance as the photographs of benign lesions are homogenously
small (6.58 mm on average ± sd3.58), with a number of very equivocal nevi measur-
ing around 12 mm (Figure 2) and few congenital lesions measuring >12 mm (Figure 3),
while malignant cases show a larger variation in diameter according to presentation time
(17.39 on average ± sd12.47).

The study of lesion location revealed that the hot sites for melanoma of the soles are
the plantar arch (29.6%) and heel (27.6%), while those of palmar melanoma are the finger
surfaces (50%).

Benign aMPPLs, instead, were slightly prevalent at hypothenar–metacarpal surfaces
of palms, and clearly prevalent on the plantar arch of soles. These data show that there is
essentially no difference between weight-bearing/non-weight-bearing areas of the soles in
terms of melanoma development, which is in line with recent literature data that excluded
a causative role of walking barefoot [16–18,46–48]. As per palmar melanoma, reports of a
trauma occurrence are too very few to derive conclusions. [49]

According to patient data analysis, age turned out to be a significant discriminant
factor for malignancy (Table 4, p < 0.001), with patients with PP melanoma generally being
older (65.3 years on average) than those with benign aMPPLs (41.33 yrs on average). These
data are globally in line with those reported in acral melanoma patients diagnosed in
Asia [12], France [3], United States [26], Spain [46], Italy [9], and Korea [47], aged between
59 and 65 years, and those reported from acral nevi patients diagnosed in the United
States [4], Italy [26], and Greece [25].

We did not detect any difference in sex distribution for PP melanoma cases (51%F/49%M);
this trend is, however, in line with some retrospective studies on acral melanoma patients,
reporting distribution of 54%/46%M [46] and 49%/51% [48], while previous monocentric
studies showed a slight female or male prevalence (e.g., M:F = 1:1.86 [3], M:F = 1:1.6,
[25 M:F = 1:1.9,12 F:M = 1:1.08,26 and M:F = 1:1.712). Precisely, a similar sex distribution
was found in patients with cases of early melanoma of the body, in the context of retro-
spective studies on atypical melanocytic lesions [30,49]. Interestingly, the nevi group of
this case study comprised 289 female patients (67,4%F/32.6%M) (Table 4) and the same
distribution has been reported in Greek (70%F/30%M) [7], Hispanic (69.5%F/30.5%M) [42],
and Italian (63%F/37%M) [9] cohorts of patients screened in secondary referral centers.
This repetitive trend may be explained by the fact that women are generally more assid-
uous in attending skin cancer visits than men. Notably, we previously documented this
tendency in multicentric investigations on atypical pigmented lesions of the face [31,34]
and trunk [30,49].

The descriptive and association analysis of patient anamnestic data, risk factors, and
phenotypic traits showed that the aMPPL population was essentially homogeneous, with
no significant difference between benign and malignant cases. This can be first explained by
the high rate of non-assessment for the majority of patients, mostly ascribable to the retro-
spective collection performed by participating centers; then, by the difficulty in defining the
entity of the traumatism or sunburn by patients themselves; and lastly, by the fact that recent
meta-analysis failed to confirm the hypothesis on a clear causative role of injuries/trauma or
history of sunburns in infancy in acral melanoma development [3,42,44,46,50–52]. Indeed,
the current evidence from laboratory studies suggests that PP acral melanoma development
seems to arise in a certain cancer susceptibility setting (which is, however, different from
the renowned genetic signature of melanoma families) and does not follow the classic risk
factors addressed for body and face melanomas [3,13,14,42,44,46,47].

At last, the results of the imaging device analysis showed that there was a slight
tendency to use the camera-based devices to photograph benign aMPPL lesions, while
the majority of malignant aMPL case images were acquired with a videodermatoscope.
These frequencies of use essentially reflect the equipment of each center, but a series
of considerations can be raised. It can be argued that camera-based/smartphone-based
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methods may be preferred to acquire pictures of potentially benign lesions of the soles
because they are more handy/rapid to use, whereas fixed videodermatoscope devices
may be a bit uncomfortable/time-consuming, especially in front of elderly patients in
standing position, and are best reserved for the ugliest lesions, in which a larger screen is
required [53–56].

Limitations of this study to take into account are the following: (i) since all cases have
been histologically analyzed, there is an intrinsic selection bias based on the excisional
criteria; (ii) the majority of patients were identified as phototype III, generating a potential
bias in phenotypic data analysis; and (iii) the sample size of palmar lesions was small due
to the very low incidence of palmar melanoma in Europe.

5. Conclusions

The creation of the integrated PP dataset and the analyses carried out (descriptive and
univariate) are devoted to a better understanding of aMPPLs in the European population
where they are poorly investigated and represent phase I of the iDScore PalmoPlantar project.
Indeed, by combining both the morphological features and the patient data, we aimed to
delineate some recurrent patterns of Caucasian patients with aMPPLs frequently attending
skin cancer screening centers. In general, in a patient aged >50 years exhibiting an aMPPL
larger than 8 mm on the heel/plantar arch or fingers of the hand, the risk of melanoma
is very high, independent of sex. If a patient older than 65.3 years presents with a lesion
larger than 17 mm, palpable, immediate excision should be performed with large margins.
Then, if a patient aged up to 49 years has a flat lesion of up to 7 mm in diameter localized
to the palmar/hypothenar or thenar surface of the palms or the plantar arch of the sole,
we can be quite confident that it is a benign aMPL. However, these preliminary data need
to be confirmed on a larger dataset, especially for palmar melanoma cases, during the
next decades. Moreover, further investigations for the iDScore-PalmoPlantar project will be
carried out to combine and interpret these data according to the dermoscopic analysis and
the detailed localization/distribution analysis. Briefly, phase II of the iDScore-PalmoPlantar
project will consist of obtaining the average pattern analysis values of all the collected cases
based on the consensus of two out of three dermoscopists variously skilled, for a total of
156 tele-dermoscopic investigations across Europe [32–34,36]. Finally, in phase III, the large
amount of data obtained in the two previous phases will undergo multivariate analysis (i.e.,
forward–backward stepwise logistic regression) in order to select a pool of interdependent
significant parameters useful to the setting up of a scoring system Bayesian classifier. This
risk checklist, named the iDScore-PalmoPlantar model, will be able to provide an aMPPL
score between 0 (no risk) and 15 (100% risk of malignancy). The management suggestions
will be derived from the risk ranges estimate (i.e., mild, moderate, high, or very high),
with the score threshold estimated by the leave-one-out technique using the variation in
the area under the ROC curve [27–32]. The ultimate goal of the present dataset is the
development of an integrated clinic–anamnestic–dermoscopic iDScore-PalmoPlantar model
to help clinicians—in real time—in orienting their diagnostic suspects in front of difficult
atypical PP lesions and to support them in management decisions of no/long/short follow-
up or excision. In the next future, also a DCNN (deep convolutional neural network) [57]
based model could be derived from the iDScore-PalmoPlantar dataset [58,59].
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Abstract: We present an interesting image of eruptive syringoma confirmed by histopatho-
logical assessment in a 37-year-old male who was consulted due to numerous brownish
small macules and papules resembling maculopapular cutaneous mastocytosis (MPCM).
We show difficulties in diagnosing ES, given its rare occurrence and resemblance to other
dermatological disorders. Moreover, we discuss the role of dermoscopy and reflectance
confocal microscopy in the differential diagnosis of syringoma.

Keywords: eruptive syringoma; syringoma; cutaneous mastocytosis; dermoscopy;
dermatoscopy; reflectance confocal microscopy; histology

 

Figure 1. (A,B). We present a 37-year-old overweight male who presented with numerous small,
monomorphic, brownish macules and papules scattered across the trunk, neck, and thighs (A,B). The
patient exhibited multiple flat-topped, firm, hyperpigmented brown macules and papules, varying in
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size from 1 to 3 mm, distributed across the neck, chest, abdomen, back, and lower extremities. The
lesions were predominantly located on the anterior aspect of the body. According to the patient, skin
lesions have been present since elementary school and remained stable without progression to other
areas of the body. The patient was referred to our department under suspicion for maculopapular
cutaneous mastocytosis (MPCM). Nevertheless, Darier’s sign, which is pathognomonic for cutaneous
mastocytosis, was negative [1]. Moreover, he had no cutaneous and systemic mast cell mediator-
related symptoms typical for mastocytosis [1]. There was no history of an anaphylactic shock, allergic
reactions, or a chronic illness. Complete blood count with differential, biochemistry, and serum
tryptase level (3.35 ng/mL, range up to 11.4 ng/mL) were in normal ranges. Due to an unclear clinical
presentation, dermoscopy (Figure 2A,B) and reflectance confocal microscopy (RCM) (Figures 3 and 4)
were performed. Two skin biopsies from the skin of the trunk were performed, and histopathological
examination indicated a diagnosis of syringoma in both samples (Figure 5). Due to the disseminated
distribution of skin lesions, a final diagnosis of eruptive syringoma (ES) was established. Our patient
was informed that syringoma is a benign tumor that usually remains unchanged over time and
does not pose significant health risks. Moreover, various treatment modalities were offered to the
patient, including surgical removal, dermabrasion, electrocautery, cryosurgery, chemical peels, topical
atropine, botulinum toxin A, and oral medications, such as isotretinoin [2,3]. However, the patient
was not interested in treatment for solely aesthetic reasons. Syringoma is a benign skin neoplasm
characterized by the overgrowth or hyperplasia of eccrine sweat ducts, leading to the formation of
small, flat, skin-colored, or brownish papules [4,5]. Syringomas are typically located in the periorbital
region; however, they have also been found in other locations, such as the trunk, extremities, vulva,
penis, scalp, and underarms [6]. There are four variants of syringoma: the localized form, the
familial form, a form associated with Down syndrome (DS), and the generalized variant [7]. Eruptive
syringoma, a rare form of the generalized variant, is characterized by the sudden appearance of
multiple lesions that spread across two or more anatomical regions [2]. The exact etiology of ES
remains unclear, but it is believed to result from reactive hyperplasia of the eccrine ducts, potentially
triggered by chronic inflammation, hormonal changes, or other unknown factors [8]. The condition is
more prevalent in females and often manifests during puberty or adolescence, indicating a possible
hormonal influence, but ES has also been reported in children and the elderly [2,9]. This case report
indicates that ES poses a diagnostic challenge because its clinical presentation can be easily mistaken
for other dermatological conditions, such as eruptive xanthomas, disseminated granuloma annulare,
MPCM, lichen planus, flat warts, or eruptive vellus hair cysts [10]. Therefore, using dermoscopy
and RCM may provide useful clues in the diagnostic process (Supplementary Table S1). However,
histopathological examination remains the gold standard in the diagnosis of syringomas, as clinical
presentation and non-invasive skin imaging techniques alone are not sufficient to distinguish ES from
other skin lesions considered in the differential diagnosis.

 

Figure 2. (A,B). Dermoscopy of syringomas located on the neck (A) and trunk (B). Dermoscopy of a
syringoma located on the neck (A) showed linear vessels in reticular distribution (white arrows) and
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light-brown structureless areas (black arrows) with small whitish globules (red arrows). Dermoscopy
of the lesion located on the trunk (B) revealed brown reticular lines (pigment network) and white
dots/globules (red arrows). Dermoscopic manifestations of ES differed according to the anatomical
region. In the neck area, vascular pattern was observed, whereas pigment network prevailed in
the abdominal region. In both instances, white dots/globules scattered across the lesion were
identified. A similar location-dependent dermoscopic presentation was described in a case report by
Botsali et al. [11]. Pigment network was identified in syringoma cases reported by Sakiyama et al.
and Hayashi et al. [12,13]. The latter group also described multifocal hypopigmented areas under
dermoscopy, as described in the reported patient.

 
(Can eld D200 EVO; Can eld Scienti c GmbH, Bielefeld, Germany; ×15 magni cation; immersion ultrasound gel) 

Figure 3. Reflectance confocal microscopy of syringoma. Dark hole (red asterisk) surrounded by
bright, highly reflective layers of cells (black arrows), which correspond to acrosyringium, are seen
within the stratum corneum (A), stratum granulosum (B), and stratum spinosum (C). A highly
reflective layer, composed of densely packed, anucleated keratinocytes, constitutes the stratum
corneum, whereas stratum granulosum and spinosum exhibit a typical honeycombed pattern. On
the deeper sections (D–F), a dark, coiled tubular structure is visible (red asterisk). Moreover, bright
cells around dermal papillae, which form edged dermal papillae (white asterisks), are seen at the
entire level of the dermo–epidermal junction.
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(VivaScope® 1500; Caliber Imaging and Diagnostics, Rochester, NY, USA) 

Figure 4. Reflectance confocal microscopy of syringoma. Epithelial cells (white arrows) forming
ducts filled with a grey amorphous material (red asterisks) are visible in the dermis. Data on RCM
features of syringoma is scarce, as only one report on RCM attributes of ES has been published
so far. Jiménez et al [14]. reported RCM presentations of 2 syringomas located on the face and
neck in patients diagnosed with ES; however, RCM images were not correlated with corresponding
dermoscopy. Nevertheless, our RCM findings are in line with the observations of Jiménez et al. [14].
Similar to the Brazilian authors, we identified ducts surrounded by pigmented epithelial cells, some
of which were filled with a grey amorphous material. Additionally, we identified acrosyringia in
the epidermis in both of the presented instances, which seem to correspond to white pinpoint dots
observed under dermoscopy. Although the utility of RCM in syringoma recognition is limited,
as histopathological features of syringomas are confined to the upper dermis, identification of
acrosyringia in the epidermis, along with ducts filled with amorphous material in the dermis, may
narrow the differential diagnosis.
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(VivaScope® 1500; Caliber Imaging and Diagnostics, Rochester, NY, USA) (hematoxylin & eosin staining; 40× magni cation) 

Figure 5. Syringoma displays multiple small ducts lined with cuboidal epithelial cells, some forming
a characteristic ‘tadpole’ pattern, embedded in fibrous stroma within the dermis. Histology of
syringoma typically reveals multiple small ducts and epithelial cords within the dermis, along with
cystic eccrine ducts that often exhibit a characteristic comma-shaped tail [2,15].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics15010110/s1, Table S1: Dermoscopic and reflectance
confocal microscopy (RCM) features of the entities that may mimic eruptive syringoma. Refer-
ences [16–23] are cited in the Supplementary Materials.
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Abstract: Diagnosing cutaneous melanomas relies mainly on histopathological analysis, which,
in selected cases, can be aided by immunohistochemical evaluation of conventional melanocytic
markers. Nevertheless, these malignancies, particularly in metastatic settings, may display divergent
differentiation with unusual histological and immunohistochemical features. In this context, we
present the case of a 65-year-old male diagnosed with typical superficial spreading melanoma
who developed recurrence and metastatic lesions featuring angiosarcomatous differentiation. The
diagnosis of the initial tumour and the subsequently dedifferentiated lesions was confirmed by
ample immunohistochemical analysis, which included several melanocytic markers, as well as
mesenchymal and vascular markers. The recurrent tumour and lymph nodes metastases were
completely negative for Melan-A and PRAME, and focally positive for SOX10. Additionally, they
also displayed diffuse, intense positivity for CD10 and WT1 and focal positivity for CD99, ERB, and
CD31. Thus, the diagnosis of primary cutaneous melanoma with recurrent and metastatic divergent
angiosarcomatous differentiation was established. This occurrence is particularly rare and can pose
important diagnostic challenges. Therefore, in addition to presenting this highly unusual case, we
also performed a comprehensive review of the literature on divergent differentiation in melanomas.

Keywords: cutaneous melanoma; angiosarcomatous; differentiation

1. Introduction

Cutaneous melanoma is the most aggressive form of skin cancer, in which survival is
highly dependent on early and correct diagnosis [1]. Nevertheless, diagnosing primary
and metastatic cutaneous melanomas is not always straightforward, as these tumours may
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display extraordinarily heterogenous histopathological and immunohistochemical features,
including divergent differentiation, resembling various other neoplasms [2].

This is especially true of nodular melanoma (NM), which often lacks the clinical
features of classic melanoma such as asymmetry, irregular borders, multiple colours, and
dimensions greater than 0.6 cm. On dermatoscopy, atypical pigment network, regression
structures, and irregular streaks are usually absent [3,4]. The diagnosis is further compli-
cated by the fact that 20–30% of NMs are hypo- or amelanotic [3,5]. NM usually arises
in previously normal skin, often in male patients over 50 years of age who do not have a
personal or family history of skin cancer or other risk factors for melanoma development,
such as freckles or numerous melanocytic naevi [5]. Moreover, NM is a fast-growing
tumour with a high mitotic rate and the diagnosis is often made at advanced stages when
the Breslow thickness of the tumour is already more than 2 mm [6–9]. Usually, the tumour
is detected by the patient, and so far, the contribution of screening campaigns in the early
detection of NM seems limited. Therefore, NM has a particularly poor prognosis and
is associated with a disproportionately high mortality rate when compared with other
melanoma subtypes [7].

Dermatoscopy can help raise the suspicion of NM and provide an earlier diagnosis of
this aggressive tumour. NMs with a Breslow thickness of less than 2 mm are most often
brown in colour and exhibit irregular brown dots or globules, irregular blue structureless
areas, irregular eccentric black blotches, shiny white streaks, and dotted vessels. In more
advanced NMs, asymmetry, blue colour, ulceration, and serpentine and corkscrew vessels
become more common. There are three main features that can help in the diagnosis of thin
NM: dotted vessels, shiny white streaks, and irregular blue structureless areas [3].

Some algorithms have been developed to aid in the diagnosis of NM. They can be
used together with the ABCDE criteria in order to increase the specificity and sensitivity
of NM diagnosis. The EFG rule refers to lesions that are elevated, firm, and growing [10],
while the 3 Cs criteria evaluate colour, contour, and change [11]. The blue-black rule raises
suspicion of melanoma in lesions that exhibit blue and black pigmentation in more than
10% of their surface [12].

The differential diagnosis of NM includes basal cell carcinoma; squamous cell carci-
noma; Merkel cell carcinoma; melanocytic naevi, especially blue naevi and Spitz tumours;
pyogenic granuloma; and atypical fibroxanthoma [6,13].

From a histopathological point of view, primary dedifferentiated cutaneous melanomas
can be defined as biphasic tumours lacking conventional morphological and immunohisto-
chemical characteristics while displaying non-melanocytic features [14]. Divergent differen-
tiation, however, is more frequently noted in metastatic settings [15–18]. These tumours can
present with widely variable morphologies and immune profiles and can be misdiagnosed
as undifferentiated pleomorphic sarcoma, leiomyosarcoma, rhabdomyosarcoma, Ewing
sarcoma, malignant peripheral nerve sheet tumour, poorly differentiated carcinoma, or,
exceptionally rarely, angiosarcoma [14,16,19].

This phenomenon may represent a form of cancer plasticity aiding invasiveness and
resistance to treatment [20,21]. Due to the presumed increased aggressiveness of dedifferen-
tiated metastatic melanoma, establishing the correct diagnosis is tremendously important,
but also a tedious process requiring extensive sampling, comprehensive immunohistochem-
ical analysis, and even molecular tests for detecting genetic mutations typically associated
with melanomas [14,22].

Given the rarity of dedifferentiated angiosarcomatous metastatic melanomas and
their inherent diagnostic and management difficulties, we present the case of a superficial
spreading melanoma with divergent angiosarcomatous differentiation in both locally
recurrent and metastatic tumours. Furthermore, we performed an extensive review of
previous published cases.
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2. Materials and Methods

The tissue samples used for histopathological and immunohistochemical analyses
were obtained after surgical removal of the primary cutaneous tumour and the recurrent
cutaneous lesion, and lymphadenopathy. The tissue samples were fixed in 10% buffered
formalin, paraffin-embedded, sectioned, and stained with Hematoxylin–Eosin (H&E) ac-
cording to conventional histology protocols.

The sections used for immunohistochemistry were deparaffinised using toluene and
alcohol, washed in phosphate saline buffer, incubated with normal serum, and later incu-
bated with primary antibodies overnight. The secondary antibodies used were HMB45
(Biocare, mouse monoclonal, clone HMB45), PRAME (Biocare, rabbit monoclonal, clone
EPR20330), SOX10 (Biocare, mouse monoclonal, clone BC34), Ki67 (Biocare, mouse mono-
clonal, clone MIB-1), desmin (Biocare, mouse monoclonal, clone D33), WT1 (Zeta, mouse
monoclonal, clone 6F-H2), CD10 (Biocare, mouse monoclonal, clone 56C6), CD99 (Biocare,
rabbit monoclonal, clone EP8), ERG (Biocare, mouse monoclonal, clone 9FY), CD31 (Biocare,
mouse monoclonal, clone JC/70A), and BRAF V600E (Biocare, mouse monoclonal, clone
VE1). The sections were developed using 3,3′-diaminobenzidine hydrochloride/hydrogen
peroxide as a chromogen and counterstained with Meyer’s Haematoxylin.

Finally, we provided an extensive review of the literature by including complete-length
English papers published until 2024 in PubMed-indexed journals discussing dedifferen-
tiated melanomas, focusing on angionsarcomatous differentiation. All types of articles
were included: reviews, original studies, and case reports. The research keywords were
undifferentiated melanoma, dedifferentiated melanoma, transdifferentiated melanoma,
and angiosarcomatous melanoma.

3. Case Presentation

We present the case of a 65-year-old male who presented to our hospital in August
2021 with a pigmentary nodule on the upper posterior thorax. The tumour reportedly
arose on previously normal skin about a year before, had been growing ever since, and
had recently started to bleed. Clinical examination revealed an asymmetric pigmentary
nodule of 1.2 × 0.9 cm, with well-demarcated borders and an uneven tumour surface.
No on-transit or satellite metastases were seen, and palpation of the lymph nodes did
not reveal any masses. A dermatoscopic examination revealed a blue colour, shiny white
structures, and ulceration. The patient was otherwise well and did not have a personal or
family history of melanoma or non-melanoma skin cancer. It was decided to excise the
lesion, given its history of rapid growth and the clinical features.

On gross examination of the resection specimen, we noted the presence of a pigmented,
nodular tumour with surface ulceration. Based on these findings, the clinical suspicion of a
cutaneous melanoma was raised (Figure 1).

 

Figure 1. Post-excision photograph of a hyperpigmentary nodular melanoma, showing asymmetry,
uneven surface, and ulceration.
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Microscopically, the tumour was composed of nests and solid areas of atypical epithe-
lioid cells with focal intracytoplasmic melanin, enlarged nuclei with conspicuous nucleoli,
and frequent mitotic figures (5/mm2). The tumour displayed a pagetoid growth pattern,
ulcerating the epidermis, and was deeply invasive into the reticular dermis. The Breslow
depth of invasion was 3.51 mm. No lympho-vascular invasion, perineural invasion, mi-
crosatellites, or necrotic areas were noted. Consequently, the diagnosis of pT3b nodular
melanoma was established (Figure 2).

  
(a) (b) 

Figure 2. (a) Nodular melanoma composed of a solid growth pattern and epidermal ulceration (H&E,
40×). (b) Nests of epithelioid melanocytes with round nuclei displaying conspicuous nucleoli and
frequent mitotic figures (H&E, 400×).

The diagnosis was also confirmed immunohistochemically. The tumour cells were
diffusely and intensely positive for multiple melanocytic markers: MelanA, S100, SOX10,
and PRAME. Additionally, the Ki67 proliferation index was 15% (Figure 3).

Due to the depth of the tumour, a re-excision with 2 cm safety margins was per-
formed. Later, the patient underwent a sentinel lymph node biopsy and contrast-enhanced
computed tomography (CT) examination of the head and neck, and thoracic and ab-
dominopelvic regions, but no regional or distant metastases were detected at that time.
Therefore, no other treatment was initiated at this stage and the patient was called back for
follow-up visits every 3 months. Unfortunately, at the 9-month visit in May 2022, supras-
capular lymphadenopathy was detected. After surgical removal of the suprascapular mass,
histopathological examination confirmed the presence of 11 lymph nodes, out of which
2 showed features of a sarcomatoid tumour proliferation with a fascicular growth pattern,
encompassing ill-defined vascular spaces. The neoplastic cells were spindle-shaped, with
no intracytoplasmic melanin and very frequent mitotic figures (Figure 4).

Immunohistochemical analysis revealed that the tumour cells completely lacked
expression of MelanA and PRAME, and focally expressed SOX10. On the other hand,
CD10 was diffusely positive, and WT1 showed strong cytoplasmic expression. Desmin,
CD99, and CD31 were negative, while ERG expression was noted in scattered tumour cells.
Based on these findings, the diagnosis of metastatic melanoma with sarcomatoid features
and areas of angiosarcomatous differentiation was established. Additionally, BRAF V600E
immunohistochemistry was performed, but the test result was negative (Figure 5).

Even though immunohistochemical analysis for BRAF mutations rendered negative
results, genetic testing for BRAF mutations was also performed using an Idylla™ BRAF
Mutation Assay cartridge (Biocartis, Mechelen, Belgium), revealing a wild-type phenotype.
No other metastases were detected at the time. The patient was therefore started on
treatment with pembrolizumab 200 mg every 3 weeks.
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(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 3. Immunohistochemical analysis of the cutaneous melanoma acknowledged diffuse positivity
for (a) MelanA, (b) S100, (c) SOX10, and (d) PRAME. (e) The Ki67 immunoexpression was noted in
15% of the neoplastic cells.

  
(a) (b) 

Figure 4. Histopathological analysis of the lymph node metastases revealed (a) the presence of a
malignant spindle cell proliferation with a fascicular growth pattern (H&E, 40×) and (b) numerous
ill-defined, branching vascular spaces (H&E, 400×).
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 5. Immunohistochemical analysis of the lymph node revealed that the tumour cells were
negative for (a) MelanA and (b) PRAME. However, the tumour cells displayed (c) strong positivity for
SOX10 and showed strong and diffuse immunopositivity for (d) CD10 and (e) WT1, while (f) desmin,
(g) CD99, and (h) CD31 were negative. (i) Positive ERG immunoreaction was noted in scattered
tumour cells. (j) BRAF V600E was negative in the tumour cells.
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In April 2023, the patient presented again with a tumour recurrence at the site of the
initial lesion. The tumour was once again removed and on histopathological examination
this neoplasm also displayed sarcomatoid features, with solid sheets of highly pleomorphic
spindle cells with amphophilic cytoplasm and numerous mitotic figures (22/HPF) and no
intracytoplasmic pigment. Additionally, there were frequent blood lakes with haemorrhagic
areas and ill-defined vascular channels (Figure 6).

  
(a) (b) 

Figure 6. Histopathological examination of the skin lesion acknowledged (a) the presence of a solid
sarcomatoid proliferation with extensive haemorrhage and (b) pleomorphic spindle cells surrounding
anastomosing vascular spaces.

Immunohistochemical analysis revealed a similar profile to the lymph node metastasis.
The tumour cells were completely negative for MelanA and PRAME while showing only
focal SOX10 positivity. CD10 and WT1 were both diffusely positive, and CD99 was weakly
positive in scattered tumour cells. Additionally, this time, the vascular marker CD31 was
strongly and diffusely positive and ERG was strongly positive in scattered cells. These
histopathological and immunohistochemical profiles are consistent with the diagnosis
of recurrent sarcomatoid melanoma with genuine angiosarcomatous dedifferentiation
(Figure 7).

  
(a) (b) 

  
(c) (d) 

Figure 7. Cont.
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(e) (f) 

  
(g) (h) 

Figure 7. Immunohistochemical evaluation of the recurrent skin lesion proved that the tumour cells
were not reactive for (a) MelanA and (b) PRAME. However, the tumour cells displayed moderate
immunopositivity for (c) SOX10. Additionally, (d) CD10 and (e) WT1 were strongly and diffusely
positive, while (f) CD99 was weakly positive in several areas. (g) CD31 was strongly positive in most
of the neoplastic proliferation and (h) ERG was strongly positive in scattered tumour cells.

Due to tumour progression, treatment with pembrolizumab was deemed inefficient
and the patient was switched to chemotherapy with dacarbazine but succumbed to
widespread metastatic disease in February 2024.

4. Discussion

Angiomatoid morphology in melanomas is exceptionally rare. To the best of our
knowledge, there are only four cases reported in primary cutaneous melanomas, and
three of metastatic melanomas. However, to this date, genuine angiosarcomatous ded-
ifferentiation was noted in only one of the metastatic tumours [16,23–28]. The clinical,
histopathological, and immunohistochemical features of these neoplasms are presented in
Table 1.

By analysing the data presented in Table 1, it can be noted that the mean age of patients
with angiomatoid melanomas is 65,375 years (SD = 13.04), and the male–female ratio is 3:1.
These findings are highly concordant with our newly reported case, as the patient was a
65-year-old male.

As mentioned above, the case presented in this paper is only the second reported
melanoma with angiosarcomatoid dedifferentiation highlighted by immunohistochemical
expression of ERG and CD31, while lacking expression of MelanA and PRAME. In this
context, the diagnosis of metastatic and recurrent melanoma was established due to the
retained expression of SOX10. Similarly, Ambrogio F. et al. also concluded that SOX10
is the most reliable marker for diagnosing angiomatoid melanomas [24]. Furthermore,
the metastatic tumour also expressed WT1, and Mehta A. et al. noted cytoplasmatic WT1
staining in a dedifferentiated metastatic melanoma, arguing that this pattern of expression
may be useful for establishing the final diagnosis [29]. Therefore, in the right clinical
context, ample immunohistochemical analysis for multiple melanocytic markers should be
performed so as not to miss a diagnosis of dedifferentiated melanoma.
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Table 1. Clinical, immunohistochemical, and molecular features of angiomatoid melanomas.

Author Age Gender Tumour Location Immunohistochemistry Genetics

Ramos-
Rodríguez
G. et al. [22]

59 Male Thigh
Positive: S100, HMB45, MiTF1, D2-40
Negative: CD31, p63, AE1/AE3
Ki-67: 5–10%

N/A

Ambrogio
F. et al. [23] 87 Male Cutaneous

Differentiated component:

• Positive: S100, MelanA, HMB45, SOX10
• KI67: 5–6%

Dedifferentiated component:

• Positive: SOX10
• Negative: S100, MelanA, HMB45, CD31,

CD34, and ERG
• KI67: 20%

BRAF V600E
mutation

Fonda-Pascual
P. et al. [24] 63 Female Scapular region Positive: S100, SOX9, HMB45

Negative: AE1/AE3, D2-40, CD31
BRAF V600E
mutation

Baron J.A.
et al. [25] 84 Male Forehead Positive: S100

Negative: HMB45 N/A

Adler M.J.
et al. [26] 44 Male Forehead

metastases Positive: S100, HMB 45, and vimentin N/A

Zelger B.G.
et al. [27]

56 Female Subcutaneous
metastases Positive: S100, HMB45, MelanA, CD56 N/A

61 Male Axillary lymph
node metastases Positive: S100, CD56 N/A

Kilsdonk M.J.
et al. [15] 69 Male Inguinal lymph

node metastases

Differentiated component:

• Positive: S100, MelanA, SOX10
• Negative: ERG, CD31

Dedifferentiated component:

• Positive: ERG, CD31
• Negative: S100, MelanA, SOX10

NRAS
c.181_182delinsAG
p mutation

N/A—not available.

Concerning the expression of vascular markers, the other reported angiomatoid
melanoma with positivity for ERG and CD31 completely lacked expression of S100, MelanA,
and SOX10 and required molecular tests for confirmation [16]. As angiomatoid features are
exceptionally rare in melanomas, little is known about the mechanisms behind this phe-
nomenon. One of the possible explanations is that “mechanical stress” during the biopsy
induces the formation of vascular spaces [24]. However, this explanation cannot be applied
to our current case, in which differentiation was noted in both lymph node metastases and
local recurrence and it was also confirmed by immunohistochemical expression of ERG
and CD31. Therefore, angiosarcomatoid dedifferentiation in melanomas may be explained
by a real phenotype shifting towards mesenchymal cells, which can be a means of cancer
resistance [22,24]. We also favour this hypothesis due to the fact that the tumour presented
in this study was highly aggressive, with poor response to systemic therapy. The disease
was rapidly progressive and fatal.

In addition to immunohistochemical positivity for endothelial markers, the neoplas-
tic cells of both the lymph node metastases and the recurrent skin tumour diffusely ex-
pressed CD10. Similar results have been reported by various authors in dedifferentiated
melanomas [30–33] and CD10 has also been linked to promoting tumour progression and
resistance to therapy [34]. Therefore, CD10 should be evaluated in metastatic melanomas,
particularly in poorly differentiated lesions, as its expression could be a sign of phenotype
shifting towards a more aggressive neoplasm.
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Unlike CD10 diffuse expression, CD99 positivity was only observed in scattered cells
in the recurrent skin tumour, demonstrating the transdifferentiation pathway followed by
melanomas in their progression. In this respect, rare cases of dedifferentiated metastatic
melanomas with CD99 have also been reported [35,36], highlighting the extraordinary
heterogeneity of these neoplasms.

In our patient, PRAME analysis was performed for the first time in an angiomatoid
melanoma, with the primary tumour expressing PRAME while the metastatic and recurrent
lesions were negative for this marker. These results may seem surprising, since PRAME
is regarded as one of the most reliable immunohistochemical markers for diagnosing
dedifferentiated melanomas, either primary or metastatic [2,37,38]. However, the accuracy
of these findings may be limited due to the low number of dedifferentiated melanomas
with PRAME assessment. Further studies are required in order to fully define the utility
of PRAME analysis in dedifferentiated melanomas, and in tumours with angiomatoid
features in particular.

Dedifferentiated melanomas, especially in a metastatic context, may benefit from
molecular analysis, not only for choosing the proper treatment but also for establishing the
correct diagnosis [2,31,39,40]. In this respect, dedifferentiated melanomas usually retain
melanoma-specific mutations even in metastatic settings, but such cases may also present
epigenetic abnormalities characteristic of mesenchymal malignancies, thus matching the
histopathological and immunohistochemical profile. Nevertheless, these modifications
seem to be confined to the methylation signature, while specific copy number profiling
appears to be retained in metastatic melanomas [41]. These observations are significant,
as they highlight both the risk of misdiagnosing a metastatic melanoma based solely on
methylation profile and the prospect of adapting treatment according to genetic abnor-
malities of the metastatic lesions. However, at present, the only genetic mutation that can
benefit from target therapy is BRAF [2]. For this reason, our patient was tested for BRAF
mutations, and following the negative results, no further molecular tests were performed.

Lastly, despite the valuable role of molecular analysis in dedifferentiated melanomas,
such tests are expensive and still not readily available. Consequently, surrogate immuno-
histochemical markers for the most frequently encountered mutations, BRAF p.V600E and
NRAS p.Q61, have been developed and are highly correlated with DNA analysis [42–47].
This correlation was also noted in the current case, with negative results in both immuno-
histochemical and molecular tests for BRAF mutations.

Regarding the current state of treatment, the most commonly used therapies for
locally recurrent or metastasised melanoma are immune checkpoint inhibitors and tar-
geted therapies. Immune checkpoint inhibition is achieved by the use of anti-PD-1 agents
(pembrolizumab, nivolumab) or by a combination treatment with the CTLA-4 inhibitor
ipilimumab and the PD-1 inhibitor nivolumab. Targeted therapy uses BRAF inhibitors
in combination with MEK inhibitors. This latter type of treatment is associated with a
more rapid response but can only be used in melanomas that harbour an activating BRAF
V600E mutation, and, unfortunately, resistance to treatment installs rapidly, after a median
duration of 11 months [48–53].

The mechanisms that lead to targeted therapy resistance involve additional genetic
mutations that activate the MAPK pathway, as well as non-genetic mechanisms, such as the
remodelling of the extracellular matrix and transcriptional reprogramming. Remodelling of
the extracellular matrix impedes T-cell migration and is implicated in resistance to immune
checkpoint inhibitors as well. Additional alterations which lead to immune checkpoint
inhibitor resistance are TGFβ-mediated downregulation of the expression of MHC class I
molecules, decreased T-cell infiltration in the tumour, and loss of expression of melanoma
differentiation antigens. In the future, this could have therapeutic implications. Molecules
that inhibit the TGFβ pathway or collagen receptors could be added to therapeutic regimens
in order to improve the response to targeted therapies and checkpoint inhibitors [10–12].
Nintedanib, a multikinase inhibitor and anti-fibriotic drug, shows promise in inhibiting
extracellular matrix remodelling and preventing tumour relapse [54].
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In the case of our patient, dedifferentiation occurred before the use of systemic treat-
ments. Even though dedifferentiated melanomas have a grim prognosis, there have
been some case reports of favourable responses to various treatment modalities, such
as nivolumab [16] or interferon-α in combination with dacarbazine [28]. As of yet, there
are no specific treatment recommendations for the treatment of dedifferentiated melanoma.
Therefore, our patient was first treated with a PD-1 inhibitor, followed by conventional
chemotherapy, but sadly did not respond. In the future, we can hope for more personalised
therapies targeting factors that are implicated in the differentiation and cell survival of
dedifferentiated melanoma.

Advancing knowledge about the molecular mechanisms involved in melanoma tu-
mourigenesis and in the development of resistance to treatment will hopefully lead to the
development of new effective, more personalised treatment options for this type of cancer.
New immune checkpoint inhibitors and targeted therapies are under development. Ex-
amples are the lymphocyte activation gene-3 (LAG-3) inhibitor relatlimab, RAF inhibitors
(sorafenib, tovorafenib), CDK4/6 inhibitors (palbociclib), and inhibitors of the Met/HGF
signalling pathway (crizotinib, tivantinib, quercetin) [55]. Talimogene laherperepvec is an
already approved oncolytic viral therapy containing live herpes simplex virus 1 that can
be used for the intralesional treatment of unresectable melanoma. It may also be useful as
a neoadjuvant treatment [50–53,55]. Recently, lifileucel, an adoptive immune cell therapy
with autologous ex vivo-expanded tumour-infiltrating lymphocytes, has been approved by
the US Food and Drug Agency (FDA) for patients with advanced or unresectable melanoma
progressing under other treatment modalities [56]. Other promising therapeutic modalities
that are currently under development include chimeric antigen receptor T-cell (CAR T)
therapy and cancer vaccines [55].

5. Conclusions

Divergent differentiation is a frequent yet poorly understood phenomenon in melanomas,
posing real diagnostic and therapeutic challenges. Even though metastatic melanomas
can exhibit various heterologous components, angiosarcomatous transdifferentiation is
still extraordinarily rare. This case report documents the transition of a classic cutaneous
melanoma to a highly aggressive sarcomatoid lesion as the disease progressed, highlighting
the utility of ample histopathological, immunohistochemical, and molecular analysis, as
well as discussing the prognostic meaning of phenotype shifting.

Author Contributions: Conceptualisation, D.A.T, . and A.R.F.; methodology, M.C. and C.A.; software,
H.D.L.; validation, M.T., A.V.D. and A.M.C.; formal analysis, A.V.D. and C.A.; investigation, A.I.I.
and A.M.; resources, M.T. and A.M.; data curation, D.A.T, .; writing—original draft preparation, A.V.D.
and H.D.L.; writing—review and editing, D.A.T, . and A.R.F.; visualisation, A.M.C.; supervision,
A.I.I.; project administration, M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of University Emergency Hospital, Bucharest,
Romania (no. 79362/21 December 2023).

Informed Consent Statement: Written informed consent was obtained from the patient involved in
the study.

Data Availability Statement: This article does not include any additional primary data besides the
information already presented in the case report section.

Acknowledgments: Publication of this paper was supported by the University of Medicine and
Pharmacy Carol Davila, through the institutional program Publish not Perish.

Conflicts of Interest: The authors declare no conflicts of interest.

139



Diagnostics 2024, 14, 1323

References

1. Davis, L.E.; Shalin, S.C.; Tackett, A.J. Current state of melanoma diagnosis and treatment. Cancer Biol. Ther. 2019, 20, 1366–1379.
[CrossRef] [PubMed]

2. T, ăpoi, D.A.; Gheorghis, an-Gălăt,eanu, A.-A.; Dumitru, A.V.; Ciongariu, A.M.; Furtunescu, A.R.; Marin, A.; Costache, M. Primary
Undifferentiated/Dedifferentiated Cutaneous Melanomas—A Review on Histological, Immunohistochemical, and Molecular
Features with Emphasis on Prognosis and Treatment. Int. J. Mol. Sci. 2023, 24, 9985. [CrossRef] [PubMed]

3. Sgouros, D.; Lallas, A.; Kittler, H.; Zarras, A.; Kyrgidis, A.; Papageorgiou, C.; Puig, S.; Scope, A.; Argenziano, G.; Zalaudek, I.;
et al. Dermatoscopic features of thin (≤2 mm Breslow thickness) vs. thick (>2 mm Breslow thickness) nodular melanoma and
predictors of nodular melanoma versus nodular non-melanoma tumours: A multicentric collaborative study by the International
Dermoscopy Society. J. Eur. Acad. Dermatol. Venereol. 2020, 34, 2541–2547. [CrossRef]

4. Kalkhoran, S.; Milne, O.; Zalaudek, I.; Puig, S.; Malvehy, J.; Kelly, J.W.; Marghoob, A.A. Historical, Clinical, and Dermoscopic
Characteristics of Thin Nodular Melanoma. Arch. Dermatol. 2010, 146, 311–318. [CrossRef] [PubMed]

5. Liu, W.; Dowling, J.P.; Murray, W.K.; McArthur, G.A.; Thompson, J.F.; Wolfe, R.; Kelly, J.W. Rate of growth in melanomas:
Characteristics and associations of rapidly growing melanomas. Arch. Dermatol. 2006, 142, 1551–1558. [CrossRef]

6. Corneli, P.; Zalaudek, I.; Rizzi, G.M.; di Meo, N. Improving the early diagnosis of early nodular melanoma: Can we do better?
Expert Rev. Anticancer. Ther. 2018, 18, 1007–1012. [CrossRef] [PubMed]

7. Mar, V.; Roberts, H.; Wolfe, R.; English, D.R.; Kelly, J.W. Nodular melanoma: A distinct clinical entity and the largest contributor
to melanoma deaths in Victoria, Australia. J. Am. Acad. Dermatol. 2013, 68, 568–575. [CrossRef]

8. Warycha, M.A.; Christos, P.J.; Mazumdar, M.; Darvishian, F.; Shapiro, R.L.; Berman, R.S.; Pavlick, A.C.; Kopf, A.W.; Polsky,
D.; Osman, I. Changes in the presentation of nodular and superficial spreading melanomas over 35 years. Cancer 2008, 113,
3341–3348. [CrossRef]

9. T, ăpoi, D.A.; Derewicz, D.; Gheorghis, an-Gălăt,eanu, A.-A.; Dumitru, A.V.; Ciongariu, A.M.; Costache, M. The Impact of Clinical
and Histopathological Factors on Disease Progression and Survival in Thick Cutaneous Melanomas. Biomedicines 2023, 11, 2616.
[CrossRef] [PubMed]
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Abstract: Cutaneous squamous cell carcinoma (cSCC) is an invasive malignancy that disproportion-
ately afflicts immunosuppressed individuals. The close associations of cSCC with immunosuppres-
sion and human papillomavirus (HPV) infection beget the question of how these three entities are
intertwined in carcinogenesis. By exploring the role of T cell immunity in HPV-related cSCC based
on the existing literature, we found that the loss of T cell immunity in the background of β-HPV in-
fection promotes cSCC initiation following exposure to environmental carcinogens or chronic trauma.
This highlights the potential of developing T-cell centred therapeutic and preventive strategies for
populations with increased cSCC risk.

Keywords: cutaneous squamous cell carcinoma; human papillomavirus; T cell; immunosuppression;
animal model

1. Introduction

Cutaneous squamous cell carcinoma (cSCC) is an invasive malignancy that arises from
keratinocytes. Its rising global incidence and its severe burden on immunosuppressed
individuals put forth an urgent need to develop novel approaches for preventing and
treating cSCC [1–4].

The human papillomavirus (HPV) has been implicated as a risk factor for cSCC.
There is an increased HPV prevalence (in particular β-HPVs) in cSCC compared to normal
skin [5,6]. However, the causal relationship between HPV and cSCC remains controversial.
HPV may exhibit direct oncogenic effects, but it may also act as a co-carcinogen with other
risk factors (e.g., UVB radiation) to amplify the risk of developing cSCC [6–9].

Immunosuppression profoundly elevates the risk of cancers associated with viral
infection, including cSCC. Immunosuppressed patients have up to 100-fold higher cSCC
rates compared with the general population [10–13]. Antiviral immunity is chiefly regulated
by the adaptive immune system, where T cells orchestrate effective long-lived responses.
Immunosuppression profoundly diminishes T cell function, metabolism, and proliferation.
This results in compromised protection against HPV proliferation in the skin, which likely
contributes to carcinogenesis.

In this study, we aimed to clarify the role of T cell immunity in HPV-related cSCC
based on the current literature. We identified potential causal relationships among T cell
immunity, HPV, and cSCC, which may guide future preventive and therapeutic approaches,
particularly in high-risk populations.

2. Materials and Methods

A systematic search of research databases (PubMed, Embase, Scopus, Cochrane Li-
brary) was performed on 27 August 2023 in accordance with PRISMA guidelines (Figure 1;
PROSPERO registry number CRD42023470491). Article screening and data extraction were
performed in duplicate. Full-text studies (in vitro, in vivo, ex vivo, clinical) published in
English that investigated T cell immunity in HPV-related cSCC were included.

Diagnostics 2024, 14, 473. https://doi.org/10.3390/diagnostics14050473 https://www.mdpi.com/journal/diagnostics143



Diagnostics 2024, 14, 473

 
Figure 1. PRISMA flow diagram.

The retrieved sources were screened by two independent authors (SHT and CCO)
using titles and abstracts for inclusion. In situations where article suitability was uncertain,
full text assessment was conducted, and discrepancies were resolved by a vote of consensus.
Articles were selected based on the following inclusion criteria: (1) written in the English
language, (2) using validated in vitro and in vivo models of HPV-related cSCC, ex vivo
studies on patients with HPV-related cSCC, or randomised control trials (RCTs) on patients
with HPV-related cSCC, and (3) having an emphasis on T cell immunity. Articles were
excluded for the following reasons: (1) not reporting original data, (2) not focusing on
HPV-related cSCC, (3) not focusing on T cell immunity, (4) observational clinical studies,
and (5) lacking available full text.

3. Results

Our literature search enabled us to retrieve 706 articles, from which 8 were included
for the final qualitative analysis (Figure 1).
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3.1. T Cell Immunity in HPV-Related cSCC Carcinogenesis

A total of six articles discussed T cell perturbations in HPV-related cSCC carcinogenesis
(Tables 1 and 2). All articles employed cSCC mouse models and one of the six reported
additional data from human cSCC samples. For the cSCC mouse models, five of the six
studies focused on β-HPVs—HPV8 mice were used in two of the six studies and Mus
musculus papillomavirus 1 (MmuPV1)-colonised mice in three of the six studies. Only one
of the six studies investigated α-HPVs with HPV16 mice. For carcinogenesis protocols, four
of the six studies utilised spontaneous tumorigenesis, four of the six looked into ultraviolet
B (UVB) irradiation, while one of the six investigated 7,12-Dimethylbenz(a)anthracene-12-
O-tetradecanoylphorbol-13-acetate (DMBA-TPA) chemical carcinogenesis.

Table 1. Key T cell perturbations in α-HPV-related cSCC carcinogenesis.

Author and Year Study Population Key T Cell Perturbations

De Visser et al. (2005) [14]

cSCC mouse models

• Rag1−/−:K14-HPV16 mice,
CD4−/−:K14-HPV16 mice,
CD8−/−:K14-HPV16 mice,
CD4−/−CD8−/−:K14-HPV16 mice

• Spontaneous tumorigenesis

• Genetic elimination of CD4+ and/or CD8+ T
cells did not reduce mast cell and granulocyte
recruitment into premalignant skin (vs.
K14-HPV16 mice, p = n.s.)

cSCC, cutaneous squamous cell carcinoma; HPV, human papillomavirus; K14, keratin 14; n.s., non-significant.

3.1.1. T Cell Immunity in α-HPV-Related Epithelial Carcinogenesis

De Visser et al. (2005) hypothesised that an activated adaptive immunity promotes
chronic inflammation in premalignant skin, thereby facilitating de novo epithelial carcino-
genesis (Table 1) [14]. To address this, de Visser et al. used a transgenic mouse model of
multistage epithelial carcinogenesis that expresses early region genes of HPV16 under the
control of the human keratin 14 (K14) promoter/enhancer and is Recombination–Activating
Gene-1 homozygous null (Rag1−/−) [15,16]. HPV16 is one of the most common high-risk
α-HPVs, responsible for most HPV-related anogenital and head and neck cancers [17].
Rag1−/− mice are deficient in mature B and T lymphocytes [16].

HPV16/Rag1−/− mice had reduced infiltration of innate immune cells and minimal
inflammation in premalignant skin, which was associated with a decreased cSCC incidence.
However, the lack of mature CD4+ and/or CD8+ T lymphocytes alone (using CD4−/−:K14-
HPV16, CD8−/−:K14-HPV16, CD4−/−CD8−/−:K14-HPV16 mice) did not replicate the
clinical phenotype (Table 1). On the contrary, the adoptive transfer of B lymphocytes and
serum transfer from HPV16 mice into HPV16/Rag1−/− mice restored the characteristic
chronic inflammation in premalignant skin and reinstated processes that are necessary for
malignant progression. This study thus suggests a limited role for T cells in inflammation-
associated α-HPV-driven, de novo epithelial carcinogenesis.

3.1.2. T Cell Immunity in β-HPV-Related Epithelial Carcinogenesis

Of the five major HPV genera, β-HPVs are the most implicated genus in cSCC. β-
HPVs are commensal viruses of the skin that are usually associated with asymptomatic
infection in healthy individuals. However, several studies have reported increased β-HPV
replication in the skin and greater β-HPV seropositivity in cSCC patients, which suggest a
potential role for viral oncogenesis [18]. More importantly, the increased incidence of cSCC
with concomitantly higher rates of β-HPV amongst solid organ transplants suggests a role
for anti-β-HPV immunity in carcinogenesis [10–13].

Borgogna et al. (2023) and Antsiferova et al. (2017) utilised transgenic mice that ex-
press early region genes (encoding E1, E2, E4, E6, and E7) of HPV8, the prototypical β-HPV
that is studied in HPV-related cSCC [19–21]. Borgogna et al. demonstrated accelerated
papilloma development and greater accumulation of UVB-induced epidermal DNA dam-

145



Diagnostics 2024, 14, 473

age in Rag2−/−:K14-HPV8 mice, which lack mature B and T lymphocytes (Table 2). They
proposed that adaptive immune deficiency, such as that in solid organ transplant patients,
sensitised β-HPV-infected skin to UVB-induced inflammation and promoted subsequent
epithelial carcinogenesis.

Antsiferova et al. [20] reported more epidermal CD4+ (including presumptive CD4+CD25+

regulatory T cells) and CD8+ T cells in tumorous skin of activin A-overexpressing mice com-
pared to that of age-matched wild-type mice (Table 2). Activin A, a member of the TGF-β
superfamily, is a growth and differentiation factor that promotes wound healing and skin
morphogenesis [22]. It has been shown to be upregulated in skin wounds and human non-
melanoma skin cancers (including cSCC) [22,23]. The authors also observed fewer epidermal
gamma delta T cells for the same comparison (Table 2). However, CD4+ T cell depletion did
not significantly reduce the tumour-promoting effect of activin A overexpression (Table 2).
Hence, T cell perturbations alone appear to be insufficient for driving β-HPV-associated cSCC
initiation, especially in the context of activin A overexpression.

Table 2. Key T cell perturbations in β-HPV-related cSCC carcinogenesis (HPV8 mice).

Author and Year Study Population Key T Cell Perturbations

Borgogna
et al. (2023) [19]

cSCC mouse models

• Rag2−/−:K14-HPV8 mice
• Spontaneous tumorigenesis, UVB

• Genetic elimination of T and B cells increased spontaneous tumour
incidence in Rag2−/−:K14-HPV8 mice (vs. Rag2+/+:K14-HPV8 mice;
week 10: p < 0.05; Week 25: p < 0.0001)

• Genetic elimination of T and B cells increased percentage of
spontaneously affected skin in Rag2−/−:K14-HPV8 mice (vs.
Rag2+/+:K14-HPV8 mice; week 24: p < 0.0001)

• Genetic elimination of T and B cells increased percentage of affected
skin following UVB irradiation in Rag2−/−:K14-HPV8 mice (vs.
Rag2+/+:K14-HPV8 mice and non-transgenic control mice; week 30:
both p < 0.01)

• Genetic elimination of T and B cells increased epidermal thickness
following UVB irradiation in Rag2−/−:K14-HPV8 mice (vs.
Rag2+/+:K14-HPV8 mice; p < 0.0001)

• Genetic elimination of T and B cells increased epidermal DNA
damage following UVB irradiation in Rag2−/−:K14-HPV8 mice (vs.
Rag2+/+:K14-HPV8 mice; γH2AX-positive nuclei: p < 0.001,
53BP1-positive foci: p < 0.001)

• Genetic elimination of T and B cells was associated with accumulation
of epidermal DNA damage following UVB irradiation in
Rag2−/−:K14-HPV8 mice (vs. Rag2−/−:K14-HPV8 mice without UVB
irradiation; p < 0.0001)

Antsiferova
et al. (2017) [20]

cSCC mouse models

• HPV8-Act, HPV8-wt mice ± CD4KO
• Spontaneous tumorigenesis

• Accumulation of epidermal and dermal CD4+ and CD8+ T cells in
tumour-laden ear skin of 10-week-old HPV8-Act mice (vs.
age-matched wt mice, CD4: p < 0.0001, CD8: p = 0.0009; vs.
age-matched HPV8-wt mice, CD4: p < 0.0001, CD8: p = 0.0022)

• Accumulation of epidermal CD4+CD25+ T cells in tumour-laden ear
skin of 10-week-old HPV8-Act mice (vs. age-matched wt mice,
p = 0.0004; vs. age-matched HPV8-wt mice, p = 0.0007)

• Large increase in tumour incidence in HPV8-Act-CD4KO mice vs.
HPV8-wt-CD4KO (p < 0.0001)

• Slight but statistically insignificant increases in tumour incidence in
HPV8-wt-CD4KO mice vs. HPV8-wt mice, and in HPV8-Act-CD4KO
vs. HPV8-Act-wt (p = n.s.)

• Loss of epidermal gamma delta T cells in tumour-laden ear skin of
10-week-old HPV8-Act mice (vs. age-matched wt mice, p < 0.0001; vs.
age-matched HPV8-wt mice, p = 0.0007)

Act, activin A-overexpressing; cSCC, cutaneous squamous cell carcinoma; HPV, human papillomavirus; KO,
knockout; n.s., not significant; UVB, ultraviolet B; wt, wild-type.

Strickley et al. (2019), Johnson et al. (2022), and Dorfer et al. (2020) relied on another
experimental model for studying commensal HPV interaction with human hosts: MmuPV1-
colonised mice [24–26]. By doing so, these studies sought to interrogate T cell immunity
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through an infection-based system that models the natural history of HPV-related cSCC
carcinogenesis [27].

Strickley et al. (2019) [24] observed that the adoptive transfer of T cells from MmuPV1-
immune mice into wild-type FVB mice promoted wart rejection and protected against
DMBA-TPA chemical carcinogenesis (Table 3). They also noticed an increased ratio of epi-
dermal CD8+ tissue–resident memory T (TRM) cells to total T cells in the skin of MmuPV1-
colonised mice compared to their sham-infected controls following chemical or UVB
carcinogenesis (Table 3). Hence, the authors hypothesised that CD8+ T cells mediate anti-
tumour immunity that is induced by MmuPV1 skin colonisation. They showed that CD8+

T cell depletion in MmuPV1-colonised mice increased the tumour incidence following
chemical carcinogenesis (Table 3). Furthermore, they observed fewer CD8+ T cells and
CD8+ TRM cells alongside a higher β-HPV load in cSCC samples from immunosuppressed
patients than in those from immunocompetent individuals (Table 3). β-HPV E7 peptides
activated CD8+ T cells that were isolated from the normal facial skin of immunocompetent
adults (Table 3). As such, the results showed that MmuPV1-immune mice were protected
against epithelial carcinogenesis in a CD8+ T cell-dependent fashion. This finding suggests
a role for commensal β-HPV-specific adaptive immunity in eliminating virus-positive
malignant keratinocytes, thereby achieving anti-tumour protection.

Table 3. Key T cell perturbations in β-HPV-related cSCC carcinogenesis (MmuPV1-colonised mice).

Author and Year Study Population Key T Cell Perturbations

Strickley et al.
(2019) [24]

cSCC mouse models

• MmuPV1-colonised FVB mice,
MmuPV1-colonised SKH-1 mice

• DMBA-TPA (FVB), DMBA-UVB
(SKH-1)

• Human cSCC patients
(immunosuppressed,
immunocompetent)

• Adoptive transfer of T cells from MmuPV1-immune mice
into wild-type FVB mice with persistent warts reduced skin
wart burden (vs. mice that received control T cells from
spleen of uninfected wild-type FVB mice, n = 3 each group)

• Adoptive transfer of T cells from MmuPV1-immune mice
into wild-type FVB mice promoted wart rejection and
protected against DMBA-TPA chemical carcinogenesis (vs.
mice that received control T cells from spleen of uninfected
wild-type FVB mice, n = 3 each group)

• Increased ratio of epidermal CD8+ TRM cells to total T cells
in the skin of MmuPV1-colonised mice following
DMBA-TPA chemical carcinogenesis (vs. sham-infected
mice, p = 0.0287) and DMBA-UVB carcinogenesis (vs.
sham-infected mice, p = 0.0054)

• More tumour-infiltrating CD8+ T cells in
MmuPV1-colonised mice following DMBA-TPA chemical
carcinogenesis (vs. sham-infected mice, p = 0.0208)

• CD8+ T cell depletion in MmuPV1-colonised mice increased
tumour incidence following DMBA-TPA chemical
carcinogenesis (vs. IgG-treated immunocompetent control
mice, p = 0.0009)

• Fewer tumour- and skin-infiltrating CD8+ T cells and CD8+

TRM cells in cSCC of immunosuppressed patients (vs. cSCC
of immunocompetent patients; tumour-infiltrating CD8+ T
and CD8+ TRM: both p < 0.0001; skin CD8+ T: p = 0.0001;
skin CD8+ TRM: p = 0.0009)

• CD8+ T cells from normal facial skin of immunocompetent
adults activated by β-HPV E7 peptides (vs. negative control;
CD69+: p < 0.01, CD137+CD69+: p < 0.01), but not by
high-risk α-HPV HPV16 E7 peptides (vs. negative control;
CD69+: p = n.s., CD137+CD69+: p = n.s.)
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Table 3. Cont.

Author and Year Study Population Key T Cell Perturbations

Johnson et al.
(2022) [25]

cSCC mouse model

• MmuPV1-colonised SKH-1 mice
• DMBA-UVB

• CD8+ T cell depletion increased MmuPV1 DNA levels in
virus-colonised mouse skin following DMBA-UVB
carcinogenesis (vs. IgG-treated immunocompetent control
mice; p = 0.0229)

• CD8+ T cell depletion resulted in higher antibody titres to
MmuPV1 E6, E7, and L1 antigens following DMBA-UVB
carcinogenesis (vs. IgG-treated immunocompetent control
mice; E6: p = 0.0030, E7: p = 0.0220, L1: p = 0.0041)

Dorfer et al.
(2020) [26]

cSCC mouse models

• MmuPV1-colonised FVB mice ±
CsA immunosuppression

• NMRI-Foxn1nu/nu mice
• Spontaneous tumorigenesis, UVB

• MmuPV1 infection of back skin resulted in cSCC
development in CsA-immunosuppressed mice
(non-UVB-treated: n = 7/10; UVB-treated: n = 9/20), but not
in immunocompetent mice (non-UVB-treated: n = 0/10;
UVB-treated: n = 0/5)

• MmuPV1 infection increased mean CD4+ T cell numbers in
back skin tissue of
CsA-immunosuppressed/non-UVB-treated mice (vs.
non-infected, equally treated controls; p < 0.05)

• Non-tumorous back skin in MmuPV1-infected,
CsA-immunosuppressed/UVB-treated mice had higher
CD8+ T cell numbers (vs. non-tumorous back skin in
CsA-immunosuppressed/non-UVB-treated mice; p < 0.05)

• Higher FoxP3+ T cell numbers in tumorous back skin of
MmuPV1-infected,
CsA-immunosuppressed/non-UVB-treated mice (vs.
non-tumorous back skin of same mice; p < 0.05)

• Intradermal administration of primary cSCC cells of passage
11 (MmuPV1 DNA undetectable) to athymic
NMRI-Foxn1nu/nu mice gave rise to secondary tumours at
30 days post-inoculation (n = 2)

CsA, cyclosporine A; cSCC, cutaneous squamous cell carcinoma; DMBA, 7,12-Dimethylbenz(a)anthracene;
HPV, human papillomavirus; MmuPV1, Mus musculus papillomavirus 1; n.s., not significant; TPA, 12-O-
tetradecanoylphorbol-13-acetate; TRM, tissue-resident memory T; UVB, ultraviolet B; wt, wild-type.

Following up on Strickley et al. (2019) [24], Johnson et al. (2022) [25] investigated
if a compromised T cell immunity could explain the increased β-HPV replication and
seropositivity that is found in patients with an increased cSCC risk, such as those under
immunosuppression. The authors demonstrated that CD8+ T cell depletion did increase
the MmuPV-1 DNA levels in virus-colonised mouse skin and resulted in higher antibody
titres to MmuPV1 E6, E7, and L1 antigens (Table 3). Interpreting both Strickley et al.
(2019) and Johnson et al. (2022) in conjunction, it appears that the loss of T cell immu-
nity against commensal β-HPVs confers an increased cSCC risk and higher viral load in
immunosuppressed patients.

Dorfer et al. (2020) [26] also looked into how MmuPV1 infection can induce cSCC
development in the context of immunosuppression. For this study, they treated mice with
cyclosporine A (CsA), which inhibits calcineurin and preferentially suppresses T cell activa-
tion. The authors reported that MmuPV1 infection of back skin caused cSCC development
in CsA-immunosuppressed mice but not in immunocompetent mice. Additionally, athymic
NMRI-Foxn1nu/nu mice developed secondary tumours after receiving intradermal admin-
istration of primary cSCC cells that were isolated from a cSCC of a MmuPV1-infected,
CsA-immunosuppressed/UVB-treated mouse (Table 3). These primary cSCC cells were
multiply passaged and lacked MmuPV1 DNA. Thus, this study concurs with the prior two
articles that a deficient T cell immunity in the presence of β-HPV infection predisposes to
cSCC initiation. It also implicates β-HPVs as non-essential in cSCC maintenance.
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3.2. T Cell Immunity in Potential Vaccination Strategies against β-HPV-Related
cSCC Carcinogenesis

Marcuzzi et al. (2014) and Hufbauer et al. (2022) assessed potential vaccination
strategies against β-HPV-related epithelial carcinogenesis by relying on the preclinical
keratin-14 (K14)-HPV8 transgenic mouse model [28,29]. This model preferentially expresses
all early genes (E1, E2, E4, E6, and E7) of HPV8 in the epidermis and developing hair
follicles [21,30,31]. Viral gene expression is controlled by the human K14 promoter. At
baseline, the viral antigens are synthesised at a subthreshold level that does not induce
carcinogenesis, which is comparable to asymptomatic colonisation in immunocompetent
individuals. Mechanical skin irritation from tattooing and/or tape-stripping induces
epithelial carcinogenesis by activating high levels of HPV8 early gene expression.

Marcuzzi et al. (2014) [28] first showed that tattooing HPV8 E6 DNA onto the skin
could prevent papilloma formation, which depends on anti-HPV8-E6-specific T cell immu-
nity (Table 4). The HPV8 transgenic skin grafts of 6/15 tattooed (i.e., HPV-E6-immunised)
mice did not develop papillomas after mechanical wounding. Following a HPV8 E6 epitope
aa76-90 challenge and subsequent ELISpot assaying, splenocytes that were isolated from
these six mice yielded a higher median number of spots (reflecting IFN-γ-producing cells
per 100,000 splenocytes) than splenocytes from mice with papillomas (Table 4). Hence, a
cytotoxic T cell response induced by skin tattooing of HPV E6 DNA may offer protection
against HPV8-related epithelial carcinogenesis, albeit unreliably.

Table 4. Key T cell perturbations in potential vaccination strategies against HPV-related cSCC
carcinogenesis.

Author and Year Study Population Vaccination Strategy Key T Cell Perturbations

Marcuzzi et al.
(2014) [28]

cSCC mouse model

• K14-HPV8-CER mice
• Mechanical wounding

HPV8 E6 DNA tattooing
onto skin

• Higher median number of spots reflecting
IFN-γ-producing cells per 100,000
splenocytes (via IFN-γ ELISpot) following
HPV8 E6 epitope aa76-90 challenge in
splenocytes of DNA-immunised mice
without papilloma (vs. with papilloma,
p < 0.00001)

Hufbauer et al.
(2022) [29]

cSCC mouse model

• K14-HPV8-CER mice
• Mechanical wounding

Poly(I:C) tattooing
onto skin

• More total and activated CD4+ T cells
detected in poly(I:C)-treated
non-tumorigenic sites (vs. untreated skin,
total CD4: p < 0.001, activated CD4:
p < 0.01)

• More activated CD8+ T cells detected in
poly(I:C)-treated non-tumorigenic sites (vs.
untreated skin, p < 0.01)

• CD4+ T cell depletion resulted in tumour
formation in poly(I:C)-treated sites
(n = 5/6 mice)

• CD8+ T cell depletion resulted in tumour
formation in poly(I:C)-treated sites, but to a
smaller extent (n = 2/6 mice)

• CD4+ T cell depletion resulted in larger
tumour sizes in poly(I:C)-treated sites (vs.
CD8+ T cell depletion)

aa, amino acid; CER, complete early genome region; cSCC, cutaneous squamous cell carcinoma; ELISpot,
enzyme-linked immunosorbent spot; HPV, human papillomavirus; IFN, interferon; K14, keratin-14; poly(I:C),
polyinosinic-polycytidylic acid.

Hufbauer et al. (2022) [29] explored if innate immunity-driven in situ autovaccination
against the patients’ own commensal β-HPV types in the skin could induce T cell immunity
against β-HPV-related epithelial carcinogenesis in high-risk groups. Tattooing polyinosinic–
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polycytidylic acid (poly[I:C]) prevented tumour formation in eight out of eight treated
mice. Poly(I:C) is a synthetic analogue of double-stranded RNA, a known ligand for the
innate immune receptors TLR3 and MDA5 [32]. In poly(I:C)-treated non-tumorigenic sites,
there were more activated CD4+ and CD8+ T cells than in untreated skin (Table 4). CD4+ T
cell depletion and, to a smaller extent, CD8+ T cell depletion resulted in tumour formation
in poly(I:C)-treated sites (Table 4). CD4+ T cell depletion also resulted in larger tumour
sizes in poly(I:C)-treated sites compared to CD8+ T cell depletion (Table 4). As such, CD4+

T cells are likely the main effectors of poly(I:C)-mediated protection against HPV8-related
epithelial carcinogenesis.

4. Discussion

The coexistence of impaired T cell immunity, β-HPV infection, and carcinogen ex-
posure (such as UVB irradiation and DMBA) or chronic trauma promote cSCC initiation
(Figure 2). An impaired T cell immunity exists in certain populations, such as organ trans-
plant recipients on chronic immunosuppression, atypical epidermodysplasia verruciformis
(EV), and EV-like phenotypes [10–13,33–35]. Consequently, these individuals possess
markedly weakened anti-β-HPV defences, which are primarily orchestrated by T cells.
The compromised β-HPV-specific T cell immunity reduces the clearance of β-HPVs and
virus-positive malignant keratinocytes that have spawned following carcinogen exposure
or chronic trauma, thereby potentiating cSCC initiation.

-H
PV

inf
ec

tio
n

Loss of T cell immunity

Environm
ental

carcinogens,

chronic traum
a

cSCC initiation

Figure 2. Loss of T cell immunity in the background of β-HPV infection promotes cSCC initiation
following exposure to environmental carcinogens or chronic trauma. β-HPV, beta human papillo-
mavirus; cSCC, cutaneous squamous cell carcinoma. Created with BioRender.com (accessed on 31
December 2023).

The host specificity of HPV has restricted the translatability of preclinical models when
studying HPV-related cSCC [36]. An HPV transgenic mouse or animal papillomavirus-
based infection model does not fully replicate the complex skin microbiome of human skin,
is limited by inherent discrepancies in both innate and adaptive immunity, and may be
affected by variations in experimental conditions. Nevertheless, the multitude of cSCC
mouse model studies that were reviewed in this article have proved invaluable in revealing
the anti-tumour effects of β-HPV-specific T cells in a tractable manner, which is otherwise
not possible to conduct in human studies.

There is a significant lack of granularity regarding the specific T cell perturbations in
HPV-related cSCC carcinogenesis. The included studies primarily relied on the enumer-
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ation of total T cell counts in affected skin and the depletion of total CD4+ and/or CD8+

T cells. Given that T cell diversity is wide-ranging, ranging from effector to regulatory, it
is reasonable to hypothesise that specific T cell populations drive anti-tumour immunity.
Addressing the β-HPV specificity of these populations is also pertinent, as the findings
will provide crucial mechanistic evidence for whether the loss of β-HPV-specific T cell
immunity or the de novo oncogenic effect of β-HPVs predominantly raises cSCC risk.
Doing so will bridge key findings on T cell immunity in non-HPV-related cSCC models,
where tumour-specific cytotoxic T cells (primarily Th1 and CD8+ T cells) inhibit UVB
and/or chemical carcinogenesis, while tumour-infiltrating regulatory T cells (Tregs) likely
suppress anti-tumour immunity [37].

Topical imiquimod has emerged as a potential treatment for actinic keratosis, the
prototypical premalignant lesion of cSCC that often possesses high β-HPV loads [38]. Its
promise has been highlighted in pre-invasive α-HPV-related neoplasms of the female
lower tract, whereby imiquimod may be a valid, cost-effective first-line treatment to avoid
surgical excision [39]. Imiquimod directly induces apoptosis of malignant keratinocytes
and partially overcomes HPV E6/E7 activity to stimulate robust Th1-Th17 responses [39].
Thus, it would be interesting to explore if imiquimod is effective as a monotherapy or in
combination with other modalities to impair HPV-related cSCC initiation by enhancing
β-HPV-specific T cell immunity.

The advent of spatial omics technologies can address these issues by permitting in
tumorous and non-tumorous skin the high-dimensional interrogation of immune pertur-
bations extending beyond just T cells [40,41]. The in situ single cell-level profiling would
greatly complement traditional reductionist approaches in resolving the complexities of the
tumour microenvironment, by uncovering spatio-temporal relationships between T cells,
malignant keratinocytes, and other contributors to carcinogenesis. Doing so will clarify
the role of T cells and simultaneously assess other cellular players like macrophages in
protecting against HPV-related cSCC. Another advantage of these technologies is their
amenability to limited tissue samples, facilitating ex vivo human studies. Discoveries via
these modalities can rapidly aid explorations and validation in animal models, thereby
seeding the future for improved therapy and prevention in high-risk populations.

All in all, T cells are intimately involved in the defence against HPV-related cSCC
(specifically β-HPV), as their deficiency potentiates carcinogenesis in high-risk popula-
tions. Studies integrating omics approaches and appropriate animal models are warranted
to elucidate T cell-mediated immunosurveillance and inhibition of HPV-related cSCC
initiation. In parallel, further characterisation of the skin virome in immunocompetent
and immunosuppressed individuals will shed light on the immunogenicity of different
β-HPV types and the viruses’ differential contributions to carcinogenesis. Future work can
build upon these mechanistic studies to focus on protecting high-risk individuals with the
prospects of T cell-centred vaccines against commonly occurring β-HPVs, β-HPV-specific
T cell immunotherapy, and prognostication with β-HPV-specific T cells.
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