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A B S T R A C T

The interpretation of immunohistochemical markers in melanocytic lesions possesses difficulties due to 
expression in non-melanocytic cells and the time-consuming, non-reproducible nature of manual assessment. A 
digital tool that accurately quantifies Ki67 and PRAME may valuably aid pathologists in the diagnostic classi
fication of melanocytic lesions. The aim of this study was to assess the diagnostic performance of digitally 
quantified Ki67 and PRAME in challenging melanocytic lesions utilizing double nuclear staining methods for 
accurate identification of melanocytic cells. We explored the difference in Ki67 and PRAME expression by WHO- 
lesion-groups and Melanocytic Pathology Assessment Tool and Hierarchy for Diagnosis version 2.0 (MPATH-Dx 
V2.0). Tissue slides from a cohort of 156 melanocytic lesions were stained with the Ki67/SOX10 double nuclear 
stain and the PRAME/SOX10 virtual double nuclear stain. Melanocytic cell specific Ki67/SOX10- and PRAME/ 
SOX10-indexes were quantified by AI-driven digital image analysis (DIA) and compared to non-specific Ki67- and 
PRAME-indexes. The results showed that ROC AUC of the Ki67/SOX10-index was increased compared to the 
non-specific Ki67-index (p < 0.001), as opposed to the AUC of the PRAME/SOX10-index compared to non- 
specific PRAME-index (p = 0.090). The medians of digitally quantified Ki67- and PRAME-indexes differed 
significantly for the overall WHO-groups and MPATH-Dx V2.0 classes (p < 0.001). In conclusion, we found that 
double nuclear staining improved the diagnostic performance of Ki67, but not PRAME. The combination of 
digitally quantified Ki67- and PRAME-indexes may potentially serve as a tool for diagnostic classification of 
challenging melanocytic lesions. The proposed diagnostic tool presents the results visually, graphically, and 
quantitatively to optimally aid the pathologist.

1. Introduction

An accurate diagnosis of melanoma is essential to ensure the patients 
the best possible treatment and prognosis[1–3]. Unfortunately, the 
diagnostic assessment of melanocytic lesions can sometimes be very 
challenging, even for experienced dermatopathologists[4].

The histological diagnosis relies on specific morphological features 
characteristic of melanoma, however, some of these features can also 
appear in non-malignant lesions[5,6]. The diagnostic evaluation is 
particularly challenging when assessing, for example, atypical or 
dysplastic nevi or various forms of Spitz nevi[2,4]. Previously, the 
clinical diagnosis has primarily focussed on classifying melanocytic le
sions as either benign or malignant. More recently, the World Health 

Organization (WHO) has added an intermediate group including 
dysplastic lesions, melanoma in situ, and the so-called melanocytomas, 
to acknowledge the varying risk of progression associated with lesions in 
these groups[7]. Additionally, a new management-based classification 
system has been proposed; the Melanocytic Pathology Assessment Tool 
and Hierarchy for Diagnosis (MPATH-Dx)[8]. The updated MPATH-Dx 
version 2.0 comprises four classes that aim to standardize the diag
nostic report in relation to the clinical treatment[2]. As an example, 
re-resection is recommended for MPATH-Dx V2.0 class II lesions with 
positive margins, while this is not required for class I lesions[2]. 
Accordingly, the need for objective diagnostic tools to aid the histo
pathological assessment and ensure accurate and reproduceable diag
nostic classification cannot be overstated, especially for challenging 
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melanocytic lesions[2,4].
Nowadays, pathologists often utilize immunohistochemical (IHC) 

stains as a diagnostic aid in the assessment of challenging melanocytic 
lesions. The toolbox includes various IHC-markers, both markers of 
melanocytic cells as S100, SOX10, or MART1, and markers that indicate 
possible malignancy, such as high Ki67, no HMB45 loss in dermal parts, 
or positivity of the newly proposed IHC marker PRAME (PReferentially 
expressed Antigen in MElanoma)[9–12]. However, none of these 
markers alone have been able to fully distinguish between benign and 
malignant lesions[6]. Furthermore, the difficulty and lack of standard
ization in the manual interpretation of IHC markers leads to a substan
tial interobserver variance and a lack of reproducibility[13,14]. 
Implementation of standardized and observer-independent assessment 
methods may improve the diagnostic efficacy of IHC markers[15–18]. 
The utilization of automated digital quantification and artificial intel
ligence to assess IHC stains could potentially solve this task.

In this study, we focus on two of the most widely used IHC markers in 
melanoma diagnosis: Ki67 and PRAME[11,19]. Previous research has 
demonstrated their superior diagnostic performance compared to the 
marker HMB45[20–22]. Ki67 is a widely used marker of cell prolifera
tion that stains nuclei in all active phases of cell-cycle proliferation (G1, 
S, G2, and M)[5,9,23,24]. Melanomas exhibit a relatively high propor
tion of Ki67 positive cells, which are distributed throughout the dermis. 
In contrast, Ki67 positivity is very low and located superficially in 
benign nevi[5,25,26]. PRAME is a tumour-associated antigen of the 
cancer testis antigen family[27]. Melanomas predominantly exhibit 
high (diffuse) PRAME expression in contrast to benign lesions, making it 
a relevant diagnostic biomarker for melanocytic lesions[28]. Through 
the integration of Ki67 and PRAME markers in a combined digital tool, 
we seek to optimize their diagnostic performance.

Several studies have investigated the use of digital image analysis 
(DIA) to quantify Ki67 and, recently, also PRAME[26,29–35]. To 
quantify IHC markers digitally, it is necessary to specify the specific cells 
to be counted. Clinically, IHC biomarker indexes, such as those for Ki67 
and PRAME, are defined based on the proportion of positive melanocytic 
cells among all melanocytic cells within the lesions. To accomplish this 
by automated DIA methods, it is theoretically essential to identify all 
melanocytic cells accurately. This can be achieved through the utiliza
tion of a tumour-cell marker with a high sensitivity on a cellular level. 
MART1 and HMB45 has previously been utilized as melanocytic 
tumour-cell markers in combination with both Ki67 and PRAME [26, 
29–31,36–39]. However, HMB45 is known to be lost in parts of mela
nocytic lesions, consequently reducing its sensitivity on a cellular level
[20]. In previous studies, researchers in our group experienced that 
melanomas regularly exhibited a heterogenic MART1 staining with 
weak or even MART1-negative areas, thereby limiting MART1’s value as 
a precise melanocytic marker for cell-level DIA. Moreover, MART1 is 
known to show poor expression in some challenging types, especially 
desmoplastic lesions[26,29–31]. These challenges can, possibly, be 
improved by the utilization of SOX10 as a melanocytic marker. SOX10 is 
a very distinct marker of melanocytic nuclei, and it has a high sensitivity 
both for different subtypes of melanocytic lesions, including desmo
plastic melanomas, and on a cellular level for individual melanocytic 
cells (homogenous stain) [19,40,41]. Furthermore, the colocalization of 
the nuclear marker SOX10 and other nuclear IHC markers allows for 
precise identification of positive melanocytic cells. This is especially 
important for Ki67, since the distinction between proliferative melano
cytic cells and proliferative nuclei of adjacent and overlying cells such as 
lymphocytes or basal keratinocytes, represents a substantial challenge 
and remains problematic utilizing MART1 due to is cytoplasmic locali
zation[5,42,43]. We have recently proposed the Ki67/SOX10 double 
nuclear stain and the PRAME/SOX10 virtual double nuclear stain for a 
better and more precise visualisation of melanocytic tumour cells[32, 
35]. Through utilization of the double nuclear stain, it is possible to 
identify colocalization of the target marker and the tumour-cell marker, 
which is optimal for digital quantification of a tumour-cell specific 

biomarker index.
This study aimed to assess methods for digital quantification of Ki67 

and PRAME in challenging melanocytic lesions, with the purpose of 
developing an objective tool to support pathologists in their diagnostic 
assessment and classification. To do this we 1) developed an AI-based 
DIA method for digital quantification of Ki67 and PRAME, 2) 
compared Ki67-indexes quantified by Ki67/SOX10 double nuclear 
stains, Ki67/MART1 double stains, or by Ki67 alone, across various 
tumour regions, 3) compared PRAME-indexes quantified by PRAME/ 
SOX10 virtual double nuclear stains or by PRAME alone, across various 
tumour regions, 4) assessed the distribution of digitally quantified Ki67 
and PRAME in WHO-groups and MPATH-Dx V2.0 classes, and 5) inte
grated the digitally quantified Ki67 and PRAME-indexes into a com
bined diagnostic tool.

2. Material and methods

2.1. Material

This study was conducted on a subset of a larger consecutive cohort 
of melanocytic lesions, specifically narrowed down to emphasize chal
lenging lesions and rare subtypes (N = 156) (Fig. 1). The original 
consecutive cohort comprised all melanocytic lesions excised at the 
Department of Plastic Surgery, Aarhus University Hospital, Aarhus, 
Denmark, between September 2010 and February 2011. A total of 379 
lesions were included, all of which were referred to the Department of 
Pathology at Aarhus University Hospital for evaluation of a potential 
melanoma. The initial clinical diagnosis of all the lesions was re- 
evaluated by two experienced dermatopathologist and a consensus 
diagnosis was established[30]. The present study cohort included all 
lesions of rare benign or malignant subtypes and all intermediate lesions 
(dysplastic lesions and melanoma in situ) from the initial consecutive 
cohort. The malignant group and the benign group were then supple
mented with consecutively included common benign nevi and malig
nant lesions from the original cohort to reach approximately 50 lesions 
in each group as shown in Fig. 1. Following 10 years of follow up, a 
review of recurrence or metastases was conducted off all cases within 
the national pathology register. The study was approved by the Regional 
Committees on Health Research Ethics of the Central Denmark Region 
(reference number 1–10–72–317–20, initial approved 5th February 
2021, updated approval 8th April 2024).

2.2. Immunohistochemistry

2.2.1. Workflow
Immunohistochemical stains of the proposed methods were per

formed as visualized in Fig. 2 and Suppl. Fig. 1, which also displays the 
proposed integrated workflow from routine digital haematoxylin-eosin 
(HE) (Step A), through double nuclear staining (Step B), and digital 
image analysis (Step C) to final presentation to the pathologist (Step D). 
Initially, formalin fixed, paraffin embedded (FFPE) tissue slides were 
stained with routine HE (HE600, Ventana Medical Systems, Inc., Tucson, 
AZ, USA), scanned, and displayed digitally to the pathologist (Fig. 2, 
Step A). An experienced dermatopathologist (JKL) outlined the overall 
tumour region on the scanned HE stain, which served as the focus for 
subsequent analysis in this study. Within the suggested workflow, the 
pathologist would then request Ki67 and PRAME IHC stains, performed 
as outlined below (Fig. 2, Step B and Suppl. Fig. 1, Step B).

2.3. Ki67/SOX10 double nuclear stain by multiplex chromogenic 
immunohistochemistry (mIHC)

The mIHC Ki67/SOX10 double nuclear stain was performed as 
visualised in Fig. 2, Step B, and described in detail in a previous pub
lished paper[32]. Briefly, the initial HE-stained tissue glasses were 
retrieved, and the cover glasses removed by heat (190◦C). The slides 
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were then re-stained with the mIHC Ki67/SOX10 double nuclear stain 
(Ki67: monoclonal rabbit, clone 30–9, ready-to-use, Ventana, SOX10: 
monoclonal rabbit, clone SP267, ready-to-use, Ventana) performed on 
Ventana Discovery Ultra (Ventana) using teal chromogen for Ki67 
(DISCOVERY Teal HRP kit, Ventana) and purple chromogen for SOX10 
(DISCOVERY Purple HRP kit, Ventana) and standard settings and re
agent kits without counterstaining and finally re-scanned. Initially, the 
Ki67/SOX10 double nuclear staining was performed on 3 µm slides that 
had been cut in 2012 and stored at − 80◦C. The tissue slides were 
reheated at 4◦C and room temperature before staining. If staining of old 
freezer slides failed, new stains were performed on fresh cut slides from 
FFPE tissue blocks.

2.4. PRAME/SOX10 double nuclear stain by multiplex 
immunohistochemical consecutive staining on single slide (MICSSS)

The MICSSS PRAME/SOX10 double nuclear stain was performed as 
visualised in Suppl. Fig. 1 and described in detail in a previous published 
paper[35]. Briefly, fresh cut 3 µm FFPE slides for IHC were stained with 
primary PRAME antibody (monoclonal rabbit, clone EPR20330, dilution 
1:100, Biocare Medical, Pacheco, CA, USA) using a visualization system 
with FastRed as the chromogen (ultraView Universal Alkaline Phos
phatase Red Detection Kit, Ventana) and counterstained with 

haematoxylin as in routine settings. The slides where then scanned 
digitally and the cover glasses removed by acetone and xylene, rehy
drated, and incubated in citrate-based buffer (pH 6.5). The FastRed stain 
was not subjected to destaining. Then slides were re-stained with pri
mary SOX10 antibody (monoclonal rabbit, clone SP267, ready-to-use, 
Ventana) using a visualization system with DAB as the chromogen 
(OptiView DAB IHC Detection Kit, Ventana) and counterstained with 
haematoxylin, and re-scanned. The stains were performed on Bench
mark Ultra (Ventana) using standard settings and reagent kits.

2.5. Image requisition

All stains were scanned as whole slide brightfield images at 40X 
magnification using Nanozoomer 2.0 HT (Hamamatsu Photonics K.K., 
Hamamatsu City, Japan).

2.6. Digital image analysis

2.6.1. Workflow
DIA was performed using Visiopharm Integrator System 

2020.08.2.8800 including the AI architect module (Visiopharm A/S, 
Hoersholm, Denmark). The DIA workflow is composed of three main 
steps: 1) image alignment, 2) region outlining, 3) nuclei identification 

Fig. 1. Description of the study cohort, that is a subset of a larger consecutive cohort of melanocytic lesions from a previous study by Nielsen et al. 2014 (marked 
with *). The present study cohort included all lesions of rare benign or malignant subtypes and all intermediate lesions from the initial consecutive cohort. The 
malignant group and the benign group were then supplemented with consecutively included common benign nevi and malignant lesions from the original cohort to 
reach approximately 50 lesions in each group. Additional to the WHO-groups, the lesions included in the study cohort were classified in MPATH Dx V2.0 classes.
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and classification (Fig. 2, Step C). Additionally, hot spot analysis was 
performed. The Ki67- and PRAME-indexes were quantified for both the 
overall tumour region defined by the pathologist as well as for the 
different compartments: an epidermal region, a dermo-epidermal border 
region encountering the uppermost 100 µm of dermis including 
epidermal melanocytic nest, a dermal region, and a hot spot region.

2.6.2. Ki67/SOX10 digital image analysis
The two digital scans of the subsequent stains of HE and Ki67/SOX10 

mIHC performed on the same tissue slide were aligned automatically 
using Visiopharm’s Tissuealign™ (Fig. 2, Step C1). In Step C2, the 
overall tumour region initially outlined by the pathologist was divided 
in epidermis and dermis by an AI-based application (app) that auto
matically outlined the dermo-epidermal boundary (Suppl. Fig. 2). This 
app was based on a convolutional neural network (DeepLabv3+) trained 
to identify keratinocytic structures on HE stains of 13 manually anno
tated images (4.38 mm2 epidermis label area, 30.4 mm2 dermis label 
area, and 19.8 mm2 background label area) and tested on ten other 
images from different patients. Training and test lesions were benign 
nevi and melanomas not included in the study cohort. A border region 
that extended 100 µm into dermis from the outlined epidermal bound
ary was added to account for epidermal melanocytic nests in the su
perficial dermal region (Fig. 2, Step C2 and Suppl. Fig. 2). Furthermore, 
this app identified gland structures (a few needed manual correction) in 
dermis that were excluded from the final Ki67-indexes.

For nuclei identification and classification (Fig. 2, Step C3), three 
different approaches for DIA apps were developed and tested; 1) red- 
green-blue thresholds, 2) colour deconvolution thresholds, and 3) AI 
colour classification. Detailed description of the apps based on the two 
first approaches can be found in Suppl. Table 1. The AI colour classifi
cation app was based on a convolutional neural network (U-net) that 
was trained on manually corrected nuclei classification labels (33,688 
SOX10 labels (class weight: 1), 540 Ki67/SOX10 labels (class weight: 
10), 1280 Ki67 labels (class weight: 7.5), and 1.77 mm2 background 
label area) on 24 mIHC stained images with varying staining intensities 
from 19 lesions. The AI app was pre-tested on whole slide images from 
four other lesions, before applying it to the present study cohort. Train 
and pre-test lesions were from benign and malignant lesions not 
included in present study cohort. Postprocessing steps were added to the 
AI colour classification app to correct for dot-like positivity, overlapping 
nuclei, deeply blue nuclei, and bluish pigmentation. Additionally, a 1- 
mm2 square hot spot was automatically identified by a subsequent app 
utilizing an object heatmap feature to mark the area with the highest 
intensity of Ki67/SOX10 double positive labels in a combined region of 
border and dermis. The nuclei classification app automatically quanti
fied the number of all nuclei classes in the different regions.

2.6.3. Quantification of the Ki67/SOX10-index
The Ki67/SOX10-index was quantified as the number of Ki67/SOX10 

double positive nuclei out of all SOX10 positive melanocytic nuclei: 

Ki67
/

SOX10 index =
NKi67&SOX10dbl.pos.nuclei

NSOX10monopos.nuclei + NKi67&SOX10dbl.pos.nuclei
⋅100% 

2.6.4. Quantification of the Ki67-mono-index
The Ki67-mono-index could be calculated based on the results of the 

Ki67/SOX10 DIA including quantifications of the total number of cell 
nuclei on the HE image in the overall tumour region defined by the 
pathologist or in subregions. The Ki67-mono-index was quantified as the 
number of all Ki67 positive nuclei out of the total number of all nuclei: 

Ki67mono index =
NKi67 positive nuclei

NAll nuclei(HE)
⋅100% 

2.6.5. Quantification of Ki67/MART1-indexes
The Ki67/MART1-indexes was calculated from the original data 

from the initial DIA analysis performed previously by Nielsen et al.[30]
The index was quantified both as a Ki67/MART1-index similar to the 
above described Ki67/SOX10-index and, furthermore, as the best per
forming index in the original study (the combined 
Ki67/MART1-area-index). The combined Ki67/MART1-area-index was 
calculated by defining the numerator as the area of all epidermal and 
dermal Ki67-positive, MART1-verified nuclei. The denominator (refer
ence area) was defined as the total area of epidermis and the area of all 
MART1 positive cells in dermis[30]: 

Ki67/MART1 index =
NKi67 positive,MART1verified nuclei

NAll MART1verified nuclei
⋅100% 

Combined Ki67/MART1 areaindex =

AreaKi67positive, MART1verified nuclei

AreaEpidermis + AreaDermal MART1verified tumour cells
⋅100% 

2.7. PRAME/SOX10 digital image analysis

The analysis of PRAME/SOX10 was performed using the same DIA 
steps as describe above (Suppl. Fig. 1 C). In Step C1, the digital image of 
the PRAME (FastRed)-haematoxylin stain was aligned with the digital 
image of the SOX10 (DAB)-haematoxylin stain. In Step C2, the manually 
outlined overall tumour region from the initial HE was transferred to the 
PRAME slides to ensure comparable analysis. In six cases, an experi
enced dermatopathologist (TS) manually outlined a new overall tumour 
region because the tissue appearance differed due to deeper cutting of 
the original tissue block. The app utilized for outlining the dermo- 
epidermal boundary in the Ki67/SOX10 DIA was retrained on 13 
manually annotated ‘ground truth’ PRAME(FastRed)-haematoxylin im
ages (benign and malignant lesions not included in study cohort) to fit 
the PRAME stain. This app similarly included the 100 µm border region.

The nuclei identification and classification (Step C3) were based on 
Visiopharm’s pre-trained Deep Learning (U-net) app. All nuclear struc
tures on the SOX10 (DAB)-haematoxylin image were identified. The app 
then first classified the nuclei according to their positivity in SOX10 
(DAB), and, subsequently, classified the SOX10 positive nuclei accord
ing to their positivity in PRAME (FastRed). Detailed information about 
this app is provided in a previously published paper[35]. A 1 mm2 

square hot spot was additionally identified by an app similar to the 
Ki67/SOX10 hot spot app.

2.8. Quantification of the PRAME/SOX10-index

The PRAME/SOX10-index was quantified as the number of PRAME/ 
SOX10 double positive nuclei out of all SOX10 positive melanocytic 

Fig. 2. Overview of the integrated workflow from routine digital haematoxylin-eosin (HE) (Step A), through double nuclear staining (Step B) and digital image 
analysis (Step C) to final presentation to the pathologist (Step D). In step A, the pathologist receives the digital HE stain as in routine settings at a digitalized 
department. When needed, the pathologist then requests additional Ki67 and PRAME immunohistochemical (IHC) stains and outlines the tumour region of interest on 
the digital HE image. In step B, the IHC stains are performed, here exemplified by the Ki67/SOX10 stain, that is performed on the same tissue slide initially stained 
with HE. The cover glass is removed and the tissue re-stained with mIHC Ki67/SOX10 and re-scanned. In step C the digital scans of the HE and mIHC stains are 
aligned digitally (Step 1), followed by an app identifying the epidermal border and outlining the epidermal, border and dermal tumour regions (Step 2). Next, an AI- 
based digital image analysis (DIA) application identifies all nuclei on the mIHC stain and classifies them according to their colour as Ki67/SOX10 double-positive 
(red), SOX10 mono-positive (yellow), or Ki67 mono-positive (light blue) (Step 3). Finally, in Step D, the result of the DIA is displayed to the pathologist visually, 
graphically, and quantitative.

M.B. Brogård et al.                                                                                                                                                                                                                             Pathology - Research and Practice 270 (2025) 155953 

5 



nuclei: 

PRAME
/

SOX10 index =
NPRAME&SOX10dbl.pos. nuclei

NAll SOX10pos. nuclei
⋅100% 

2.9. PRAME-mono digital image analysis

The analysis of the PRAME-mono stains was performed similar to the 
PRAME/SOX10 DIA described above, however, the image alignment 
step was excluded (Suppl. Fig. 1D). Instead, the DIA analysis of the 
PRAME-mono stain started directly with the region outlining (Suppl. 
Fig. 1D, Step D1). This was performed utilizing the same app for 
epidermal border identification as described above for the PRAME/ 
SOX10 analysis. Next, the nuclei identification and classification in the 
PRAME-mono stains were based on Visiopharm’s pre-trained Deep 
Learning (U-net) application (Suppl. Fig. 1D, Step D2). The nuclear 
structures were identified on the PRAME(FastRed)-haematoxylin image. 
The identified nuclei where then classified according to their positivity 
in PRAME using the same RGB-colour-band feature (contrast of red and 
green colour levels) with the same threshold as in the PRAME/SOX10 
analysis. A postprocessing step was added to exclude large melanin 
pigment residues based on thresholds of an ‘AEC-DAB’-deconvolution 
feature.

2.10. Quantification of the PRAME-mono-index

The PRAME-mono-index was quantified as the number of all PRAME 
positive nuclei out of the total number of all nuclei: 

PRAMEmono index =
NPRAME pos.nuclei

NPRAME neg.nuclei + NPRAME pos.nuclei
⋅100% 

2.11. Statistics

Data analysis was performed in STATA 17.0 (StataCorp, College 
Station, TX, USA). A p-value < 0.05 was considered statistically signif
icant, unless otherwise specified. The diagnostic performance of the 
indexes was evaluated by area under curve (AUC) of receiver operating 
characteristics (ROC) with Bamber and Hanley confidence intervals for 
non-malignant versus malignant lesions and compared by tests of 
equality (algorithm by Delong 1988[44]). Overall difference in medians 
of WHO-groups and MPATH-Dx V2.0 classes were compared using 
non-parametric Kruskal Wallis tests. Individual medians were compared 
using Wilcoxon rank-sum test by the Hierarchical method (benign vs 
malignant, class I vs IV) and the Bonferroni method (benign vs inter
mediate, intermediate vs malignant, class I vs II, II vs III, III vs IV). 
Possible cut-offs for the two best performing indexes, the border 
Ki67/SOX10-index and the border PRAME-mono-index, were explored 
by ROC analysis and by visual examination. Based on the data visualized 
in Suppl. Fig. 3, a Ki67/SOX10-index cut-off of 1.0 % was chosen to 
define Ki67-positivity in the border region and the dermal region, and a 
PRAME-mono-index cut-off of 2.5 % was chosen to define 
PRAME-positivity in the border region.

3. Results

3.1. Cohort characteristics

Patient and tumour characteristics of the cohort divided by WHO- 
group are listed in Table 1. A total of 156 lesions were included in the 
study. Four cases were excluded from the Ki67 analysis due to lack of 
tissue or staining failures (one benign, one intermediate, and two ma
lignant). Nine cases were excluded from the PRAME-mono analysis due 
to lack of tissue or staining failures (two benign, two intermediate, and 
five malignant). Additionally, there were seven cases in which the 
subsequent SOX10 stain failed, leading to a total of 16 cases being 

excluded from the PRAME/SOX10 analysis (Suppl. Fig. 4).

3.2. Ki67/SOX10 digital image analysis classification

Three different approaches for the DIA cell classifier of the Ki67/ 
SOX10 stain were tested. The cell classifier based on AI colour classifi
cation performed significantly better than the others both in terms of 
diagnostic performance (difference in ROC AUC for overall Ki67/ 
SOX10-indexes; p = 0.006) (Suppl. Table 1, Suppl. Fig. 5) and by vi
sual examination of individual cells. Thus, all the following Ki67/SOX10 
analyses are based on data by the AI colour classification.

3.3. The Ki67/SOX10 double nuclear staining

Fig. 3A and 3 C display the ROC curves of digitally quantified Ki67- 
indexes comparing malignant and non-malignant lesions (benign and 
intermediate). The Ki67/SOX10-index displayed statistically signifi
cantly higher AUC than the Ki67-mono-index (p < 0.001). The ROC 
curves of the Ki67/SOX10-indexes for the different tissue regions (the 
overall, epidermal, border, dermal, and hot spot region) all displayed 
AUC above 0.80, with the border region showing the highest (border 
AUC: 0.87, 95 % CI: 0.81;0.94) (Fig. 3A). The ROC AUC of the Ki67/ 
SOX10-index increased in all regions when the cohort was limited to 
lesions with a dermal component (border AUC: 0.91, 95 % CI: 0.85;0.96) 
or to lesions thicker than 0.80 mm (border AUC: 0.97, 95 % CI: 0.93;1.0) 
(Suppl. Table 2 and Suppl. Fig. 6A and 6C).

Fig. 4 displays the ROC curves for SOX10-based Ki67-indexes 
compared to MART1-based Ki67-indexes. The Ki67/SOX10-index dis
played statistically significant higher AUC than the Ki67/MART1-index 
when based on the number of cells (p = 0.040). There was no difference 
between the AUC of the best performing SOX10-based indexes (the 
Ki67/SOX10-index of the border region) and the best performing 
MART1-based index from the original study[30] (the combined 
Ki67/MART1-area-index) when tested on the present study cohort 
(p = 0.541). One desmoplastic melanoma was excluded from this 
analysis due to lack of MART1 positivity.

3.4. The PRAME/SOX10 virtual double nuclear staining

The ROC curves of digitally quantified PRAME-indexes are displayed 
in Figs. 3B and 3D. The AUC of the PRAME-mono-index tended to be 
higher than the AUC of the PRAME/SOX10-index, however, this was not 
statistically significant (p = 0.090). Fig. 3D displays the ROC-curves of 
different tissue regions, in which the PRAME-mono-index of the border 
region displayed the highest AUC (border AUC: 0.80, 95 % CI: 
0.72;0.89). The ROC AUC of the PRAME-mono-indexes increased when 
the cohort was limited to lesions with a dermal component (border AUC: 
0.86, 95 % CI: 0.78;0.94) or to lesions thicker than 0.80 mm (border 
AUC: 0.92, 95 % CI: 0.85;1.0) (Suppl. Table 2 and Suppl. Figs. 6B and 

Table 1 
Patient and tumour characteristics by WHO-group.

Feature: Benign 
(n = 49)

Intermediate 
(n = 57)

Malignant 
(n = 50)

Difference, 
p-value

Age in years, 
mean (SD)a

38.2 (22.0) 53.3 (21.1) 59.3 (18.0) P < 0.001

Sexb ​ ​ ​ P = 0.011
Female, no. (%) 30 (61 %) 40 (70 %) 21 (42 %) ​
Male, no. (%) 19 (39 %) 17 (30 %) 29 (58 %) ​
Thickness in mm, 

median (95 % 
CI)

1.11 
(0.71;1.43)

0.39 
(0.22;0.55)

0.92 
(0.78;1.3)

-

Ulceration, no. 
(%)b

0 (0 %) 0 (0 %) 7 (14 %) P = 0.569

Note: Hypothesis of no difference tested by: a) One-way analysis of variance, 
Normal distribution checked by QQ-plots, same SD test by Bartlett’s test, b) 
Pearsons chi-squared test. N = 156.
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6D).

3.5. Ki67 and PRAME in WHO-groups and MPATH-Dx V2.0 classes

Fig. 5 displays the Ki67/SOX10-indexes and PRAME-mono-index of 
different lesion groups ordered by WHO-groups and MPATH-Dx V2.0 
classes. The median Ki67/SOX10-index and the median PRAME-mono- 
index were overall statistically significantly different between benign, 
intermediate, and malignant melanocytic lesions (p < 0.001) (Fig. 5, 
Suppl. Figs. 7 A and 7 C). The individual difference in medians between 
the intermediate group and the malignant group was statistically sig
nificant both for the Ki67/SOX10-index and for the PRAME-mono-index 
in all regions (p < 0.01) (Fig. 5, Suppl. Table 3). Similarly, the median 
Ki67/SOX10-index and the median PRAME-mono-index were overall 
statistically significantly different for the MPATH-Dx V2.0 groups 
(p < 0.001) (Fig. 5, Suppl. Fig. 7D). The individual difference in me
dians between MPATH-Dx V2.0 group II (high grade) and III (thin 
melanomas) was not statistically significant for the Ki67/SOX10-index 
or the PRAME-mono-index. However, the median Ki67/SOX10-index 
of the border region tended to be higher in group III compared to II 
(III: 2.2, 95 % CI: 0.62;3.8 vs II: 0.63, 95 % CI: 0.37;1.1, p = 0.019) 
(Fig. 5, Suppl. Table 3, Suppl. Fig. 7D).

3.6. Combining digitally quantified Ki67- and PRAME-indexes

Fig. 6 displays the combined results of the border Ki67/SOX10-index 
and the border PRAME-mono-index for each lesion. Twenty-six out of 35 
lesions displaying double positivity were melanomas, and 37 out of 45 
melanomas were positive for at least one marker (Fig. 6, Suppl. Table 4). 
Three out of 47 lesions in the WHO-group of benign nevi and six out of 
56 lesions in the intermediate group were positive for both markers 

Fig. 3. Diagnostic performance of dividing lesions in malignant and non-malignant (benign and intermediate) in different tissue regions by A) Ki67/SOX10-index 
(n = 152), B) PRAME/SOX10-index (n = 140), C) Ki67-mono-index (n = 152), and D) PRAME-mono-index (n = 147). The tissue regions are the overall tumor region 
outlined by the pathologist (overall), epidermis, the dermoepidermal border region (border), and dermis. The regions are listed in the ROC graphs with AUC (95 % CI 
interval) for each modality.

Fig. 4. Comparison of diagnostic performance of Ki67-indexes with either 
SOX10 or MART1 as melanocytic marker (n = 151). The Ki67/SOX10-index 
(blue) is compared with the Ki67/MART1-index (light blue), both quantified 
as number-indexes for the overall tumor region (p = 0.040). The best per
forming SOX10-based index quantification, the Ki67/SOX10-index of the 
border region (purple), is compared with the best performing MART1-based 
index, the combined Ki67/MART1-area-index (gray)(p = 0.541). Both 
MART1-based index calculations are based on the Ki67/MART1 data from the 
study by Nielsen et al. [30]. The indexes are listed in the ROC graphs with AUC 
(95 % CI interval) for each modality.
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(Fig. 6, Suppl. Table 4).

4. Discussion

In this study, we tested the performance of a diagnostic tool utilizing 
digital quantification of Ki67 and PRAME in a cohort of challenging 
melanocytic lesions. The results showed that it was possible to accu
rately quantify Ki67- and PRAME-indexes in melanocytic lesions using 
DIA, and that a double stain with SOX10 as tumour marker improved the 

diagnostic performance of Ki67, but not PRAME. Moreover, the findings 
indicated that the diagnostic value was greatest when assessing the 
positivity of the epidermal border region, and that the expression of 
Ki67 and PRAME differed across WHO-groups and MPATH-Dx V2.0 
classes. Combining digitally quantified Ki67- and PRAME-indexes in a 
diagnostic tool reduced the number off misclassified lesions. This tool 
may thus serve as a useful diagnostic aid in challenging melanocytic 
lesions by providing accurate, melanocytic cell specific, compartment 
stratified biomarker indexes with high reproducibility.

Fig. 5. Boxplot of A) Ki67/SOX10-indexes (n = 152) and B) PRAME-mono-indexes (n = 147) for different tissue regions; overall (blue), epidermis (orange), border 
(magenta) and dermis (cyan). The indexes are displayed in different diagnostic groups and ordered according to WHO-groups and MPAT-Dx V2.0 classification. 
* Spitz nevi (SN) are grouped as benign in WHO-group and classified as MPATH-Dx V2.0 class II. a) Statistically significant difference in Ki67/SOX10-index between 
intermediate and malignant lesions for all tissue regions (p < 0.001). b) Difference in Ki67/SOX10-index between MPATH-Dx V2.0 class II and III for the border 
region with p = 0.019. c) Statistically significant difference in PRAME-mono-index between intermediate and malignant lesions for all tissue regions (p < 0.01). d) 
Difference in PRAME-mono-index was not statistically significantly different between MPATH-Dx V2.0 class II and III in any of the regions (Border region: 
p = 0.131). Abbreviations: SL: Lentigo simplex, JN: Junctional nevi (common benign), CN: Combined nevi (common benign), DN: Dermal nevi (common benign), 
BN: Blue nevi, HN: Halo nevi, SN: Spitz nevi, DY_L: Dysplastic nevi, Low grade, DY_H: Dysplastic nevi, High grade, MIS: Melanoma in situ, LM: Lentigo maligna, 
SSM_tn: Superficial spreading melanoma, thin (<0.8 mm), SSM_tk: Superficial spreading melanoma, thick (>0.8 mm), NM: Nodular melanoma, DM: Desmoplastic 
melanoma, LMM: Lentigo maligna melanoma.
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4.1. SOX10 improved the diagnostic performance of Ki67 compared to 
Ki67 alone

In line with previous literature[26,29–31], we found that combining 
Ki67 with a melanocytic marker enhanced the diagnostic performance. 
This underlines that accurate identification of tumour cells is essential 
when interpreting Ki67 in melanocytic lesions. The present study further 
included a direct comparison of the proposed nuclear melanocytic 
marker SOX10, with the previously studied cytoplasmatic melanocytic 
marker MART1, performed on the same cohort of melanocytic lesions. 
When comparing the ROC AUC of similarly quantified number-based 
Ki67-indexes (comparable to clinical manual assessment), SOX10 
exhibited a significantly improved diagnostic performance compared to 
MART1 (Fig. 4). In contrast, there was no difference in AUC when 
comparing the best performing SOX10-based index (the 
Ki67/SOX10-index of the border region) with the previously best per
forming MART1-based index (the combined Ki67/MART1-area-index)
[30] tested on the same study cohort. Although, the best-performing 
algorithms showed very similar diagnostic performance in this study, 
we believe that this could have been different in a cohort comprising 
more heavily pigmented and inflamed lesions, given the designated 
pitfalls of MART1 in Ki67 analysis related to brown pigmentation 
mimicking DAB stain and lymphocytes overlapping melanocytic cyto
plasm. Furthermore, the desmoplastic melanoma in the cohort was 
excluded from the comparative analysis, as it did not express MART1 
and, consequently, could not be quantified using the Ki67/MART1 
technique. Utilizing the Ki67/SOX10 method, this desmoplastic mela
noma displayed a considerably elevated Ki67 positivity (Overall 
Ki67/SOX10 index: 4.59 %, Border Ki67/SOX10 index: 3.85 %), 
underlining the advantage of SOX10 in this particular group of lesions. 
Therefore, we argue that the Ki67/SOX10-index still poses a consider
able improvement for accurate melanocytic cell specific proliferation 
indexes in challenging melanocytic lesions.

To account for deep epidermal melanocytic nest and to specifically 
address the superficial part of dermis, which is where the most prolif
erative activity is commonly observed, we developed an AI-based DIA 
app to automatically identify the keratinocytic structures in epidermis. 
This superficial proliferative activity is typically considered less diag
nostically significant than deep dermal proliferative activity in 

melanocytic lesions[5,11]. Nevertheless, our results showed that the 
Ki67/SOX10-index at the border region displayed the highest AUC, 
suggesting the potential diagnostic value of this particular region 
(Fig. 3A). To our knowledge, not many studies have investigated Ki67 
specifically in this region. The deep dermal region, profound of the 
border region, exhibited very low Ki67/SOX10-index values in nearly all 
benign and intermediate lesions and elevated values in the majority of 
thick melanomas (Fig. 5A). However, a considerable proportion of thin 
melanomas exhibited minimal or absent Ki67positivity in the dermal 
region, despite the majority contained an adequate number of melano
cytic cells in the dermal region. These findings align with previous 
findings by Nielsen et al.[30], and indicate that the presence of Ki67 
activity in the deep dermal compartment is a strong indicator of ma
lignancy, though its absence does not exclude malignancy. Overall, 
these finding implies that the histomorphological location of the Ki67 
positivity is of relevance in the diagnostic assessment of melanocytic 
lesions.

4.1.1. The diagnostic performance of PRAME was not improved by SOX10
Contrary to the Ki67 outcomes, the results showed that the PRAME/ 

SOX10 virtual double nuclear staining did not enhance the diagnostic 
performance of PRAME. In fact, our analysis revealed that the perfor
mance of PRAME as a mono stain tended to be superior to PRAME in 
combination with SOX10. We consider several potential reasons for this. 
First of all, we observed that PRAME demonstrates a more qualitative 
character, in contrast to the more quantitative character of Ki67 posi
tivity. This means that the diagnostic value of PRAME turned out to be 
primarily dependent on whether significant PRAME positivity was pre
sent or not, rather than the specific quantitative amount of PRAME 
positivity. Thereby the diagnostic performance of PRAME were less 
dependent on precise tumour cell identification. Secondly, in contrast to 
Ki67, the risk of ’false-positive’ PRAME staining in other cells turned out 
to be very limited. Apart from melanocytic cells, sebaceous cells were 
the only cell type in skin tissue that expressed PRAME. These were 
located in distinct glandular formations that were easily distinguished 
from melanocytic cells and possible to identify by the DIA app outlining 
the different regions of the tumour, and they were thus subsequently 
excluded from the analysis. Instead of enhancing accuracy, the inclusion 
of SOX10 in the MICSSS PRAME/SOX10 double nuclear stain introduced 

Fig. 6. A) Combination of Ki67 and PRAME indexes. All cases (n = 147) plotted by border Ki67/SOX10-index and border PRAME-mono-index with cutoffs at 1 % 
and 2.5 %, respectively. Lesions are colored according to WHO groups. Lesions with a high (>1 %) dermal Ki67/SOX10-index are labelled with * . Insets show 
number of benign (B, green), intermediate (I, yellow) and malignant (M, red) lesions in the different plot-regions. B) Zoom of plot region.

M.B. Brogård et al.                                                                                                                                                                                                                             Pathology - Research and Practice 270 (2025) 155953 

9 



technical challenges: 1) We observed a weaker staining intensity 
compared to routine stains for the PRAME stain, but especially for the 
SOX10 stain. This may be coursed by the subsequent staining rounds in 
the MICSSS method used (Suppl. Fig. 1). However, it is also worth 
considering that the relatively advanced age of the tissue blocks could 
account for the loss of PRAME positivity, as also observed in a study 
conducted by Parra et al. in 2023[45]. 2) As the PRAME/SOX10 stain 
was not a true double nuclear stain like the Ki67/SOX10 stain, but rather 
a virtual double nuclear stain, it is dependent on the accuracy of the 
digital alignment of the two separate stains. Although, the two stains 
were performed on the same tissue slide, it was not always possible to 
achieve complete digital alignment of all nuclei, causing a possible 
misclassification of mis-aligned cells.

In the literature, the cut-off for PRAME positivity was initially pro
posed to be at 75 % positive cells (equal to score 4 +)[27]. However, it 
has been suggested to lower the cut-off to 50 % (equal to score 3 +), 
since several studies have found a significant proportion of melanomas 
only displaying a PRAME expression equal to a score of + 3 [22,45,46]. 
Recent studies indicate that varied cut-offs may be appropriate for 
specific types of melanocytic lesions, such as Spitz, acral and mucosal 
lesions[38,47,48]. However, our study cohort did not include enough of 
these specific tumour types to perform individual statistical analyses. 
Our digital PRAME results showed very low percentage values, both 
when quantified as the PRAME/SOX10-index and as the 
PRAME-mono-index. Two other studies have used DIA for quantification 
of PRAME. Rawson et al. quantified number indexes based on immu
nofluorescent stains of PRAME and SOX10 and reported percentages 
values lower than the values initially reported for PRAME[33]. Koch 
et al. quantified PRAME as the number of positive cells per mm2 area, 
why the index values were not directly comparable to the manual in
dexes[33,34]. Generally, studies that employ digital quantification 
observe lower index values, making it difficult to directly transfer the 
cut-offs to manual assessment in routine pathology.

4.1.2. Ki67 and PRAME expression differs between WHO-groups and 
MPATH-Dx V2.0 classes

To our knowledge, the expression of PRAME and Ki67 has not pre
viously been compared between different WHO-groups or between 
MPATH-Dx V2.0 classes. Our results showed that medians of both Ki67 
and PRAME-indexes significantly differed when comparing the overall 
WHO-groups. Statistically significant differences were also observed 
when comparing the intermediate and malignant WHO-groups indi
vidually (Fig. 5, Suppl. Fig. 7). When looking at the different tumour 
regions, very little dermal expression of both Ki67 and PRAME was 
observed in benign and intermediate lesions. This observation suggests 
that dermal PRAME and Ki67 positivity could serve as a significant in
dicator of potential malignancy. However, since not all malignant le
sions displayed a marked increase in dermal Ki67 and PRAME positivity, 
the border region turned out to yield the best diagnostic performance. 
Additionally, we saw that the epidermal PRAME- and Ki67-indexes were 
elevated in some of the intermediate lesions as melanoma in situ, lentigo 
maligna, and high-grade dysplastic nevi (Fig. 5). This is in line with 
reports of increased Ki67 activity in suprabasal (pagetoid) melanocytic 
cells in melanoma in situ by Hall et al.[49].

The same tendencies were observed when classifying the lesions 
according to the MPATH-Dx V2.0. Both Ki67 and PRAME significantly 
differed when comparing the overall classes (Fig. 5, Suppl. Fig. 7). 
Additionally, the diagnostic performances of both the Ki67/SOX10- 
indexes and PRAME-indexes were high when assessing only thick le
sions (>0.80 mm) corresponding to MPATH-Dx V2.0 class IV mela
nomas and non-malignant lesions of similar thickness (Suppl. Fig. 7 and 
Suppl. Table 2). However, when comparing only class II (high-grade) 
and class III (thin melanoma), only the Ki67-index of the border region 
seemed to differ, however, only with borderline significance (Fig. 5, 
Suppl. Table 3, Suppl. Figs. 7B and 7D). In fact, the PRAME-indexes were 
almost identical between MPATH-Dx V2.0 class II and III. The 

distinction between melanoma in situ (class II) and thin melanomas 
(class III) is one of the most challenging tasks with reports of very low 
accuracy and reproducibility[2,4]. Hence, there remains a need for 
diagnostic tools to differentiate these cases, as evidenced by reports 
indicating a higher usage of IHC markers in melanoma in situ compared 
to invasive melanomas[50,51].

4.1.3. Combining Ki67- and PRAME-indexes lowers numbers of 
misclassified melanomas

Our results showed that the number of misclassified lesions was 
reduced when combining Ki67- and PRAME-indexes (Fig. 6, Suppl. 
Table 4). The approach of combining several diagnostic biomarkers have 
previously been proposed, however, most of these have assessed the IHC 
stains manually[20–22]. Rasic et al. reported increased specificity by 
combing PRAME with HMB45, and Uguen et al. reported reduction of 
misclassified lesions when combining Ki67, HMB45, and P16[20,21]. 
The combined use of PRAME and Ki67 have recently been proposed by 
Mert et al., however, this study did not include a combined analysis of 
PRAME and Ki67[22]. In our combined analysis, we found that most 
cases were melanomas when both Ki67- and PRAME-indexes were 
positive as visualised in the upper quadrant of the graph in Fig. 6A. This 
corresponds to a high specificity when using combined positivity in both 
PRAME and Ki67 (Suppl. Table 4). However, this was accompanied by a 
relatively low sensitivity, since a considerable part of the melanomas 
only displayed positivity in one of the markers. Conversely, the sensi
tivity markedly increased when either Ki67 or PRAME positivity was 
considered, albeit with a corresponding decrease in specificity. How
ever, twenty-six out of 56 lesions in the intermediate group were also 
positive for at least one marker. Hence, we suggest that positivity in both 
markers can be considered a robust indicator of potential malignancy, 
while positivity in only one marker should be viewed as a marker of 
caution for possible malignancy prompting the pathologist’s careful 
consideration during evaluation.

Although the combined tool increased the sensitivity, eight malig
nant lesions were still negative in both markers with the chosen 
threshold of 1.0 % for Ki67 and 2.5 % for PRAME. We reviewed these 
cases and found that all were almost entirely negative in the PRAME 
stain. Two of the missed lesions had a prominent benign nevus 
component, that may have contributed to the low Ki67- and PRAME- 
indexes by ‘diluting’ their positivity. Five lesions displayed a very 
small dermal component in comparison to the initially measured Bre
slow thickness, suggesting that central parts of the study lesion were 
missing. These cases highlight the significance of ensuring that the slide 
accurately represents the lesion and emphasize the importance of inte
grating ancillary quantitative tools with conventional morphological 
examination.

4.1.4. Strengths and limitations
A limitation of this study was that it comprised a condensed cohort; 

hence, it did not reflect the prevalence of lesions in a routine workflow at 
a clinical pathology department. Accordingly, the sensitivities, speci
ficities, and cut-offs of the study are not directly transferable to a clinical 
setting. Recent studies have similarly focussed on evaluation of Ki67 in 
cohorts specifically enriched with challenging lesions, with findings of 
higher Ki67 expression in melanomas than in ambiguous lesions[22,52]. 
Although the results of this study showed limited ability to completely 
discriminate the MPATH-Dx V2.0 classes II (high-grade atypia/MIS) and 
III (thin melanomas), we still believe that the tool adds valuable insight 
for the diagnostic assessment of these lesions, since the Ki67/SOX10 
index of the border region did tend to differ between these groups 
(p = 0.019). We believe that focussing on the challenging lesions is 
necessary to develop and evaluate a diagnostic tool because the 
pathologist possibly will utilize the tool mainly within this subgroup[50, 
51]. Though, to establish cut-off levels and the predictive values of the 
diagnostic tool further validation on a larger consecutive cohort is 
needed.
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An additional challenge of focussing on the challenging lesions is 
that the gold standard diagnosis of these lesions may be difficult to 
settle. In order to ensure the accuracy of the consensus diagnosis, a 
thorough re-evaluation was conducted of all the lesions in the study 
cohort by two experienced dermatopathologists resulting in a consensus 
diagnosis[30]. This approach has been utilized in other studies of 
diagnostic performance in melanocytic lesions and has been considered 
the most optimal in clinical practice[1,4]. Furthermore, we conducted a 
review of all cases in the national pathology register after 10 years of 
follow up, to assure that no patients without melanoma had developed 
metastatic disease.

4.1.5. Clinical implications
During the development of the diagnostic tool described in this 

paper, our focus was that the workflow of the proposed methods could 
be practically implemented within a clinical workflow in a modern pa
thology department. Firstly, the proposed workflow of the Ki67/SOX10 
double nuclear stain requires no extra time than a traditional Ki67 mono 
stain (from day to day). Secondly, the translucent chromogens utilized 
for the double nuclear stain are about to be tested for clinical use. 
Thirdly, although the initially tested PRAME/SOX10 virtual double 
nuclear stain took two days to perform in the laboratory, the final 
incorporated PRAME-mono stain, that is already performed in routine 
laboratories, only takes a day. Furthermore, even though the suggested 
workflow relies on digital assessment and quantification, both stains can 
still be manually assessed using a conventional microscope. This allows 
for their utilization in departments that are not yet digitalized.

The novel diagnostic tool proposed in this paper combines tradi
tional HE, multiplex IHC, and DIA, acknowledging the morphology of 
the standard HE as the primary source of diagnostic information, but 
supplements it with additional tools as IHC and DIA[18,53]. With this 
method the pathologist can visualise each single cell both in HE 
morphology and in mIHC double stains. Furthermore, they receive ac
curate and reproducible DIA quantifications of biomarkers per cell type 
and tissue region. These methods could potentially have utility in other 
cancer types, particularly when accurate and reproducible quantifica
tion of histological biomarkers is required in the diagnostic assessment.

5. Conclusion

In conclusion, our study demonstrated that DIA can be effectively 
utilized to obtain objective quantifications of Ki67 and PRAME. The 
diagnostic performance was improved by employing the Ki67/SOX10 
double nuclear stain for cell-specific quantification of Ki67. In contrast, 
the diagnostic performance of PRAME was not improved by SOX10. 
Combining digitally quantified Ki67- and PRAME-indexes reduced the 
number of misclassified melanomas. Furthermore, we found that Ki67 
and PRAME-indexes varied significantly between WHO-groups and 
MPATH-Dx V2.0 classes. The diagnostic tool proposed in this study may 
serve as a useful aid in the diagnosis and classification of challenging 
melanocytic lesions by providing accurate and reproducible quantifi
cation of diagnostic biomarkers.
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