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Abstract: The global incidence of cutaneous squamous cell carcinoma (cSCC), a prevalent and
aggressive skin cancer, has risen significantly, posing a substantial public health challenge. This
study investigates the tumor microenvironment (TME) of cSCC by focusing on the spatial
distribution patterns of immune and vascular markers (CD31, CD20, CD4, and CD8) using fractal
dimension (FD) analysis. Our analysis encompassed 141 cases, including 100 invasive ¢SCC and 41
specimens with pre-invasive lesions exclusively, and the rest being peripheral pre-invasive lesions
from the invasive cSCC class. The FD values for each marker were computed and compared
between pre-invasive and invasive lesion classes. The results revealed significant differences in FD
values between the two classes for CD20 and CD31 markers, suggesting distinct alterations in B cell
distribution and angiogenic activity during cSCC progression. However, CD4 and CD8 markers did
not exhibit significant changes individually. Still, the CD4/CD8 ratio showed a significant difference,
indicating a potential shift in the immune landscape as lesions progress from pre-invasive to
invasive stages. These findings underscore the complexity and heterogeneity of the TME in ¢SCC
and highlight the potential of FD analysis as a quantitative tool for characterizing tumor
progression. Further research is needed to elucidate the implications of these differences in the
clinical management of cSCC.

Keywords: fractal dimension; cutaneous squamous cell carcinoma; digital image analysis; tumor
microenvironment; angiogenesis; immune cells.

1. Introduction

The incidence rate of cutaneous squamous cell carcinoma (cSCC), a malignant epithelial tumor
originating from keratinocytes [1], has increased globally by approximately 36% between 1990 and
2019 [2]. This alarming rise in ¢SCC, the second most common type of skin cancer, represents a
significant public health concern, with over 2.4 million new cases and more than 356,000 deaths
attributed to it worldwide annually [2,3].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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c¢SCC progresses through distinct stages, beginning with abnormal cell growth (dysplasia), as
observed in actinic keratosis. It then develops into a pre-cancerous stage confined to the epidermis
(carcinoma in situ or Bowen’s disease), before ultimately transforming into invasive cancer that
penetrates through the basement membrane into the dermis or deeper tissues [1].

The most common sites of cSCC development are sun-exposed areas, predominantly the head
and neck, with the ears, lips, scalp, and face being the most frequently affected sites [1,4]. However,
c¢SCC can also develop on the trunk and lower extremities, with the legs being a frequent site in
women [4,5]. Risk factors associated with ¢SCC development, in addition to chronic sun exposure,
include advanced age, with an increased incidence observed in individuals over 50 years, peaking
over 70 [2]. Furthermore, immunosuppression, fair-skin, chronic irritation, trauma (e.g., burn scars,
chronic ulcers), and radiation exposure also contribute to an elevated risk of ¢SCC [1].

Histologically, cSCC is characterized by pleomorphic polygonal cells, exhibiting a degree of
differentiation dependent on tumor grade [1]. These cells adhere together, forming nests or islands
surrounded by tumor stroma, and may demonstrate variable keratin production [1]. The tumor
stroma is a complex environment surrounding and interacting with the tumor cells [6]. It contains
various cellular components, including immune cells [7,8] and cancer-associated fibroblasts [9], and
extracellular matrix components such as collagen [10] and blood vessels [11]. This composition of the
tumor stroma can influence tumor progression, invasion and metastasis [12].

Immune cells play a critical role in the tumor microenvironment (TME) [13]. CD8+ cytotoxic T
cells can directly kill tumor cells, and their presence is associated with a better prognosis [14,15].
Tregs (CD4+ regulatory T cells), on the other hand, suppress the immune response [16] and their
abundance is linked to poorer outcomes. The ratio of these two cell types within the TME can vary
depending on factors like tumor stage and genetics [7]. Blood vessels are another vital component of
the TME, supplying nutrients and oxygen to the tumor. Compared to basal cell carcinoma (BCC), in
which the blood vessels are arranged at the periphery, ¢SCC lesions show a bigger vessel density
with two vascular pedicles [17] indicating a possible involvement in the more aggressive tumor
behavior.

Many natural objects have complex structures that stay complex across magnifications, and
patterns repeat at different scales. This makes traditional measurements tricky, so fractal geometry
can be used instead [18]. Fractal dimension measures how much space an object fills and can be
estimated using image analysis [18]. It has been a helpful tool in biology for analyzing DNA, tumors,
and understanding growth processes [18].

Benoit Mandelbrot, the visionary behind fractals, introduced fractal dimension, a tool to
quantify the intricate patterns found in nature’s seemingly irregular forms. From aiding in the
diagnosis of tumors [19] and the analysis of brain scans [20] to providing insights into the intricacies
of the circulatory system, the application of fractal dimension has emerged as a potent instrument in
the ongoing exploration and comprehension of the human body’s complexities [21].

In the realm of dermatology, fractal analysis has proven to be a valuable tool for characterizing
various aspects of skin lesions. Notably, it has been employed to evaluate the extent of field
cancerization activity [22], a critical factor in understanding the progression of skin cancers.
Additionally, fractal analysis has aided in the investigation of melanoma and other pigmented lesions
[23,24]. This has involved the analysis of both histopathological slides and dermatoscopic images
[25], providing insights into the structural complexities of these lesions. Furthermore, researchers
have utilized fractal dimensions to examine the vascularity of melanomas and their micrometastases
[26], potentially contributing to the development of improved diagnostic and prognostic tools.

Our investigation centers on the TME of cutaneous squamous cell carcinoma (cSCC), with
particular attention directed towards the spatial arrangement of CD20, CD31, CD4, and CD8 markers.
By employing fractal dimension analysis, we seek to provide a quantitative characterization of the
distributional patterns of these markers, stratified into two distinct categories (classes): pre-invasive
and invasive lesions.

2. Materials and Methods
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2.1. Material

The present research encompassed a total sample of 141 cases, comprising 100 consecutive cases
of invasive cutaneous squamous cell carcinoma and an additional 41 cases characterized exclusively
by the presence of pre-invasive lesions. In order to achieve a total number of 100 pre-invasive lesions
analyzed, the sample was supplemented with pre-invasive lesions identified at the periphery within
the class of 100 cSCC cases. Ethical approval for this research was obtained from the Research Ethics
Committee of the Emergency Clinical County Hospital, Cluj-Napoca, Romania (Approval No.
38789/13.09.2021) and the University of Medicine and Pharmacy “luliu Hatieganu” Cluj-Napoca
(AVZ2/8.11.2021). In this study, lesions confined to the epidermis were classified as pre- invasive,
while those infiltrating underlying structures were considered invasive.

Following standard histological processing and Hematoxylin-eosin (H&E) staining, additional
sections were prepared from paraffin-embedded tissue blocks for immunohistochemical (IHC)
analysis. IHC staining was performed using the BOND-MAX Fully Automated IHC and ISH Staining
System (LEICA). The following antibodies and epitope retrieval solutions were utilized:

e (CD4: Clone 4B12, mouse, ready-to-use (RTU), Leica. Antigen retrieval was achieved using Bond
ER2 solution at an alkaline pH for 20 minutes.

e CD8: Clone 4B11, mouse, RTU, Leica. Antigen retrieval was conducted using Bond ER?2 solution
at an alkaline pH for 30 minutes.

e (CD20: Clone L26, mouse, RTU, Leica. Antigen retrieval was performed using Bond ER1 solution
at an alkaline pH for 20 minutes.

e CD31: Clone 1A10, mouse, RTU, Leica. Antigen retrieval was accomplished using Bond ER2
solution at an alkaline pH for 10 minutes.

The BOND-PRIME Polymer DAB Detection System kit was employed for signal detection,
incorporating peroxide block, post-primary, polymer reagent, DAB chromogen, and hematoxylin
counterstain. The staining protocol included a 5-minute peroxide block, followed by three washes,
15 minutes of primary antibody incubation, three washes, 8 minutes of post-primary incubation,
three washes, 8 minutes of polymer incubation, two washes, and a distilled water wash.
Subsequently, slides were immersed in DAB Refine for 5 minutes (repeated twice), washed three
times with distilled water, and counterstained with hematoxylin for 5 minutes. Finally, all slides
(H&E and IHC) were digitally scanned using a Pannoramic SCAN 1I slide scanner (3DHISTECH,
Budapest, Hungary) equipped with a 40x objective. Figure 1 shows the control stains for each
antibody used on a sample of lingual tonsil tissue.

Figure 1. Internal stain control for CD31 (A), CD20 (B), CD 4 (C), and CD8 (D) was performed on a
sample of lingual tonsil tissue.

2.2. Image Selection

Trained dermatopathologists selected and cropped five images for each case. Hematoxylin and
eosin (H&E) staining was used as the reference standard to identify and outline squamous cell
carcinoma (SCC) and pre-invasive lesions. The other immunohistochemical stainings (CD31, CD20,
CD4, and CD8) were manually aligned to match the corresponding H&E images. Figure 2 shows a
sample of images from both pre-invasive and invasive classes. The images were cropped to a
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resolution of 1024x1024 pixels, captured at a magnification equivalent to a 20x objective, with a spatial
resolution of 5 microns per pixel.

Figure 2. Dataset sample: pre-invasive CD31 (A), CD20 (B), CD 4 (C) and CDS8 (D), and invasive CD31
(E), CD20 (F), CD 4 (G) and CDS8 (H).

2.3. Algorithm

The images underwent preprocessing to correct variations in staining, as the staining process
could not be performed simultaneously due to the large number of slides. To standardize the
stainings, a color transfer method was applied. For each staining type, an image with a well-balanced
color distribution was empirically selected as the reference (target). All other images of the same
staining type were adjusted to match the color profile of this target image. This normalization was
performed in the LAB color space using an algorithm proposed by Reinhard et al. [27], which adjusts
the mean and standard deviation of each color channel to align with those of the target image. While
a hardware-based marker could have provided more consistent results [28], this was not feasible at
the current stage.

Next, each immunohistochemical stained image was segmented into three distinct masks using
a channel-splitting algorithm suggested by Reyes-Aldasoro C.C. [29,30]. The first masks represent
stained structures (cytoplasm and membrane) with the specific antibody, the second represents
unstained basophilic structures, and the third captures the background. Figure 3 shows examples of
these segmented masks for both pre-invasive and invasive lesions.

Following segmentation, a box-counting algorithm was employed to estimate the fractal
dimension of each mask, quantifying its complexity by analyzing how detail in the pattern changes
with scale. The algorithm involves covering the object with grids of boxes (squares) of varying sizes,
in powers of 2, and counting how many of these boxes contain part of the object. The fractal
dimension is estimated by plotting the logarithm of the number of occupied boxes against the
logarithm of the inverse box size and calculating the slope of the resulting line. The exact
implementation of this algorithm is described in a previous paper [31]. For other applications, we
proposed a faster box-counting method based on integral images [32], but this was not necessary here
due to the relatively small number of images.
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Figure 3. IHC channel split. First column - IHC image, second column - marked structures, third
column unmarked structures, fourth column - background. Rows, from top to bottom: pre-invasive
CD31, CD20, CD4, CD8, and invasive CD31, CD20, CD4, CD8.

For each of the four immunohistochemical stained images, of each case, we computed three
fractal dimension component values: one for the marked structures, one for the unmarked structures,
and one for the remaining background.

We compared the mean FD values of each component between the classes. More than that, we
compared different component ratios between the classes, like CD4/CD8 and (CD4+CD8)/CD20.

2.4. Statistical Assessment

All fractal dimension (FD) values were logged, and for each staining and component, values
between the first and third quartiles were retained, resulting in a sample of 50 for each component,
staining, and class. Data normality within each class was evaluated using the Shapiro-Wilk, and
Kolmogorov-Smirnov tests. Since all variables followed a normal distribution, comparisons between
different values were made using the parametric Student’s t-test. A p-value <0.05 was considered
significant.
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3. Results

The results, presented as the mean + standard deviation (SD) of the computed FD for the marked
structures for each of the four stainings and each class, are shown in Table 1. Similarly, the results for
the unmarked structures are shown in Table 2, while the background results are presented in Table
3. Visual representations of these values are presented as box-plots in Figures 4-6.

Table 1. FD on the marked structures. Mean and SD of the computed FD.

CD31 CD20 CD4 CDs8
Pre-invasive 1.645 + 0.024 1.321 +£0.104 1.623 + 0.041 1.530 + 0.041
Invasive 1.661 + 0.035 1.220 £ 0.102 1.610 + 0.046 1.527 +0.053
p, t-test 0.010 <0.001 0.133 0.738

Table 2. FD on the unmarked structrures. Mean and SD of the computed FD.his is a table.

CD31 CD20 CD4 CDs8
Pre-invasive 1.827 +0.019 1.827 +0.006 1.835 +0.020 1.774 +0.019
Invasive 1.876 +0.012 1.827 +0.009 1.875 +0.021 1.783 £ 0.014
p, t-test <0.001 0.619 <0.001 0.007

Table 3. FD on the background. Mean and SD of the computed FD.

CD31 CD20 CD4 CDs8
Pre-invasive 1.926 + 0.011 1.966 + 0.002 1.934 +0.015 1.967 + 0.004
Invasive 1.906 + 0.011 1.973 +0.001 1.922 +0.017 1.969 + 0.004

p, t-test <0.001 <0.001 <0.001 0.019
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Figure 4. FD on the marked structures. CD31 and CD20 show statistically different values, while CD4
and CD8 do not. P stands for pre-invasive, while I stands for invasive.
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Figure 5. FD on the unmarked structures. CD31, CD4, and CD8 show statistically different values,
while CD20 does not. P stands for pre-invasive, while I stands for invasive.
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Figure 6. FD on the background. All immunohistochemical staining exhibit statistical different FD
values. P stands for pre-invasive, while I stands for invasive.

The individual levels of CD4 and CD8 did not differ significantly between the two classes. However,
CD20 levels did show a significant difference. When we calculated the CD4/CDS8 ratio, we observed
a statistically significant difference between the classes, as shown in Table 4. A similar significant
difference was also found when analyzing the ratio of CD4+CD8 to CD20.

Table 4. FD on the marked structures. Mean and SD of the computed FD.

CD4/CD8 CD4+CD8 (CD4+CD8)/CD20
Pre-invasive 1.061 + 0.006 3.153 £ 0.082 2.397 +0.132
Invasive 1.055 +0.009 3.136 + 0.099 2.581+0.136
p, t-test 0.010 0.368 <0.001

4. Discussion

The present study employed an innovative approach to investigate the TME in ¢SCC by utilizing
FD analysis on several IHC stains (specifically CD31, CD20, CD4, and CDS8). The findings revealed
intriguing insights into the complexity and heterogeneity of the TME, particularly highlighting
differences between two important classes of tumors: pre-invasive and invasive ¢cSCC lesions.

Our previous research has concentrated on characterizing the TME across various tumor types.
Specifically, in the context of prostate adenocarcinoma, we investigated correlations between the
intratumoral interstitial fibrillary network and tumor architecture [33], as well as between the
intratumoral vascular network and tumor architecture [34]. We also explored the relationships
between the intratumoral interstitial fibrillary and vascular network [35]. This line of inquiry was
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further advanced by employing FD analysis to study the components of tumor architecture in
prostate adenocarcinoma [31]. In colorectal cancer research, we identified predictive markers for
primary tumors [36] and evaluated potential markers of colorectal cancer stem cells [37]. Moving
closer to cutaneous pathology, we demonstrated that nodular and micronodular subtypes of basal
cell carcinoma are distinct entities, based not only on their morphological architecture but also on
their TME [38]. Additionally, in the study of palate squamous cell carcinomas, we described the
distribution and expression of certain tumor invasiveness markers [39], providing a foundation for
our current work on squamous cell carcinoma at a different site. This body of previous research,
including direct studies on squamous cell carcinoma at varying sites, has laid the groundwork for
the findings presented in our current study.

CD31, also known as Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1) [40], is a protein
primarily expressed on the surface of endothelial cells [40], which line blood vessels, as well as on
platelets, certain leukocytes, and a subset of macrophages [41]. CD31 plays a critical role in several
physiological processes of the vascular and immune systems. Particularly, CD31 has numerous
functions in the formation and maintenance of the endothelial barrier [42], angiogenesis [43],
transmigration of leukocytes across the endothelial layer [44], and platelet activation and aggregation
[45]. Having all these functions one could suspect that, as part of the TME, the CD31 pattern evolves
with the tumors. This is also reinforced by our previous studies on other tumor types. The current
study shows that CD31 marking has significantly different FD values between pre-invasive and
invasive classes, with a lower value in the former, as seen in Table 1 and Figure 4. This indicates a
possible differentiation between the two classes and could lead to further investigations as the vessels
are subjected to being analyzed with non-invasive imaging techniques, and in turn this could bring
useful information in the clinical decision.

CD20 is a protein found on the surface of B cells, which are a type of white blood cell involved
in the immune system. The CD20 molecule plays a key role in B cell development, differentiation,
and activation [46]. It is not present on early B cells or plasma cells, but it is expressed on mature B
cells. B cells exhibiting CD20, are present in different diseases like leukemia, lymphoma [47], and
autoimmune diseases [48] and are used for targeted therapy, showing their role in the immune
intervention. The current study shows that CD20 marking has significantly different FD values
between pre-invasive invasive classes, with a lower value in the latest, as seen in Table 1 and Figure
4. This indicates a possible differention between the two classes and could lead to further
investigations.

CD4 is a glycoprotein expressed on the surface of certain immune cells, including T helper cells
[49], monocytes, macrophages [50], and dendritic cells [51]. CD4 is a co-receptor that plays a crucial
role in the immune system by aiding in the activation and coordination of the immune response [49].
Particularly, CD4 has numerous functions like orchestrating the immune response by helping to
activate other immune cells, including B cells (which produce antibodies) [49], cytotoxic T cells
(which kill infected cells) [52], and macrophages [50] (which engulf and destroy pathogens). It also
has a role in immune regulation, where CD4+ T cells are involved in regulating the immune response,
ensuring that it is appropriately robust to fight infections but also controlled to prevent excessive
inflammation or autoimmune reactions [49]. CD4+ T cells can play a role in both pro-inflammatory
and anti-inflammatory responses. The type of response depends on the specific subtype of CD4+ T
cell involved and the signals it receives [53]. When these CD4+ T cells recognize a foreign antigen
presented by other immune cells, they can initiate a variety of immune responses, including pro-
inflammatory ones [54]. The current study shows that CD4 marking has no significantly different FD
values between pre-invasive and invasive classes, as seen in Table 1 and Figure 4. This could indicate
that CD4 expressing cells are highly involved in both pre-invasive and invasive lesions.

CD8 is a glycoprotein found on the surface of certain immune cells, primarily cytotoxic T cells
(also known as CD8+ T cells) [55]. It serves as a co-receptor that is crucial in the immune system,
particularly in the identification and elimination of infected or cancerous cells [56]. CD8+ T cells have
the ability to directly kill cells that are infected with viruses or other intracellular pathogens, as well
as cells that are cancerous or otherwise abnormal [57]. They accomplish this by releasing cytotoxic
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molecules like perforin and granzymes, which induce apoptosis (programmed cell death) in the
target cell [57]. CD8+ T cells interact with MHC class I molecules, which are present on almost all
nucleated cells [57]. This interaction allows them to survey cells for signs of infection or
transformation. The current study shows that CD8 expression (as measured by FD values) does not
differ significantly between pre-invasive and invasive classes, as seen in Table 1 and Figure 4. Similar
with the CD4 expression, this could indicate that CD8 expressing cells are highly involved in both
pre-invasive and invasive lesions.

Following to Table 1 and Figure 4, we found that CD4 and CD8 do not exhibit significant changes
of the FD within the pre-invasive and invasive classes. However, when we compute the CD4 to CD8
ratio of the obtained FD-ratio shows a significant difference, as seen in Table 4. The invasive class has
alower overall FD ratio. Since the individual values of CD4 and CD8 showed no statistical difference,
we are forced to take in consideration both the influence of denominator and numerator without
being able to point out the one that changes.

Following a similar approach when aiming to see the T to B FD-ratio, we computed
(CD4+C8)/CD20, and found out that the FD-ratio is statistically different between the two classes, as
pointed out in Table 4. With CD20 itself showing statistically different values between classes, and
with the CD4+CD8 showing no statistical difference, it is unclear if the CD4+CD8 has a contribution
in this matter.

The analysis of FD values in unmarked structures—areas not stained for specific markers but
showing high basophilic staining—revealed significant differences between pre-invasive and
invasive ¢SCC in the CD31, CD4, and CD8 images. Invasive ¢cSCC showed higher FD values in
unmarked structures across all three markers, as illustrated in Table 2 and Figure 5. However, FD
values for unmarked structures in CD20 images did not differ between the two classes. The
underlying causes for these insignificant FD difference in the T line cells, as well as the significant
differences in unmarked structures, remain unclear. The phenomena are opposite in the B cell line.
This is particularly intriguing because it suggests a mirroring effect: when marked structures show
significant differences, the unmarked structures do not, and vice versa.

The background mask was created by excluding both marked and unmarked structures,
theoretically representing the stroma and non-cellular spaces. For the average FD, all components
showed statistically significant differences between the classes, as detailed in Table 3 and Figure 6.
Higher FD values were observed in the non-invasive class for CD31 and CD4, while CD8 and CD20
showed higher values in the invasive class. Given that at least one statistically significant difference
was found in the combination of marked and unmarked structures for all four stainings—CD31
showing differences in both—it is challenging to interpret these findings at this stage. However, this
observation may be useful for future studies aimed at identifying correlations.

The presence of CD4+ and CD8+ T cells is generally associated with anti-tumor immune
responses [58], and their increased complexity in invasive ¢cSCC could reflect an ongoing immune
response against the tumor or a more complex interplay between different T cell subsets. It should
be noted that in other studies, a decrease in T reg CD4+, also evaluated by digital image analysis, was
observed in invasive cSCC lesions compared to premalignant lesions [7]. On the other hand, the same
study [7] states that there is a progressive increase in CD8 T cells in ¢SCC carcinogenesis.

Furthermore, the analysis of FD values on background regions, representing areas not occupied
by cells, also showed significant differences between pre-invasive and invasive cSCC for all four IHC
markers. The decrease in FD values for CD31 observed in invasive ¢SCC suggests a reduction in
background complexity, potentially indicating alterations in the extracellular matrix or stromal
components surrounding the tumor cells (such as blood vessels). These changes in the background
could impact cell-cell interactions, signaling pathways, and overall TME dynamics, potentially
contributing to tumor progression and invasion [59].

While individual levels of CD4 and CD8 T-cells did not show significant differences between
pre-invasive and invasive classes, the ratio of CD4 to CD8 was significantly lower in the invasive
class. This suggests a potential shift in the balance of T-cell subsets during progression to invasive
disease. Additionally, CD20 levels were significantly different between classes, and the ratio of
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combined CD4 and CD8 T-cells to CD20 was also significantly lower in the invasive classes. This may
indicate alterations in the interplay between T-cells and B-cells (CD20+) in the TME as the disease
advances. These findings highlight the potential importance of T-cell and B-cell ratios as biomarkers
or therapeutic targets in cSCC.

So far, the literature about the use of fractal dimension in cutaneous squamous cell carcinoma is
limited. The only study that we found was using nuclear FD to describe and compare morphometric
aspects and expression of factors related to apoptosis and cell proliferation in actinic keratosis (AK),
in both photoexposed and photoprotected epidermis [22].

However, FD has been used in the study of the tumor stroma of oral squamous cell carcinoma
by assessing the nuclear FD of lymphocytes present in the stroma, showing that high nuclear FDs are
associated with an increased number of lymphocytes in the tumor stroma [60]. In our study, unlike
Bose et al.’s approach [60], which employed H&E staining, we opted for the enhanced specificity of
IHC markers to more precisely identify and quantify the lymphocytes within the tumor
microenvironment. Specifically, we utilized CD20 to identify B lymphocytes, CD4 for helper T
lymphocytes (TCD4+), and CD8 for cytotoxic T lymphocytes (TCD8+).In a separate investigation
pertaining to oral carcinomas, Goutzanis et al. [61] proposed that FD can serve as a dependable
indicator for assessing angiogenic activity within oral squamous cell carcinoma. In a distinct study
from Margaritescu et. al [62] shows that fractal analysis demonstrated a rise in lymphatic network
complexity as oral mucosal lesions progressed from normal to premalignant, offering supplementary
prognostic insights into oral malignancies.

In the context of non-melanoma skin cancer (NMSC), the fractal dimension (FD) has also been
utilized by Capasso et al. [63] to analyze the stroma of basal cell carcinoma (BCC) in patients with
kidney transplants. They employed WSIs with H&E and Trichrome staining. Their findings indicated
that the microenvironment of BCC in kidney transplant patients exhibited a higher density of
inflammatory cells in comparison to the control group [63]. Similar, in our research, using
immunohistochemical markers for B cells and T cells, we observed a tendency towards decreased
structural complexity and irregularities in invasive lesions when compared to pre-invasive ones.

It would be valuable to further investigate how these immune cell aggregates differ in
complexity between invasive cutaneous squamous cell carcinoma and premalignant lesions in
comparison to BCC. Additionally, examining the complexity of blood vessels in ¢SCC and BCC is
warranted, as previous research has shown that, unlike BCC, where blood vessels are located at the
periphery, cSCC lesions display a higher vessel density with two vascular pedicles [17], potentially
contributing to their more aggressive tumor behavior. Our current findings, which demonstrate
significantly different CD31 marking FD values between pre-invasive and invasive classes—with
lower values observed in the former—further emphasize the need for future investigations. These
studies should aim to establish a direct link between our observations regarding CD31 expression, a
marker of angiogenesis, and the more aggressive clinical behavior of ¢SCC in comparison to BCC.
Such a connection could offer a deeper understanding of the role of angiogenesis in cSCC progression
and potentially pave the way for the development of novel therapeutic strategies targeting tumor
vascularization. As we show in previous studies researching the vascular network architecture with
the help of FD have observed that the complexity of the vascular architecture tends to get lower in
poorly differentiated patterns of prostatic adenocarcinoma, having a more linear type arrangement
[31].

The current investigation possesses certain limitations that merit acknowledgment. Firstly, the
sample size is restricted and originates from a single center, necessitating expansion in subsequent
studies to augment statistical power and the generalizability of the results. Secondly, the manual
alignment of IHC images to the corresponding H&E images, although performed meticulously,
might introduce minor registration errors that could affect FD calculations. Last, but maybe the most
important, is that the invasive class lacks subclass stratification, as one would expect that there are
differences between poorly, moderated and high-grade subclasses. However, due to the sample size
this could not be resolved within this iteration.
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5. Conclusions

This study introduced a novel approach by applying FD analysis to IHC images to investigate
the tumor TME in cSCC. The results demonstrated significant differences in structural complexity
and heterogeneity between the two classes taken in consideration: pre-invasive and invasive lesions,
with notable changes observed in blood vessel distribution, immune cell infiltration, and overall
background complexity.

Specifically, the FD values of CD20 and CD31-marked structures differed significantly between
pre- invasive and invasive classes. Similarly, unmarked structures associated with CD31, CD4, and
CD8 showed statistically significant differences in FD values. Additionally, the background, which
was defined by excluding both marked and unmarked structures, revealed statistically significant
differences of the computed FD across all four IHC stainings.

These findings enhance our understanding of the dynamic nature of the TME in ¢SCC and could
potentially inform the development of new diagnostic and therapeutic strategies targeting the TME
to improve patient outcomes. Further research with larger sample sizes and more advanced image
analysis techniques is needed to explore the complex relationship between the TME and ¢SCC
progression.
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