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“The skin is not only a barrier but a window - 

revealing internal processes when examined 

with the right tools.” 

 

- Dr. Thomas B. Fitzpatrick 
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1 LIST OF ABBREVIATIONS 

A.U.  Arbitrary Unit 

AAD  American Academy of Dermatology 

AF  Autofluorescence (MSI channel) 

AI  Artificial Intelligence 

ALM  Acral Lentiginous Melanoma 

AUC  Area Under the Curve (in the context of ROC curve) 

CENTRAL Cochrane Central Register of Controlled Trials (a bibliographic database 

of controlled trials maintained by the Cochrane Collaboration) 

CI  Confidence Interval 

DF  Dermatofluoroscopy 

DOI  Digital Object Identifier 

DOR  Diagnostic Odds Ratio 

DSC  Dermoscopy 

DSC+AI Dermoscopy combined with Artificial Intelligence 

EADO  European Association of Dermato-Oncology 

EMBASE Excerpta Medica Database (a biomedical and pharmacological 

bibliographic database produced by Elsevier) 

G Green (MSI channel) 

GRADE Grading of Recommendations Assessment, Development and Evaluation 

(a tool for grading the quality of evidence) 

HFUS  High-Frequency Ultrasound 

IR  Infrared (MSI channel) 

LMM  Lentigo Maligna Melanoma 

LMM sec. nod. Lentigo Maligna Melanoma with secondary nodular component 

MEDLINE Medical Literature Analysis and Retrieval System Online 

(the bibliographic database of the National Library of Medicine) 

MHz  Megahertz 

MPM  Multiphoton Microscopy 

MSD  Multimodal Spectral Diagnosis 

MSE  Mean Squared Error 

MSI  Multispectral Imaging 
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MSI+AI Multispectral Imaging combined with Artificial Intelligence 

NCCN  National Comprehensive Cancer Network 

NIH  National Institute of Health 

NIR-SI Near-Infrared and Skin Impedance (spectroscopy) 

NM  Nodular Melanoma 

NPV  Negative Predictive Value 

OCT  Optical Coherence Tomography 

OG-HFUS Optically Guided-High-Frequency Ultrasound 

PIRD  Population–Index test–Reference test–Diagnosis 

(a framework for formulating scientific questions) 

PPV  Positive Predictive Value 

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

PROSPERO International Prospective Register of Systematic Reviews 

QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies included in the 

Systematic Reviews, version 2. (a tool to assess the study quality and risk 

of bias) 

R Red (MSI channel) 

RCM Reflectance Confocal Microscopy 

ROC  Receiver Operating Characteristics (curve) 

ROI Region Of Interest 

RS Raman Spectroscopy 

SD  Standard Deviation 

SLNB  Sentinel Lymph Node Biopsy 

sROC   summary Receiver Operating Characteristics (curve) 

SSM  Superficial Spreading Melanoma 

SSM sec. nod. Superficial Spreading Melanoma with secondary nodular component 

TeleDSC Teledermoscopy 

UC  Unclassified (melanoma subtype) 

UV  Ultraviolet 
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2 STUDENT PROFILE 

2.1 Vision and mission statement, specific goals 

My vision is a world where skin cancer poses no 

significant threat to life, and patients benefit from 

accurate diagnoses and effective treatments that 

enhance survival rates. Therefore, my mission is to 

promote the implementation of novel non-invasive 

imaging technologies in everyday dermatological 

practice. My specific goal is to elevate melanoma 

diagnostics to the highest standard possible, 

enhancing early detection, ensuring faster treatment, 

and improving prognosis for patients worldwide. 

2.2 Scientometrics 

Number of all publications:  7 

Cumulative IF:  17.5 

Av IF/publication:  3.5 

Ranking (SCImago):  D1: -, Q1: 5, Q2: - 

Number of publications related to the subject of the thesis:  2 

Cumulative IF:  7.6 

Av IF/publication:  3.8 

Ranking (Sci Mago):  D1: -, Q1: 2, Q2: - 

Number of citations on Google Scholar:  28 

Number of citations on MTMT (independent):  9 

H-index:  4 

The detailed bibliography of the student can be found on pages 80-82. 
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2.3 Future plans 

Building on the findings of my thesis, future work will focus on further developing and 

validating non-invasive imaging technologies to improve early melanoma detection and 

staging accuracy. I plan to expand my research in melanoma diagnostics by utilizing my 

acquired knowledge and skills in this area. A promising future direction for my research 

would be to explore the efficacy of multimodal imaging in clinical settings as well.  

I believe that healthcare requires a blend of hands-on clinical experience and academic 

insight; therefore, I strive to incorporate what I have learned in my academic work into 

my residency training. With the cohesion of my research and clinical experiences, my 

specific goal is to build a professional path that raises melanoma care to the highest 

possible level, thereby improving the prognosis for patients.  
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3 SUMMARY OF THE THESIS 

Melanoma is one of the most aggressive forms of skin cancer, and accurate early 

diagnosis is essential for improving patient outcomes. The histopathological Breslow 

thickness remains the most important prognostic factor for melanoma; however, it is 

unavailable at the time of initial clinical diagnosis. In this thesis, our aim was to compare 

the performance of non-invasive optical imaging techniques to improve melanoma 

diagnosis, with a particular focus on estimating Breslow thickness preoperatively with 

two entirely novel prototype devices that are not yet in routine clinical use. 

In the first part of our research, we conducted a single-center prospective validation study 

comparing two novel imaging modalities: optically guided high-frequency ultrasound 

(OG-HFUS) and multispectral imaging (MSI). A total of 101 patients with histologically 

confirmed primary melanomas were enrolled. OG-HFUS demonstrated significantly 

higher diagnostic performance compared to MSI in estimating Breslow thickness, with 

almost perfect agreement with histological findings. This supports the implementation of 

OG-HFUS as a reliable, non-invasive tool for preoperative melanoma staging. 

In the second part of the thesis, we performed a systematic review and meta-analysis of 

141 studies, synthesizing diagnostic accuracy data for various non-invasive optical 

imaging modalities. Our meta-analysis found that reflectance confocal microscopy 

(RCM) and dermoscopy combined with artificial intelligence (DSC+AI) reached the 

highest sensitivity, while multispectral imaging combined with artificial intelligence 

(MSI+AI) also demonstrated promising diagnostic performance. Based on our results, 

both RCM and DSC+AI can serve as second-step optical evaluation methods for 

suspicious lesions following initial screening with dermoscopy (DSC). The integration of 

artificial intelligence into imaging workflows consistently improved diagnostic accuracy. 

Together, these studies emphasize the growing role of non-invasive, multimodal, and AI-

supported imaging in melanoma care. We recommend incorporating OG-HFUS into 

standard preoperative workflows and supporting the wider adoption of validated AI-

assisted imaging systems. By maintaining a strong emphasis on multimodal imaging, 

healthcare providers could improve early detection and outcomes for patients with 

melanoma.  
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4 GRAPHICAL ABSTRACT 

  

RESEARCH QUESTION:

Does optical imaging improve melanoma diagnosis and staging?

systematic review 

and meta-analysis 

prospective 

diagnostic accuracy 

study

systematic review 

and meta-analysis 

Varga et al. 2023., Cancers Varga et al. 2025., IJD

IMPLICATION:

Enhanced diagnostic pathways for melanoma early detection and staging

16.239 Records found

141 Eligible full-texts

138
Eligible studies for 
the meta-analysis

3
Eligible studies for 
the systematic review

RCM

Sens.: 0.93 [0.928; 0.93]

Spec.: 0.75 [0.748; 0.75]

DSC

Sens.: 0.87 [0.84; 0.90] 

Spec.: 0.82 [0.78; 0.86] 

DSC+AI

Sens.: 0.93 [0.88; 0.96] 

Spec.: 0.77 [0.7; 0.83] 

Breslow < 1 mm

Sens.: 98.2% 

Spec.: 95.2% 

κ: 0.937 [0.867; 1.00]

Breslow 1-2 mm

Sens.: 80.0% 

Spec.: 94.0% 

κ: 0.701 [0.503; 0.900]

Breslow >2 mm

Sens.: 85.2% 

Spec.: 98.6% 

κ: 0.868 [0.755; 0.980]

MSI

Breslow < 1 mm

Sens.: 55.4% 

Spec.: 93.0% 

κ: 0.457 [0.286; 0.63]

Breslow 1-2 mm

Sens.: 60.0% 

Spec.: 67.9% 

κ: 0.177 [-0.05; 0.406]

Breslow >2 mm

Sens.: 78.6% 

Spec.: 90.1% 

κ: 0.680 [0.517; 0.84]

OG-HFUS

Innovative multimodal imaging techniques in dermatology
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5 INTRODUCTION 

5.1 Overview of the topic 

5.1.1 What is the topic? 

The focus of my research is to investigate the diagnostic performance of emerging non-

invasive optical imaging techniques for melanoma diagnosis, with a particular focus on 

preoperative Breslow thickness assessment, to identify clinically useful tools that could 

enhance future screening protocols. 

5.1.2 What is the problem to solve?  

The issue lies in the lack of accurate and objective non-invasive imaging tools in 

melanoma diagnostics. If novel innovative imaging modalities addressing this gap were 

implemented in clinical practice, they could improve diagnostic accuracy, and support 

earlier and more precise clinical decision-making. 

5.1.3 What is the importance of the topic? 

The significance of this topic cannot be overstated, as melanoma remains a growing 

public health concern, with an estimated 325,000 new cases and nearly 57,000 deaths 

globally in 2020, and projections to 510,000 new cases and 96,000 deaths by 2040 (1). 

Early-stage detection is highly effective, yielding five-year survival rates above 95%, but 

this drops sharply to 20-40% when distant metastases are present, emphasizing the 

importance of timely diagnosis and intervention (2). 

5.1.4 What would be the impact of our research results?  

Our results could have a significant impact on dermatological practice by improving the 

early and accurate diagnosis of melanoma through the clinical implementation of novel, 

objective, and non-invasive imaging tools. Our findings support the development of more 

precise, reproducible, and accessible diagnostic pathways. This could reduce diagnostic 

delays, guide surgical planning, and ultimately improve patient outcomes and survival. 

Furthermore, the introduction of these methods may lower healthcare costs by minimizing 

unnecessary excisions and optimizing resource allocation in melanoma care.  
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5.2 Melanoma and Breslow thickness 

Melanoma, a malignant tumor arising from melanocytes, is a major public health concern 

worldwide due to its aggressive nature, high mortality and high potential for metastasis. 

The occurrence of melanoma varies by population and region, with notably higher rates 

in areas of increased UV exposure (3), and is strongly associated with risk factors such as 

fair skin, frequent sunburns, excessive UV radiation, and familial predisposition (4, 5). 

The incidence of melanoma has been steadily rising over the past decades (6), 

emphasizing the necessity of timely intervention. Initiatives focusing on sun protection 

advocacy, routine skin screening, and early diagnosis play a pivotal role in melanoma 

epidemiology, highlighting prevention as a key strategy for reducing its incidence (7, 8). 

Current screening practices primarily rely on thorough skin examination, supported by visual 

inspection and dermoscopy. However, according to the American Academy of Dermatology 

(AAD), the National Institute of Health (NIH), and the National Comprehensive Cancer 

Network (NCCN), the final diagnosis of melanoma must always be confirmed by 

histopathological examination after surgical excision. Beyond determining the histological 

subtype of the melanoma, it is also necessary to assess Breslow thickness and the presence of 

ulceration, as these parameters form the basis of staging and guide appropriate treatment 

strategies (9, 10). Breslow thickness refers to the maximum depth of melanoma invasion 

measured in millimetres from the top of the granular layer to the deepest point of the tumor. 

It is the strongest independent prognostic factor for the clinical course of melanoma (9, 11) 

and also an essential part of melanoma staging, which recommends the appropriate surgical 

safety margin required for complete excision (Table 1) (12). 

Table 1. Recommended surgical safety margins for melanoma excision (12) 

Breslow thickness Surgical safety margin* 

In situ melanoma 0.5 cm⁺ 

≤1.0 mm 1.0 cm 

1.0-2.0 mm 1.0-2.0 cm 

>2.0 mm 2.0 cm 

* The safety margin should be measured from the edge of the lesion prior to surgery and may 

be adjusted depending on the anatomical location or to preserve function. 

+ For lentigo maligna in situ melanoma, a 1 cm margin is recommended, especially for larger 

lesions located on the face.  
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Reoperation is necessary when the histologically determined Breslow thickness is greater 

than what was clinically expected, and the primary tumor was excised with an insufficient 

margin. Conversely, overestimating Breslow thickness can result in unnecessarily wide 

excisions, leading to larger scars and potential functional or aesthetic issues (especially in the 

head and neck region). Both scenarios place a burden on the healthcare system and patients 

(13, 14). Furthermore, Breslow thickness is the strongest predictor of the metastatic potential 

of melanoma and determines the indication for sentinel lymph node biopsy (SLNB). 

According to current guidelines, for patients with stage IB, T1b melanoma (Breslow depth 

<0.8 mm with ulceration or 0.8-1 mm with or without ulceration), or T1a lesions with 

Breslow depth >0.5 mm and other adverse features (age ≤42 years, head/neck location, 

lymphovascular invasion, and/or mitotic index ≥2/mm2), performing SLNB should be 

strongly considered. For melanomas >1 mm in Breslow thickness, SLNB is routinely 

recommended, even in the absence of ulceration or other high‑risk features (15). In the 

surgical management of melanoma, a two-step approach is applied, in which the initial 

excision is followed by a re-excision alongside SLNB after the histological Breslow thickness 

has been determined. Therefore, if we could have data on the tumor depth in advance, we 

could reduce the procedure to a single-step surgery combined with SLNB, thereby 

minimizing patient burden and expediting the staging process. By staging the melanoma 

earlier, we can promptly determine which imaging procedures are needed for follow-up 

and what therapeutic options will be needed going forward with the patient. Nowadays, 

oncodermatological research is actively exploring non-invasive imaging modalities for the 

early diagnosis of melanoma and the preoperative prediction of Breslow thickness, with the 

aim of reducing the tumor burden (16), as timely initiation of current therapeutic options 

can improve survival rates (17). However, melanoma still represents a significant 

diagnostic challenge due to its heterogeneity in clinical appearance and the limitations of 

available imaging techniques (18). 

5.3 Limitations of current diagnostic procedures 

Despite advances in awareness and prevention, early and accurate detection of melanoma 

remains a clinical challenge. Initial melanoma screening is predominantly based on visual 

inspection and dermoscopy. Dermoscopy is a non-invasive imaging technique that 

magnifies skin lesions, revealing fine morphological details not visible to the naked eye. 
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By utilizing specialized lights and filters, dermoscopy allows dermatologists to observe 

pigment patterns, structures, and vascular features crucial for diagnosing skin conditions 

(19, 20). Specific dermoscopic patterns and structures – such as irregular pigment 

networks, asymmetry, abrupt peripheral streaks, atypical vessels, regression structures, 

and uneven colour distribution – aid in distinguishing benign from malignant lesions, 

particularly in suspected melanoma cases (21). Over the past decades, dermoscopy has 

become an invaluable non-invasive tool in dermatology, widely integrated into routine 

clinical practice for the evaluation of pigmented and non-pigmented skin lesions. 

However, despite its widespread use, dermoscopy remains highly operator-dependent and 

often lacks the objectivity needed for consistent assessment. Its effective application 

requires specialized knowledge and substantial experience, as accurate interpretation 

depends on a thorough understanding of dermoscopic structures. Furthermore, the 

observed features are often nonspecific, meaning that lesions of different origins display 

similar patterns, making diagnostic accuracy heavily reliant on the examiner’s expertise. 

Additionally, dermoscopy is not suitable for accurately determining the depth of tumor 

invasion; it only allows for an approximate estimation, which is insufficient for 

developing an appropriate therapeutic plan in cases of melanoma (22). Pathological 

staging of melanoma depends on histology and serves as a crucial component of the 

diagnostic pathway. The histological evaluation provides detailed insights into key tumor 

characteristics, including architectural patterns, cellular morphology, mitotic activity, and 

Breslow thickness. These parameters are essential for precise staging, guiding clinical 

decision-making, and selecting the most appropriate therapeutic strategy for patients (23-

25). Therefore, the gold standard for the diagnosis of melanoma is histopathology (26), 

although it is an invasive procedure and does not provide prompt results. Consequently, 

there is an unmet need for non-invasive, objective imaging tools that can aid in the early 

detection and preoperative assessment of melanoma. 

5.4 Novel optical imaging modalities 

Advances in technology have led to the development of novel non-invasive optical 

imaging techniques for the detection of melanoma (17). The advantage of these diagnostic 

methods compared to conventional dermoscopy is that they may offer higher resolution 

images of the skin, and they often provide reproducible quantitative measurements (27). 
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These instruments are based on different biophysical principles, including cameras 

working with the properties of light and tissues to capture and analyze images at multiple 

wavelengths (e.g., multispectral imaging); analytical techniques that provide information 

on the molecular composition, structure, and dynamics based on the scattering of photons 

by molecular vibrations (e.g., Raman spectroscopy); confocal imaging techniques based 

on light-tissue interaction (e.g., reflectance confocal microscopy); devices operating with 

light interference to visualize tissue microstructures (e.g., optical coherence tomography) 

and fluorescence methods (e.g., dermatofluoroscopy) (28). Teledermoscopy is an 

emerging diagnostic tool for the prevention and diagnosis of skin diseases when face-to-

face visualization of lesions is difficult (29). The evaluation and diagnosis of the obtained 

images can also be assisted using artificial intelligence (e.g., dermoscopy combined with 

artificial intelligence and multispectral imaging combined with artificial intelligence), 

thereby increasing diagnostic efficacy, consistency and reducing interobserver variability. 

High-frequency ultrasound (HFUS), also known as high-resolution ultrasound, employs 

sound waves with frequencies greater than 20 MHz to generate images of the tissue 

structures (30). Melanoma is generally characterized by hypoechogenic, homogenous, 

and well-defined lesions on ultrasound images (31). Recent advances in handheld HFUS 

devices have integrated an optical module to facilitate precise localization of the 

ultrasound beam, enabling accurate cross-sectional image positioning. Using HFUS, the 

depth of the melanoma can be measured by determining the distance between the top 

layer of the skin and the deepest point of the tumor. Therefore, HFUS may be capable of 

preoperative diagnosis of melanoma (32) and estimation of Breslow thickness (31). All 

these techniques show promise in improving diagnostic accuracy by providing high-

resolution, real-time, non-invasive visualization of lesion morphology and depth. 

However, their clinical utility is often limited by high costs, the need for specialized 

training, and limited penetration depth. While these modalities can be applied alongside 

current diagnostic techniques, the question of whether a single imaging tool could serve 

as the optimal solution for melanoma diagnosis and preoperative assessment of Breslow 

thickness remains unresolved.  
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6 OBJECTIVES 

6.1 Study I. – Comparing the efficacy of novel OG-HFUS and MSI in 

preoperative estimation of Breslow thickness 

The aim of this study was to compare the diagnostic accuracy of OG-HFUS and MSI for 

preoperative estimation of Breslow tumor thickness in primary melanoma. Although both 

novel handheld devices offer a new perspective on non-invasive assessment of tumor 

depth, their relative performance in clinical settings has not yet been evaluated. In a 

prospective clinical study, we applied each modality to a cohort of 101 melanoma patients 

and compared their Breslow thickness estimates against the gold-standard histology to 

determine which imaging method provides greater accuracy for preoperative decision-

making in melanoma care. 

6.2 Study II. – Comparing the diagnostic accuracy of novel non-invasive 

optical imaging techniques for melanoma diagnosis 

The objective of this study was to perform a comprehensive systematic review and meta-

analysis evaluating the diagnostic performance of all optical imaging methods for 

melanoma detection. Although numerous new imaging modalities have been introduced 

in dermatology in recent years, the performance of these technologies (particularly in 

clinical applications) has not yet been compared. This meta-analysis aimed to clarify and 

compare the diagnostic accuracy of each optical imaging technique and provide evidence-

based insights to guide clinical decision-making and future research priorities in 

melanoma diagnostics. 
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7 METHODS 

7.1 Study I. 

7.1.1 Study design and setting 

The research was conducted as a single-center, prospective validation study at the 

Department of Dermatology, Venereology, and Dermatooncology, Semmelweis 

University. We enrolled 101 consecutive adult patients (≥18 years) who had a suspected 

primary cutaneous melanoma scheduled for surgical excision. Informed consent was 

obtained from all subjects involved in the study. Before the operation, each participant 

underwent non-invasive imaging with two handheld devices (MSI and OG-HFUS) in a 

standardized sequence. Imaging was performed by trained operators who were blinded to 

the histopathologic results at the time of measurement. Following imaging, all lesions 

were excised. Patients whose final histopathological diagnosis was not primary 

melanoma were excluded from the study. For those histologically confirmed as 

melanoma, Breslow thickness was determined on sections by expert dermatopathologists 

(reference standard). The primary endpoint was to compare the agreement between each 

modality’s Breslow thickness estimates and the histologic depth measurements. The study 

was conducted according to the guidelines of the Declaration of Helsinki and approved 

by the Institutional Ethics Committee of Semmelweis University (SE RKEB no. 

16/2022). 

7.1.2 Inclusion and exclusion criteria 

The inclusion criteria required obtaining informed consent from patients and confirming 

primary cutaneous melanoma through histopathological evaluation by expert 

dermatopathologists. Eligibility was limited to melanomas with a Breslow thickness of 

less than 10 mm. Exclusion criteria included in situ or metastatic melanomas, primary 

melanomas located in specific anatomical sites (such as acral areas, the genital region, or 

mucosal surfaces), where the imaging procedure was challenging. Additionally, lesions 

characterized by extensive hair, bleeding, or scaling that could impair accurate imaging 

were also excluded. 
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7.1.3 OG-HFUS imaging protocol 

All scans were performed at the Department of Dermatology, Venereology, and 

Dermatooncology, Semmelweis University, using the portable Dermus SkinScanner 

device (Dermus Ltd., Budapest, Hungary). This handheld OG-HFUS system integrates a 

single-element ultrasound transducer (operating at a nominal center frequency of 33 MHz 

ranging with a 20-40 MHz bandwidth) with an optical imaging module for precise lesion 

positioning. A silicone membrane covers the imaging window, and standard ultrasound 

gel is applied before each acquisition. The dermoscopy-based optical window provides a 

15×15 mm field of view, while the ultrasound extends laterally up to 12 mm and 

penetrates to a maximum depth of 10 mm. When a lesion exceeded the optical field, we 

acquired additional image sets to ensure full coverage and analysis. Both the optical and 

ultrasound images are then stored using a secure cloud-based system, which saves all the 

photos under a patient ID with the birth date, sex, diagnosis, and exact location of the 

body region (33). Ultrasound images are displayed in a colour‐scale format to enhance 

contrast. The presumed tumor thickness was measured from these ultrasound images 

within one minute of acquisition.  

7.1.4 MSI imaging protocol 

All multispectral imaging was performed at the Department of Dermatology, 

Venereology, and Dermatooncology, Semmelweis University, using a handheld prototype 

co-developed by the University of Latvia and Riga Technical University. The illumination 

module consisted of a ring comprising four types of LED diodes emitting at wavelengths 

of 405 nm (for autofluorescence/AF excitation), 525 nm (for green/G excitation), 660 nm 

(for red/R excitation), and 940 nm (for infrared/IR excitation), enabling penetration into 

different skin layers. The device was designed to capture skin diffuse reflectance images 

using the fixed circular arrangement of these four LED diodes. For quantitative analysis, 

we utilized the G, R, and IR channels. The LEDs provided an irradiating power density 

of 20 mW/cm2 and had a field of view of 2×2 cm2. In cases where the lesion size exceeded 

the camera’s field of view, we captured additional image sets to ensure comprehensive 

coverage and analysis. The LEDs are mounted at a fixed 35 mm radius and fitted with a 

matte diffuser for uniform skin illumination. Image acquisition was performed using a 5-

megapixel colour CMOS IDS camera (MT9P006STC, IDS uEye UI3581LE-C-HQ, 
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Obersulm, Germany) positioned 60 mm from the illuminated skin. To capture the AF 

emission images and block the 405 nm excitation illumination, a long-pass filter (T515 

nm >90%) was placed in front of the camera (34, 35). A black marker was applied next 

to the lesions to align and scale the different spectral channel images prior to quantitative 

analysis (36). The acquired images were automatically transferred to a cloud server for 

further data processing and analysis (37). Multispectral images were analyzed using 

ImageJ v1.46 software (NIH, Bethesda, MD, USA) (38). For intensity analysis and shape 

description, freehand regions of interest (ROIs) were drawn around each lesion in the G, 

R, and IR channels and managed via the ROI Manager to ensure identical sampling areas 

across wavelengths. We extracted mean gray value (integrated density/area), circularity 

(4π · area/perimeter²), solidity (area/convex area), and roundness (4 · area/(π · major 

axis²)) as defined in our previous work when we developed the melanoma classification 

algorithm (39). The entire imaging procedure and subsequent thickness estimation can be 

performed within minutes. 

7.1.5 Melanoma classification algorithm 

In our previous research (39), we developed an MSI-based algorithm that uses shape 

descriptors and intensity metrics to classify melanomas into three clinically relevant 

subgroups (Breslow thickness <1 mm, Breslow thickness between 1-2 mm, and Breslow 

thickness >2 mm). In the present study, we applied this modified classification algorithm 

(Figure 1) to assess MSI performance. The first step of the original algorithm was not 

used in this research. Lesions are first divided by circularity at a 0.75 A.U. threshold (low-

circularity and high-circularity). The low-circularity branch melanomas are then split by 

G-channel intensity at 8.0 A.U. threshold, and the high-circularity branch melanomas are 

split by IR-channel intensity at 113.7 A.U. threshold. The lesions under the threshold of 

circularity and over the threshold of G-channel intensity are classified as Breslow <1 mm, 

whereas lesions with also low-circularity and under the threshold of G-channel intensity 

are classified as Breslow between 1-2 mm. The high-circularity melanomas with lower 

IR-channel intensity were classified as Breslow >2 mm, and melanomas with higher IR-

channel intensity were classified as Breslow between 1-2 mm. 
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7.1.6 Statistical analysis 

To assess the accuracy of OG-HFUS, we compared our depth measurements on the 

captured ultrasound images with histologically verified Breslow thickness values using 

Pearson’s correlation and evaluated reliability within each Breslow thickness category. 

For MSI, we performed multivariate correlation analysis, where we developed a 

multivariate linear regression model that combined lesion circularity and spectral 

intensity features (using green, red, and infrared channels) to estimate Breslow thickness. 

We then quantified the strength of this association by calculating the Pearson correlation 

between the model’s predicted depths and the histologically confirmed Breslow 

measurements. Significance evaluation was conducted using F-statistics. For statistical 

evaluation, we used the scikit-learn, scipy, and statmodels libraries in the Python 

programming language and environment. For each clinical category, we computed 

sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), 

and mean squared error (MSE). For overall model estimation, we presented the micro-

averaged sensitivity, specificity, PPV, and NPV. Concordance was quantified using 

Cohen’s kappa (κ), and statistical significance was defined as p<0.05. Results are 

presented as mean +/− standard deviation (SD). 

Figure 1. Melanoma classification algorithm (39)  
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7.2 Study II. 

7.2.1 Search strategy 

We conducted a systematic literature review and meta-analysis following the latest 

guidelines of the Cochrane Handbook (40). The study protocol was prospectively 

registered on the PROSPERO International Prospective Register of Systematic Reviews 

(registration number CRD42023480274). We did not deviate from the protocol. We 

documented our systematic review and meta-analysis based on the guidance of the 

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 

Statement (41). The search was systematically carried out in three extensive scientific 

databases: MEDLINE (via PubMed), CENTRAL (Cochrane Central Register of 

Controlled Trials), and Embase (by Elsevier) from inception to November 15, 2023. The 

search terms included three key elements: (I) terms related to melanoma, (II) terms related 

to diagnosis, and (III) a list of all optical imaging techniques. We used this predefined 

search key in all databases without any filters or restrictions: melanom* AND (diagnos* 

OR detect*) AND (dermoscop* OR dermatoscop* OR fluorometr* OR fluorimetr* OR 

spectrofluorometr* OR spectrofluorimetr* OR dermatofluoroscop* OR polarimetr* OR 

((“optical” OR “hyperspectral” OR “multispectral” OR “spectral” OR spectroscop* OR 

fluoresc* OR multiphoton* OR multi-photon* OR “two-photon” OR polar* OR 

“Mueller” OR “terahertz” OR “photoacoustic”) AND “imaging”) OR ((epiluminesc* OR 

“incident light” OR “surface” OR “confocal” OR “laser scanning” OR fluoresc* OR 

“Raman” OR “nonlinear” OR “non-linear” OR multiphoton* OR multi-photon* OR 

“two-photon”) AND microscop*) OR ((“optical coherence” OR multiphoton* OR multi-

photon* OR “photoacoustic”) AND tomograph*) OR ((“optical” OR “Raman” OR 

reflect* OR “remission” OR fluoresc*) AND (spectroscop* OR spectrometr*)) OR 

((“multispectral” OR “spectrum”) AND “analysis”) OR ((“laser” OR “two-photon”) 

AND fluoresc*) OR ((“Stokes” OR “Mueller”) AND polarimetr*) OR ((“self-mixing” 

OR “optical feedback”) AND interferometr*) OR (“Raman” AND scatter*) OR 

(“harmonic” AND “generation”). In addition, we examined the bibliography of the 

eligible articles. 
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7.2.2 Study selection and eligibility criteria 

The inclusion criteria encompassed any peer-reviewed studies that met the following 

Population – Index test – Reference test – Diagnosis (PIRD) framework: (P) patients 

suspected of having melanoma were examined using (I) non-invasive optical diagnostic 

methods, then the results were compared with (R) histopathology, and the final diagnosis 

became (D) melanoma. The primary outcome was the diagnostic accuracy of non-

invasive optical imaging techniques for detecting melanoma. There were no restrictions 

based on age, sex, or ethnicity regarding the study population in the selected articles. 

Studies were excluded if we could not extract meaningful data from them, or if they 

involved fewer than five melanoma cases, as well as case reports, meta-analyses, 

systematic reviews, and letters. After removing duplicates using the reference 

management software EndNote 20 (Clarivate Analytics, Philadelphia, PA, USA), two 

review authors independently assessed titles, abstracts, and full texts according to the 

predefined eligibility criteria for selection. We calculated Cohen's kappa coefficient after 

each selection process to measure interrater reliability (42). A third review author was 

responsible for resolving any conflicts that arose. 

7.2.3 Data extraction 

Data from eligible studies were extracted by two independent review authors using a 

standardized data collection form. A third independent author was responsible for 

resolving any disagreements. The following data were extracted with a standardized 

collection method to a Microsoft Excel sheet (Office 365, Microsoft, Redmond, WA, 

USA): first author, publication year, digital object identifier (DOI) number, study design, 

study period, location, number of study centers, count of pigmented lesions, number of 

histologically verified melanomas, index test, reference standard, as well as details about 

the patients such as number, age, and gender distribution. Additionally, the data covered 

Breslow thickness, true positive, false negative, false positive, true negative cases, 

sensitivity, specificity, PPV, NPV, diagnostic accuracy, and area under the curve (AUC) 

values. Where available, sensitivity and specificity values were extracted directly. In 

cases where these values were not reported, they were calculated from the remaining data. 
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7.2.4 Quality assessment 

Risk of Bias assessment 

The risk of bias was assessed based on the recommendation of the Cochrane 

Collaboration (40). For diagnostic questions, we used the QUADAS-2 (Quality 

Assessment of Diagnostic Accuracy Studies included in the Systematic Reviews) tool 

(43). In each study, we analyzed the risk of bias for every imaging technique separately. 

Two independent reviewers conducted the quality assessment of the outcomes, and an 

independent third investigator resolved the disagreements. Publication bias was evaluated 

through visual inspection of funnel plots.  

GRADE assessment 

We assessed the quality of evidence in the included studies using the Grading of 

Recommendations Assessment, Development and Evaluation (GRADE) approach (44), 

with the GRADEpro GDT software (GRADEpro GDT: GRADEpro Guideline 

Development Tool. McMaster University and Evidence Prime, 2024, available from 

gradepro.org). Outcomes were rated as high, moderate, low, or very low quality of 

evidence. 

7.2.5 Data synthesis and statistical analysis 

For the estimation of pooled specificity and sensitivity, the bivariate model of Chu et 

al.(45) and Reitsma et al.(46) was fitted. This approach considers the possible association 

between sensitivity and specificity. We plotted individual and pooled sensitivities and 

specificities of the studies included, their summary estimates, and the corresponding 95% 

confidence and prediction regions. In these visualizations, the size of the ellipsoids 

reflects the weight of the studies calculated according to the method described by Burke 

et al.(47). The PPV and NPV results were calculated from the estimated specificity and 

sensitivity values at a melanoma prevalence rate of 30%, as this became the average 

prevalence value from the studies examining melanoma suspicious lesions. We also 

calculated the diagnostic odds ratio (DOR) with its 95% confidence interval (CI), a single 

indicator that combines the sensitivity and specificity of a diagnostic test, thus simplifying 

the comparison of test performance. It is defined as the ratio of the odds of a positive test 
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result for individuals with the disease compared to the odds of a positive test result for 

individuals without the disease. The DOR ranges from 0 to infinity, with higher values 

indicating better performance (48). Heterogeneity was assessed by calculating the I² 

measure and its CI arising from the separate univariate analyses. Statistical analyses were 

performed using R statistical software (version 4.1.2., R Core Team (2023). R: A language 

and environment for statistical computing. R Foundation for Statistical Computing, 

Vienna, Austria, https://www.R-project.org/) using the meta (49) and the lme4 (50) 

packages and were partially based on the web-tool of Freeman et al.(51). The statistical 

analyses followed the advice of Harrer et al.(52).  
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8 RESULTS 

8.1  Study I: Prospective diagnostic accuracy study 

8.1.1 Characteristics of the study population 

A total of 101 patients with primary cutaneous melanoma were enrolled, characterized by 

a mean age of 64.20 ± 15.24 years, comprising 53 males and 48 females, resulting in a 

sex ratio of 52.5% and 47.5%, respectively. Lesion locations included the trunk (n = 60), 

extremities (n = 32), cheek (n = 6), forehead (n = 2), and neck (n = 1). The average 

histologic Breslow thickness was 1.61 mm ± 1.69 mm, with values ranging from a 

minimum thickness of 0.135 mm to a maximum of 8.12 mm. The detailed breakdown of 

melanoma subtypes is shown in Table 2. 

Table 2. Melanoma subtype distribution 

Subtype Lesion (n) Distribution Ratio (%) 

SSM 69 68.32 

NM 8 7.92 

SSM sec. nod. 10 9.90 

LMM sec. nod. 1 0.99 

LMM 6 5.94 

ALM 1 0.99 

UC 4 3.96 

Naevoid 2 1.98 

Abbreviations: SSM - Superficial spreading melanoma; NM - Nodular melanoma; SSM 

sec. nod. - Superficial spreading melanoma with secondary nodular component; LMM 

sec. nod. - Lentigo maligna melanoma with secondary nodular component; LMM - 

Lentigo maligna melanoma; ALM - Acral lentiginous melanoma; UC - Unclassified 

melanoma 
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8.1.2 Diagnostic performance of OG-HFUS 

The integrated optical and HFUS imaging procedure is illustrated in Figure 2. The overall 

performance of OG-HFUS demonstrated substantial reliability, with a high Cohen’s 

kappa coefficient (κ = 0.858 [0.763;0.952]). This indicates almost perfect agreement 

between OG-HFUS imaging and the histologic Breslow thickness measurements. This 

finding is further supported by Pearson correlation analysis (Figure 4), which 

demonstrated a significant positive correlation between OG-HFUS measurements and 

histological Breslow thickness (r = 0.943, p<0.0001). OG-HFUS achieved its highest 

diagnostic accuracy in the Breslow <1 mm subgroup (κ = 0.937 [0.867;1.000], almost 

perfect agreement), while its lowest accuracy occurred in the Breslow between 1-2 mm 

subgroup (κ = 0.701 [0.503;0.900], substantial agreement). The complete summary of 

OG-HFUS performance metrics stratified by Breslow depth is given in Table 3.  

Figure 2. Clinical, dermoscopic, optical and HFUS images of distinct melanoma lesions 

stratified by OG-HFUS into three subgroups based on Breslow thickness: <1 mm (row 

1), 1-2 mm (row 2), and >2 mm (row 3). On the HFUS images, yellow asterisks (*) 

represent the tumor, red arrows on the left indicate the membrane, and the yellow letters 

stand for E: epidermis, D: dermis, S: subcutis.  
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8.1.3 Diagnostic performance of MSI 

The MSI images acquired in the different spectral channels are shown in Figure 3. The 

overall performance of MSI demonstrated fair agreement, as Cohen’s kappa coefficient 

became low (κ = 0.440 [0.298;0.583]). This corresponds to only a fair level of 

concordance between MSI and histologic Breslow measurements. Individually, among 

the shape descriptors and intensity values of different channels, the IR channel showed 

the strongest correlation (r = −0.659, p<0.0001) with Breslow thickness. In contrast, the 

multivariate linear model incorporating shape descriptors and spectral intensities 

achieved a higher overall correlation (r = 0.714, p<0.0001) (Figure 5), though this still 

underperforms compared to OG-HFUS. MSI achieved its highest diagnostic accuracy in 

the Breslow >2 mm subgroup (κ = 0.680 [0.517;0.842], substantial agreement), while its 

lowest accuracy was in the Breslow between 1-2 mm subgroup (κ = 0.177 [-0.052;0.406], 

fair agreement). The detailed MSI performance metrics for estimating Breslow thickness 

are summarized in Table 4. 

Figure 3. Clinical, dermoscopic and multispectral images (in the AF, G, R, and IR 

channels) of distinct melanoma lesions stratified by MSI into three subgroups based on 

Breslow thickness: <1 mm (row 1), 1-2 mm (row 2), and >2 mm (row 3). On the different 

spectral images, black markers placed next to the lesions serve as fixed reference points 

to improve image alignment (36).  
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8.1.4 Comparative analysis 

In our comparative analysis, OG-HFUS demonstrated superior diagnostic accuracy in the 

preoperative estimation of Breslow thickness against MSI. OG-HFUS achieved a pooled 

sensitivity of 91.8%, a pooled specificity of 96.0%, and exhibited almost perfect 

agreement for the Cohen’s kappa coefficient (κ = 0.858 [0.763;0.952]). In contrast, MSI 

showed an overall sensitivity of 62.6% and an overall specificity of 81.3%, with a fair 

agreement (κ = 0.440 [0.298;0.583]). OG-HFUS also displayed a PPV of 91.8% and an 

NPV of 96.0%, surpassing the PPV (62.6%) and NPV (81.3%) of MSI. However, not only 

in the overall results, but also across all Breslow categories, OG-HFUS yielded lower 

MSE, and higher sensitivity, specificity, predictive values, and Cohen’s kappa compared 

to MSI (see Tables 3 and 4). These findings underscore the improved diagnostic accuracy 

and efficacy of the OG-HFUS approach in preoperative determination of Breslow 

thickness when compared with MSI. 
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Figure 4. Pearson correlation analysis between OG-HFUS measured thickness (y-axis) 

and histologically confirmed Breslow thickness (x-axis). Each data point on the graph is 

colour-coded by one melanoma subtype. 

 

Figure 5. Pearson correlation analysis between MSI measured thickness (y-axis) and 

histologically confirmed Breslow thickness (x-axis). Each data point on the graph is 

colour-coded by one melanoma subtype.
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Table 3. Diagnostic accuracy of OG-HFUS for estimating Breslow thickness 

Breslow 

(mm) 

Patients 

(n) 

MSE Sensitivity (%) Specificity (%) PPV 

(%) 

NPV 

(%) 

Cohen’s Kappa 

(κ) 

95% CI 

<1 56 0.034 98.2 95.2 96.5 97.6 0.937 0.867-1.000 

1-2 15 0.080 80.0 94.0 70.6 96.3 0.701 0.503-0.900 

>2 27 1.02 85.2 98.6 95.8 94.6 0.868 0.755-0.980 

Total 98 0.31 91.8 96.0 91.8 96.0 0.858 0.763-0.952 

Abbreviations: MSE - Mean squared error; PPV - Positive predictive value; NPV - Negative predictive value; CI - Confidence interval 
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Table 4. Diagnostic accuracy of MSI for estimating Breslow thickness 

Breslow 

(mm) 

Patients 

(n) 

MSE Sensitivity (%) Specificity (%) PPV 

(%) 

NPV 

(%) 

Cohen’s Kappa 

(κ) 

95% CI 

<1 56 0.64 55.4 93.0 91.2 61.5 0.457 0.286-0.627 

1-2 15 0.61 60.0 67.9 25.0 90.5 0.177 -0.052-0.406 

>2 28 3.36 78.6 90.1 75.9 91.4 0.680 0.517-0.842 

Total 99 1.41 62.6 81.3 62.6 81.3 0.440 0.298-0.583 

Abbreviations: MSE - Mean squared error; PPV - Positive predictive value; NPV - Negative predictive value; CI - Confidence interval
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8.2 Study II: Systematic review and meta-analysis 

8.2.1 Search and Selection 

The PRISMA flowchart (41) is illustrated in Figure 6. We initially identified 16,239 

records through database searching, of which 136  studies (53-188) were found eligible. 

Additionally, via citation searching, we found 5 more eligible studies (189-193). Overall, 

141 articles were included in the qualitative analysis (systematic review), of which 138 

studies were included in the quantitative synthesis (meta-analysis). 

8.2.2 Basic characteristics of included studies 

The baseline characteristics table (Table S2 in the Supplementary material of the article) 

provides a comprehensive overview of the studies included in the systematic review. It 

summarizes key attributes such as publication data, study design, location, and period, as 

well as detailed sample information including the number of patients and lesions, the 

number and proportion of histologically verified melanomas, and demographic data like 

age and gender distribution. In the index test column of the table, we first listed the 

investigated optical imaging modality, followed in parentheses by the specific device or 

algorithm used in the diagnostic assessment of the study. This structured presentation 

facilitates comparison across studies and highlights the diversity in geographic settings, 

study designs, and patient populations, which are crucial for interpreting the 

generalizability and applicability of the findings. The most common study designs among 

the included articles were prospective single-center or multicenter studies. In terms of the 

data collection period, the included studies encompassed an overall timeframe between 

1989 and 2022. We included diagnostic accuracy studies from around the world, and the 

specific geographic locations are indicated in the baseline table. 
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Figure 6. PRISMA 2020 flowchart representing the study selection process (41)



 33 

8.2.3 Quantitative analysis (meta-analysis) 

The bivariate analyses revealed that various optical imaging techniques displayed 

different levels of sensitivity and specificity (Figure 7). Among the assessed methods, 

both DSC+AI and RCM achieved the highest sensitivity (0.93 [0.88; 0.96] and 0.93 

[0.9282; 0.9293], respectively). Nevertheless, DSC+AI demonstrated a slightly superior 

specificity (0.77 [0.70; 0.83]) compared to RCM (0.749 [0.7475; 0.7504]). Furthermore, 

MSI+AI also exhibited high sensitivity (0.92 [0.82; 0.97]) along with a comparatively 

high specificity (0.80 [0.67; 0.89]). The specificities for standalone DSC and TeleDSC 

were similar (0.82 [0.78; 0.86] and 0.85 [0.73; 0.92]), although DSC had greater 

sensitivity (0.87 [0.84; 0.90]) than TeleDSC (0.84 [0.70; 0.92]). Standalone MSI 

exhibited lower specificity (0.64 [0.49; 0.77]) but maintained a high sensitivity (0.87 

[0.78; 0.92]). The results of these individual summary receiver operating characteristics 

(sROC) curves, aggregated into a bivariate random-effects model, which is illustrated in 

Figure 8. Different colours are used to distinguish between the optical imaging modalities. 

The position of the dots and the size of the ellipses give the opportunity to visually 

compare the diagnostic accuracy and reliability of each method. All individual Forest 

plots detailing the pooled sensitivity and specificity outcomes for these optical imaging 

methods can be found in the Supplementary material of our article (see Figures S1-S12). 

In addition to the previously mentioned six methods, we investigated three other optical 

imaging techniques: dermatofluoroscopy (DF), optical coherence tomography (OCT), 

and Raman spectroscopy (RS). Due to the limited number of available studies, we were 

only able to perform univariate analyses on them. Therefore, their sensitivity and 

specificity results are presented in Forest plots rather than sROC curves. The detailed 

Forest plots illustrating the sensitivity and specificity of these three imaging modalities 

can be found in Figures 9-14.  

Table 5 summarizes the sensitivity, specificity, PPV, NPV, DOR, and corresponding 

certainty of evidence for all the optical diagnostic tools investigated in the meta-analysis. 

DSC+AI, RCM, and MSI+AI achieved the highest NPV values (0.96). OCT and TeleDSC 

reached the highest PPV values (0.71). Overall, OCT demonstrated the highest DOR 

(64.25 [0.25; 16391.97]) and nearly similar sensitivity (0.84 [0.72; 0.96]) and specificity 
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(0.85 [0.63; 1.00]) results. RCM showed a high level of evidence for sensitivity (0.93 

[0.928; 0.93]) and a moderate level of evidence for specificity (0.75 [0.748; 0.75]). 

Combining AI with imaging modalities such as DSC and MSI generally improved 

diagnostic performance (DOR of DSC from 27.32 [19.54; 38.20] to 32.62 [17.74; 59.97] 

and DOR of MSI from 9.62 [4.80; 19.28] to 37.51 [10.16; 138.51]). DSC, TeleDSC, and 

RS showed moderate to low diagnostic performance (DOR of DSC 27.32 [19.54; 38.20], 

DOR of TeleDSC 24.00 [4.88; 118.04], DOR of RS 22.66 [0.81; 631.00]). DF, despite its 

high sensitivity (0.91 [0.88; 0.95]), had the lowest specificity (0.55 [0.37; 0.74]) of the 

methods evaluated and showed very low evidence levels in both cases. Figures 15-23 

display the individual Forest plots of DOR for each optical method. 

8.2.4 Qualitative analysis (systematic review) 

Table 6 summarizes the performance of three non-invasive optical modalities - near-

infrared and skin impedance (NIR-SI) spectroscopy, multimodal spectral diagnosis 

(MSD), and multiphoton microscopy (MPM) - solely included in the systematic review. 

In a 2013 study by Bodén et al., NIR-SI spectroscopy (192) was performed with a Bruker 

Matrix F spectrometer on 50 lesions (10 true positives, 2 false negatives, 2 false positives, 

36 true negatives). The technique achieved high specificity (0.95) and sensitivity (0.83). 

Lim and colleagues (2014) combined Raman spectroscopy, diffuse optical spectroscopy, 

and laser-induced fluorescence spectroscopy to assess 29 lesions, reporting perfect 

separation between malignant and benign cases (12 true positives, 0 false negatives, 0 

false positives, 17 true negatives). MSD (128) achieved perfect sensitivity and specificity 

at 1.00. Dimitrov et al. (2009) evaluated MPM (93) (using DermaInspect) across 52.5 

lesions (19.5 true positives, 6.5 false negatives, 5.4 false positives, 21.6 true negatives). 

The resulting sensitivity (0.75 [0.57; 0.93]) and specificity (0.80 [0.67; 0.93]) were 

moderate.
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Figure 7. Bivariate plots of the articles evaluating the diagnostic accuracy of (a) DSC+AI, (b) DSC, (c) TeleDSC, (d) MSI+AI, (e) MSI, and 

(f) RCM. On each figure, the individual study estimates are black circles, and their confidence intervals are blue error bars. The summary 

points (blue square) represent the pooled sensitivity and specificity results with 95% confidence regions (dashed blue ellipse) and sROC 

curves (dotted blue line). The pooled specificity and sensitivity values are reported in the bottom right corners.  
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Figure 8. Random-effects diagnostic meta-analysis of optical imaging techniques used in melanoma diagnostics. The sROC curve displays 

the sensitivity and (1-specificity) of each method, with different colours representing different techniques. Small circles represent summary 

estimates, and ellipses around circles represent the 95% confidence intervals. The position of the dots and the size of the ellipses provide a 

visual comparison of the diagnostic accuracy of each method.
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Figure 9. Forest plot representing the sensitivity of studies evaluating the diagnostic 

performance of DF 

 

Figure 10. Forest plot representing the specificity of studies evaluating the diagnostic 

performance of DF 

 

Figure 11. Forest plot representing the sensitivity of studies evaluating the diagnostic 

performance of OCT  
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Figure 12. Forest plot representing the specificity of studies evaluating the diagnostic 

performance of OCT 

 

Figure 13. Forest plot representing the sensitivity of studies evaluating the diagnostic 

performance of RS 

 

Figure 14. Forest plot representing the specificity of studies evaluating the diagnostic 

performance of RS  
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Figure 15. Forest plot for the DOR of studies evaluating the diagnostic accuracy of OCT 

Figure 16. Forest plot for the DOR of studies evaluating the diagnostic accuracy of 

MSI+AI 

 

Figure 17. Forest plot for the DOR of studies evaluating the diagnostic accuracy of RCM  
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Figure 18. Forest plot for the DOR of studies evaluating the diagnostic accuracy of 

DSC+AI 

Figure 19. Forest plot for the DOR of studies evaluating the diagnostic accuracy of MSI  
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Figure 20. Forest plot for the DOR of studies evaluating the diagnostic accuracy of 

TeleDSC 

 

Figure 21. Forest plot for the DOR of studies evaluating the diagnostic accuracy of RS 

 

Figure 22. Forest plot for the DOR of studies evaluating the diagnostic accuracy of DF 
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Figure 23. Forest plot for the DOR of studies evaluating the diagnostic accuracy of DSC 
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Random effects model
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Table 5. Ranking of the optical imaging modalities based on the diagnostic odds ratio 

Abbreviations: DF – Dermatofluoroscopy; DOR – Diagnostic odds ratio; DSC – Dermoscopy; DSC+AI – Dermoscopy+Artificial 

Intelligence; MSI – Multispectral imaging; MSI+AI – Multispectral imaging+Artificial Intelligence; NPV – Negative predictive value; OCT 

– Optical coherence tomography; PPV – Positive predictive value; RCM – Reflectance confocal microscopy; RS – Raman spectroscopy 

TeleDSC – Teledermoscopy. * Average PPV and NPV results at a 30% prevalence rate of melanoma  

Method Sensitivity Specificity PPV* NPV* DOR 
Level of Evidence 

for Sensitivity 

Level of Evidence 

for Specificity 

OCT 0.84 [0.72; 0.96] 0.85 [0.63; 1.00] 0.71 0.93 64.25 [0.25; 16391.97] 
⨁⨁◯◯                                                                                       

Low 

⨁◯◯◯                                                                                                     

Very low 

MSI+AI 0.92 [0.82; 0.97] 0.80 [0.67; 0.89] 0.66 0.96 37.51 [10.16; 138.51] 
⨁◯◯◯                                                                                                     

Very low 

⨁◯◯◯                                                                                                     

Very low 

RCM 
0.930 [0.9282; 

0.9293] 

0.749 [0.7475; 

0.7504] 
0.61 0.96 35.27 [20.24; 61.47] 

⨁⨁⨁⨁                                                             

High 
⨁⨁⨁◯                                                              

Moderate 

DSC+AI 0.93 [0.88; 0.96] 0.77 [0.70; 0.83] 0.64 0.96 32.62 [17.74; 59.97] 
⨁⨁⨁◯                                                              

Moderate 

⨁⨁⨁◯                                                              

Moderate 

DSC 0.87 [0.84; 0.90] 0.82 [0.78; 0.86] 0.68 0.94 27.32 [19.54; 38.20] 
⨁⨁⨁◯                                                              

Moderate 

⨁⨁⨁◯                                                              

Moderate 

TeleDSC 0.84 [0.70; 0.92] 0.85 [0.73; 0.92] 0.71 0.93 24.00 [4.88; 118.04] 
⨁⨁◯◯                                                                                       

Low 

⨁⨁◯◯                                                                                       

Low 

RS 0.74 [0.40; 1.00] 0.79 [0.66; 0.93] 0.60 0.88 22.66 [0.81; 631.00] 
⨁⨁◯◯                                                                                       

Low 

⨁⨁◯◯                                                                                       

Low 

DF 0.91 [0.88; 0.95] 0.55 [0.37; 0.74] 0.47 0.94 11.17 [1.64; 76.24] 
⨁◯◯◯                                                                                                     

Very low 

⨁◯◯◯                                                                                                     

Very low 

MSI 0.87 [0.78; 0.92] 0.64 [0.49; 0.77] 0.51 0.92 9.62 [4.80; 19.28] 
⨁⨁◯◯                                                                                       

Low 

⨁◯◯◯                                                                                                     

Very low 
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Table 6. Summary of the diagnostic accuracy of optical imaging methods solely included in the systematic review 

Abbreviations: NIR-SI – Near-infrared and skin impedance; MSD – Multimodal spectral diagnosis; RS – Raman spectroscopy; DOS – 

Diffuse optical spectroscopy; LIFS – Laser-induced fluorescence spectroscopy; MPM – Multiphoton microscopy; TP – True positive; FN – 

False negative; FP – False positive; TN – True negative; CI – Confidence interval 

  

First author, 

year of 

publication 

Index test 

(Specific) 

Diagnostic accuracy Level of Evidence 

Conclusion of the 

study 
TP FN FP TN 

Sensitivity 

[95% CI] 

Specificity 

[95% CI] 
Sensitivity Specificity 

I. Bodén, 

2013 (192) 

NIR-SI 

spectroscopy 

(Bruker Matrix 

F spectrometer) 

10 2 2 36 0.83 0.95 
⨁⨁◯◯                                                                                       

Low 

⨁⨁◯◯                                                                                       

Low 

NIR-SI spectroscopy is 

a promising tool for 

non-invasive diagnosis 

of suspect melanoma 

L. Lim, 

2014 (128) 

MSD 

(RS, DOS, and 

LIFS) 

12 0 0 17 1.00 1.00 
⨁◯◯◯                                                                                                     

Very low 

⨁◯◯◯                                                                                                     

Very low 

potential for MSD as a 

clinical diagnostic 

device 

E. 

Dimitrow, 

2009 (93) 

MPM 

(DermaInspect) 
19.5 6.5 5.4 21.6 

0.75 

[0.57; 0.93] 

0.80 

[0.67; 0.93] 
⨁⨁◯◯                                                                                       

Low 

⨁⨁◯◯                                                                                       

Low 

potential applicability 

of multiphoton laser 

tomography in 

melanoma diagnosis 
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8.2.5 Quality assessment 

Risk of Bias assessment 

The results of the risk of bias assessment and concerns regarding the applicability of each 

individual study are provided in Table S4 of the Supplementary material to our published 

article. The proportion of studies evaluated for risk of bias and applicability concerns 

across the four QUADAS-2 domains is shown in Figure 24. Overall, most studies were 

judged to be at low risk across all four domains; the highest proportions of high-risk 

judgments appeared in patient selection (12%) and flow/timing (6%). In both bias and 

applicability domains, the principal driver of higher-risk or unclear ratings was 

incomplete reporting of key population characteristics and variability in how the index 

tests and reference standards were applied. 

GRADE assessment 

Table 5 presents the level of evidence for sensitivity and specificity of the optical methods 

included in the meta-analysis, while Table 6 provides this information for the three 

imaging methods analyzed only in the systematic review. A detailed GRADE assessment 

for each optical imaging technique is available in the Summary of Findings tables (see 

the Supplementary material of our article Table S5-15). 

 

Figure 24. Risk of bias assessment using the QUADAS-2 tool (43)  
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Publication bias and heterogeneity 

Funnel plots indicating the possibility of publication bias can be found in the 

Supplementary material of the article (see Figures S29-S46). Visual assessment of the 

funnel plots implied asymmetry and potential publication bias for both sensitivity and 

specificity of most of the optical methods, except for OCT and MSI+AI.  

The detailed heterogeneity data are presented in Figures 9-23, and Figures S1-S12 in the 

Supplementary material published online. The meta-analyses showed considerable 

statistical heterogeneity (i.e., I²>75%),  except for the sensitivity of RCM (I2=59%, 

substantial statistical heterogeneity), OCT (I2=43%, moderate statistical heterogeneity), 

and DF (I2=0%, no important statistical heterogeneity); also except for the DOR of OCT 

(I2=65%, substantial statistical heterogeneity), RCM (I2=59%, substantial statistical 

heterogeneity), MSI (I2=70%, substantial statistical heterogeneity), and DF (I2=53%, 

substantial statistical heterogeneity). The P values related to I2 were mostly p<0.01. 
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9 DISCUSSION 

9.1  Summary of findings, international comparisons (including all studies) 

The NCCN (195) and EADO (European Association of Dermato-Oncology) (196) 

provide comprehensive guidelines for the diagnosis and management of melanoma, 

emphasizing the importance of a thorough dermoscopic examination for initial screening. 

Our meta-analysis showed that DSC offers balanced diagnostic accuracy, with nearly 

identical sensitivity and specificity, and an intermediate diagnostic odds ratio, making it 

a reliable and widely accessible option for early melanoma detection. The moderate level 

of evidence in the GRADE assessment further supports the technique's reliability. 

Consequently, DSC continues to be a leading method for melanoma screening. However, 

achieving proficiency in DSC and enhancing its diagnostic accuracy requires substantial 

specialization and experience. This highlights the need for more objective and 

standardized second-step diagnostic tools, which could be provided by emerging optical 

methods. The findings from the meta-analysis can strengthen our hypothesis that 

advances in optical imaging and artificial intelligence have the potential to improve 

melanoma diagnostics. The accuracy of a diagnostic test is primarily influenced by its 

sensitivity, with RCM and DSC+AI demonstrating the highest sensitivity values in our 

study. Additionally, RCM and DSC+AI exhibited the highest NPV, making them the most 

effective at excluding melanoma. RCM also showed strong diagnostic odds ratio and the 

highest level of evidence for sensitivity, indicating reliable detection of true positive 

cases. Based on our findings, RCM appears to be the optimal choice for second-step 

evaluation following DSC screening. It is not only the most sensitive method for 

diagnosing melanoma that is difficult to assess with DSC, but also the most effective in 

minimizing the number of benign lesions excised (197). The integration of AI in 

dermatology is an emerging field that shows great potential for positive outcomes. Our 

meta-analysis suggests that the integration of AI with DSC significantly improves the 

diagnostic performance of melanoma detection. This correlates with the findings of 

Salinas et al. (198) that the diagnostic performance of AI algorithms was better than non-

expert dermatologists and comparable to expert dermatologists using only DSC in their 

clinical practice. In our opinion, DSC+AI is currently best suited for confirming 

melanoma diagnosis, but in the future, it may surpass standalone DSC in screening as 
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well. Our analysis revealed similar findings when combining AI with other optical 

imaging modalities, such as MSI. MSI+AI demonstrated significantly higher sensitivity, 

specificity, and diagnostic odds ratio values compared to MSI alone. Additionally, 

MSI+AI achieved the highest NPV, indicating its reliability in excluding melanoma. On 

the other hand, DF, despite its high sensitivity, exhibited the lowest specificity, with a 

very low odds ratio and evidence levels, suggesting limited diagnostic reliability. 

Although OCT displayed the highest DOR of all the modalities evaluated, its sensitivity 

was only moderate, and the supporting evidence was also low. TeleDSC, while useful for 

remote diagnostics, showed lower DOR and overall performance compared to most in-

person techniques in our meta-analysis. Although PPVs were generally lower than NPVs, 

OCT and TeleDSC achieved the highest PPV results, suggesting that these methods are 

more likely to confirm a melanoma diagnosis. RS demonstrated comparatively low 

performance, with sensitivity, specificity, and DOR results all below those of the other 

methods, accompanied by very low evidence levels, indicating poorer diagnostic power. 

While MSD showed 100% sensitivity and specificity, the very low level of evidence 

suggests that further validation is needed to interpret these results accurately. NIR-SI 

spectroscopy and MPM demonstrated decent sensitivity and specificity, indicating their 

potential in specific clinical scenarios, but further research and validation are required to 

confirm their clinical utility. Although these new optical methods may provide higher-

resolution imaging that improves the diagnosis of melanoma, these devices are often 

expensive and are only available in specialized centers, restricting access to screening. In 

addition, the interpretation of images requires a high level of expertise, further limiting 

their use in routine clinical practice (199). Despite their potential, DSC remains the gold 

standard for screening pigmented lesions due to its accessibility, cost-effectiveness, and 

proven diagnostic accuracy (200).  

Breslow thickness is a key predictor of survival in patients with localized melanoma and 

helps define the staging and the optimal therapy for patients (201). Our findings revealed 

that OG-HFUS was superior compared to MSI, demonstrating higher sensitivity, 

specificity, and overall agreement in predicting Breslow thickness. OG-HFUS 

demonstrated excellent sensitivity (91.8%) and accurately identified both thin and thick 

melanomas. This could reduce the risk of underestimating tumor thickness, which could 

lead to inadequate surgical margins and recurrence. In contrast, MSI showed lower 
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sensitivity (62.6%), increasing the likelihood of false negatives, which could result in 

undertreatment. OG-HFUS also excelled in specificity (96.0%), indicating a low rate of 

false positives and effectively distinguishing melanomas from other pigmented lesions, 

thus reducing unnecessary excisions. MSI, with lower specificity (81.3%) and moderate 

agreement (κ = 0.440), may lead to more false positives and unnecessary procedures, 

increasing healthcare costs. The observed difference in specificity compared to our 

previous study with MSI (sensitivity 78%, specificity 89%) (202) may stem from 

variations in the study cohort, but future algorithm improvements could enhance MSI's 

performance. When comparing the results of our study with those of Kaikaris et al. (203), 

notable differences and outcomes are observed. Kaikaris’ study, conducted between 

January 2004 and October 2008, utilized a linear 14 MHz frequency ultrasound sensor to 

measure melanoma depth in 100 patients diagnosed with stage I-II cutaneous melanoma. 

Their findings showed varying mean differences, with a larger discrepancy (60 μm) in 

tumors matching pathological stages I and II. A stronger correlation (r: 0.869) was found 

in melanomas >2 mm, while thinner melanomas (1-2 mm) showed a weaker correlation 

(r: 0.283). In contrast, Botar et al. (204) (September 2011 - January 2015) used 40 MHz 

sonography and strain elastography on 42 melanoma lesions, showing a minimal variance 

in Breslow depth and ultrasound thickness measurement (mean difference-0.05 mm). A 

strong correlation was found between elastographic features and strain ratios (p<0.002). 

In Reginelli’s study (205), they used ultrasounds with HFUS probes (50-70 MHz) to 

assess thickness in 14 lesions characterized by distinct dermoscopic features suggestive 

of nodular melanoma. Their results showed consistent agreement between ultrasound and 

pathologic thickness in all cases, with positive correlations for both satellite and in-transit 

lesions as well. Oranges et al. (206) examined 27 melanomas before surgical removal 

using a 70 MHz HFUS probe in 2014. Their study, which involved two skilled and blinded 

operators making repeated measurements, found low bias and high correlation between 

ultrasound and Breslow thickness values, confirming the consistency of ultrasound in 

preoperative melanoma evaluation. Comparing our results with previous studies 

underscores the reliability of OG-HFUS, while also highlighting the potential for further 

improvements in MSI’s performance. Overall, OG-HFUS shows great promise as a 

preoperative tool in melanoma diagnosis and management, warranting further 

investigation in broader clinical settings.  



 50 

9.2 Strengths (including all studies) 

The key strengths for both of our studies are the clinical relevance and innovation. A 

meta-analysis and a prospective clinical research both provide an extensive and powerful 

investigation into novel, non-invasive optical imaging techniques, which are not yet 

widely implemented in melanoma diagnostics. To the best of our knowledge, this is the 

first systematic review and meta-analysis to provide a comprehensive analysis of all non-

invasive optical imaging techniques for the diagnosis of melanoma. The first study 

presents real-world, prospective clinical data using two unique prototype devices, 

offering new insights into preoperative Breslow thickness estimation. We employed 

standardized data acquisition protocols, clinically relevant reference standards 

(histology), and blinded evaluations to enhance the internal validity and reduce the risk 

of bias. Throughout our meta-analysis, we strictly followed the pre-registered 

PROSPERO protocol to ensure transparency, and a rigorous methodology was applied to 

achieve a high quality of evidence. Both univariate and multivariate analyses were 

performed to ensure objectivity in the statistical evaluation. Furthermore, the meta-

analysis offers a comprehensive and quantitative summary of diagnostic performance 

metrics (e.g., sensitivity, specificity, PPV, NPV, DOR, etc.) for multiple emerging 

technologies, strengthening the evidence for their clinical utility. Another strength across 

both studies is the robust sample size. In our prospective study, we collected data from a 

substantial number of patients and lesions, and in our meta-analysis, we included a large, 

pooled dataset from multiple studies, enhancing the generalizability of our findings. In 

conclusion, the main strengths of our studies highlight the potential of novel optical 

imaging techniques to improve melanoma diagnostics and support future clinical 

research, integration and validation of the diagnostic tools. 
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9.3 Limitations (including all studies) 

In the prospective clinical study, one key limitation lies in the single-center design, which 

may affect the generalizability of our findings. Additionally, although histological 

Breslow thickness was used as the reference standard, interobserver variability in HFUS 

and MSI image interpretation and operator dependence of the devices may have 

influenced measurement precision. While the prototypes are unique and innovative, we 

might face limitations regarding reproducibility and external validation in broader clinical 

settings. Also, the study focused on primary melanomas only, and the performance of 

OG-HFUS and MSI in evaluating metastatic lesions has yet to be explored.  In the meta-

analysis, significant methodological heterogeneity - variability in study design, testing 

strategy, diagnostic thresholds, and imaging device settings - restricted the systematic 

comparison of all diagnostic techniques, which may affect the consistency and reliability 

of our results. Differences in sample sizes, patients and pigmented lesions, geographical 

or institutional practices also increased heterogeneity, which may affect the pooled 

diagnostic accuracy estimates. The presence of high risk of bias in some of the domains, 

the low levels of evidence for certain optical techniques, and potential publication bias 

for both sensitivity and specificity results are also important limitations. Collectively, our 

two studies illustrate that while optical imaging methods can achieve high diagnostic 

accuracy in controlled research settings, the identified limitations underscore the need for 

standardized imaging protocols, multicenter prospective validation studies, and further 

assessment of the clinical integration, feasibility, and cost-effectiveness of these 

techniques.  
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10 CONCLUSION 

1) Using shape descriptors and spectral intensity features, we developed a novel MSI-

based melanoma classification algorithm. 

2) We were the first to employ MSI for melanoma thickness assessment and to classify 

melanomas into clinically relevant subgroups. 

3) In our comparative analysis, OG-HFUS significantly outperformed MSI in the 

preoperative estimation of Breslow thickness. OG-HFUS yielded lower MSE and 

higher sensitivity, specificity, PPV, NPV, and Cohen’s kappa compared to MSI. 

4) OG-HFUS maintained particularly strong accuracy in the Breslow <1 mm subgroup 

and was least precise in the Breslow between 1-2 mm category. 

5) The benefits of MSI and OG-HFUS are that they are handheld, user-friendly, and 

cost-effective tools for non-invasively estimating Breslow depth, and the 

measurements can be completed within minutes. 

6) Accurate preoperative prediction of Breslow thickness defines the required surgical 

safety margin, determines the need for concurrent SLNB and the selection of further 

imaging studies to expedite treatment. 

7) To the best of our knowledge, our systematic review and meta-analysis was the first 

to provide a comprehensive analysis of all non-invasive optical imaging techniques 

for melanoma diagnosis. 

8) RCM and DSC+AI achieved the highest sensitivity and the highest level of 

evidence for sensitivity, indicating their consistency as diagnostic tools. They also 

demonstrated the highest NPV values, indicating that these modalities became the 

most effective in excluding melanoma. 

9) The reliability and wide availability of DSC still make it the leading optical method 

for melanoma screening. 

10) RCM and DSC+AI may both be utilized as second-step evaluation methods of 

pigmented lesions initially suspicious under DSC. 

11) Incorporating multimodal imaging techniques after initial DSC screening could 

potentially maximize diagnostic accuracy. 

12) This could mean that the introduction of more precise and reliable techniques as 

second-step evaluation methods can lead to earlier detection of melanoma, 

accelerate therapy, and improve the survival rates of melanoma patients.  
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11 IMPLEMENTATION FOR PRACTICE 

Implementing scientific findings into practical recommendations is crucial (220, 221). 

Medical practitioners and dermatologists should focus on training and skill development 

in DSC to improve diagnostic accuracy in melanoma screening. In larger dermatological 

centers, clinicians should also consider integrating multimodal imaging techniques into 

routine clinical practice after screening with DSC. This approach may provide a more 

comprehensive evaluation of suspicious pigmented lesions, potentially yielding more 

precise diagnoses. Adopting more advanced and reliable methods as second-step 

evaluation, melanoma can be detected earlier, treatment can begin sooner, and patient 

survival rates may improve. Novel optical imaging tools can also aid in therapy planning 

after melanoma diagnosis. Based on our results, OG-HFUS could be a reliable, rapid and 

user-friendly tool in clinical practice to distinguish melanoma depth. Accurate 

preoperative prediction of Breslow thickness could define the optimal excision margin 

for the primary melanoma, the need for coincident SLNB, and further imaging 

procedures. Especially in areas where cosmetic or functional preservation is critical (e.g., 

face, neck), precise thickness measurements can minimize the need for re-excisions 

without over-resecting healthy tissue, and surgeons can counsel patients more confidently 

about expected scar size and functional outcomes. After removing the primary melanoma, 

the histopathological Breslow measurement determines the need for SLNB. Therefore, if 

we could know the tumor depth in advance, we could decide whether to perform the 

SLNB at the same time as primary tumor removal. Thereby reducing the patient’s surgical 

burden and ensuring that nodal status is determined at the outset, which would improve 

staging. By staging the melanoma earlier, we can more promptly determine which 

imaging procedures are needed for follow-up and what therapeutic options will be 

available going forward with the patient. In summary, by maintaining a strong emphasis 

on implementing innovative multimodal imaging techniques into dermatological practice, 

healthcare providers could improve early detection and outcomes for patients with 

melanoma. 
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12 IMPLEMENTATION FOR RESEARCH 

Methodology issues 

Although both studies employed rigorous methodological frameworks, we encountered 

some issues. In our first project, while both modalities showed promising diagnostic 

performance, several methodological variables (such as subgroup size, lesion size, 

anatomical site, and imaging conditions) acted as potential confounders. During the 

analysis of the articles included in the meta-analysis, heterogeneity in the study designs 

(e.g., retrospective analysis, prospective clinical trials) and variations in testing strategies 

(e.g., selection of the patients, reference standard test) limited the systematic comparison 

of the diagnostic techniques. 

Study design 

Considering the previously mentioned issues, it is advisable to prioritize the evaluation 

of novel imaging modalities through large-scale, multicenter prospective studies using 

standardized imaging protocols and histology-based reference standards. A well-

organized, multicenter study could overcome current limitations by enhancing the 

generalizability and external validity of findings, thereby providing diagnostic 

performance metrics that more accurately reflect real-world clinical variability. 

New aspects 

Based on our meta-analysis, future research should focus on developing robust artificial 

intelligence models trained on diverse optical image datasets and validating their 

diagnostic performance. In this context, the imaging datasets collected in our first study 

may serve as a training pool for machine learning algorithms for further improvements, 

both for melanoma diagnosis and estimation of Breslow thickness (222). The results 

advocate for larger, multicenter prospective validation trials and the development of 

robust, standardized study designs, particularly those evaluating DSC+AI and RCM in 

real-world clinical workflows. The studies highlight the need for future research to 

address feasibility, patient acceptability, workflow integration, and cost-effectiveness of 

multimodal and AI-supported imaging. These aspects are critical for the successful 

translation of advanced optical technologies into routine clinical practice.  
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13 IMPLEMENTATION FOR POLICYMAKERS 

Recent advancements in melanoma diagnostics offer a crucial chance for health 

policymakers to enhance early detection and the diagnostic process. While technological 

innovation is primarily driven by researchers and developers, it is the responsibility of 

policymakers to facilitate the integration of these tools into routine clinical workflows 

with appropriate infrastructure. Due to the increasing incidence of melanoma worldwide 

and the high prognostic value of precise Breslow thickness assessment, novel diagnostic 

strategies should be prioritized at multiple levels of prevention. For primary prevention, 

public health initiatives should organise educational programs that raise awareness of 

melanoma risk, self-examination, and the importance of early professional evaluation. As 

a form of secondary prevention, policymakers should focus on supporting the widespread 

implementation and access to validated imaging tools, especially in high-risk populations. 

Policymakers should invest in training programs and infrastructure that support emerging 

diagnostic technologies in dermatology and oncology centers. Furthermore, ensuring 

access to these novel technologies in regional settings as well, not just academic centers, 

is essential to maximizing public health impact. While familiarizing clinicians with the 

emerging capabilities, they also should promote further research on multimodal and AI-

enhanced systems to continuously improve diagnostic accuracy. Regarding tertiary 

prevention, the healthcare system should guarantee that early diagnosis via advanced 

imaging results in prompt interventions and optimized care pathways. This includes 

integrating evidence from diagnostic performance studies into guideline updates and 

nationally applied melanoma care protocols. In conclusion, by maintaining a strong 

emphasis on multimodal and personalized imaging, healthcare providers could improve 

early detection and reduce morbidity and mortality related to melanoma. 
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14 FUTURE PERSPECTIVES 

Building on the findings of this thesis, future work will focus on further developing and 

validating non-invasive optical imaging technologies to improve early melanoma 

detection. As I have recently started my dermatology residency in Debrecen, we are 

planning to acquire an OG-HFUS device at the Department of Dermatology, University 

of Debrecen. This will enable the continuation of data collection and imaging 

measurements at a new clinical site. The expansion of the study also opens the possibility 

for a multicenter melanoma cohort investigation, which could enhance the 

generalizability of our findings and support the development of standardized protocols 

for non-invasive melanoma diagnostics. 

The integration of artificial intelligence into diagnostic workflows remains a critical area 

of interest. We plan to focus on training and validating machine learning models using 

real-world clinical datasets. We also plan to further explore the integration of artificial 

intelligence with non-invasive imaging modalities, including multispectral imaging and 

dermoscopy, to improve diagnostic accuracy. Our long-term goal is to identify the most 

effective multimodal imaging approach for routine dermatologic practice. 

We plan to regularly reproduce the meta-analysis, following the current concept, as this 

area is intensively researched, and a significant number of new publications are 

anticipated each year. We expect our publications to promote more uniform prospective 

diagnostic accuracy studies that utilize standardized imaging protocols. These changes 

could enhance the inclusion and synthesis of publications while reducing limitations due 

to expected lower heterogeneity. 

Ultimately, these future directions seek to advance personalized, precise, and minimally 

invasive oncodermatology.  
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