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Abstract: Angiogenesis is acknowledged as a pivotal feature in the pathology of human cancer.
Despite the absence of universally accepted markers for gauging the comprehensive angiogenic
activity in prostate cancer (PCa) that could steer the formulation of focused anti-angiogenic treat-
ments, the scrutiny of diverse facets of tumoral blood vessel development may furnish significant
understanding of angiogenic processes. Malignant neoplasms, encompassing PCa, deploy a myriad
of strategies to secure an adequate blood supply. These modalities range from sprouting angiogenesis
and vasculogenesis to intussusceptive angiogenesis, vascular co-option, the formation of mosaic
vessels, vasculogenic mimicry, the conversion of cancer stem-like cells into tumor endothelial cells,
and vascular pruning. Here we provide a thorough review of these angiogenic mechanisms as they
relate to PCa, discuss their prospective relevance for predictive and prognostic evaluations, and
outline the prevailing obstacles in quantitatively evaluating neovascularization via histopathologi-
cal examinations.
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1. Introduction

Cancer research has undergone radical changes in recent years [1]. The challenge now
is not the volume of foundational and clinical data at our disposal, but rather the man-
agement and interpretation of this surfeit of information. In spite of these advancements,
prostate cancer (PCa) continues to pose a substantial global public health concern [2,3].
Cancers of the prostate, lung, and bronchus, as well as colorectal cancers, collectively
constitute nearly half of all new male cancer cases, with PCa alone responsible for 27%
of these diagnoses [4]. Critical to tumor expansion, advancement, and the metastatic
spread of cancer cells is the availability of blood supply. New blood vessels are essential
for delivering oxygen and nutrients to the expanding tumor mass and for eliminating
cellular waste products [5,6]. Angiogenesis, defined as the formation of new blood vessels
branching out from pre-existing vascular structures, is a complex dynamic process. It is
a natural physiological phenomenon observed in scenarios such as fetal development,
wound repair, and endometrial hyperplasia linked with the menstrual cycle [6–8]. Un-
der physiological conditions, angiogenesis is tightly regulated, being activated for brief
durations and subsequently completely suppressed. In certain non-malignant conditions,
such as lobular capillary hemangioma or keloid formation, angiogenesis is a transient
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event [9]. Nevertheless, various human diseases exhibit a sustained upregulation of an-
giogenesis [10,11]. However, in the context of tumors, once initiated, angiogenesis persists
indefatigably until either the entire tumor is eradicated or the host organism dies [7]. The
regulation of angiogenesis is achieved through a finely calibrated equilibrium of pro- and
anti-angiogenic factors [11]. These factors are secreted by an array of cells, including cancer
cells, endothelial cells (ECs), and stromal cells (SCs) [12,13]. The relative impact of these
factors is likely variable, dependent on the type and location of the tumor, as well as its
stages of growth, regression, and recurrence.

The concept of “Angiogenesis” can be traced back to the work of British surgeon
John Hunter (1728–1793) [14]. In his book “A Treatise on the Blood, Inflammation, and
Gun-shot Wounds”, released in 1794, Hunter outlined the formation of new blood vessels,
effectively prefiguring the contemporary understanding of angiogenesis. He noted en-
hanced vascularization not merely during the developmental stages of young animals but
also under pathological circumstances and in healing mechanisms [15,16]. Subsequently,
in 1826, Dutch anatomist and physiologist Jacobus Ludovicus Conradus Schroeder van
der Kolk (1797–1862) contributed further to this subject. In his report titled “Observa-
tiones Anatomico-Pathologici et Practici Argumenti”, Schroeder van der Kolk described
the presence of novel and anomalous vascular structures in both tumors and parasitic
diseases [17].

In a significant proportion of cancers, the vasculature exhibits abnormalities across
various dimensions of structure and function [18]. These aberrant tumor vessels can
limit the performance of immune cells within the tumor milieu and compromise the
transport and distribution of chemotherapeutic agents and oxygen. Resulting conditions
such as interstitial hypertension, hypoxia, and acidosis—each an outcome of distorted
vascular architecture and function—create an ecosystem conducive to tumor advancement
and metastatic spread [19]. Involved in these processes are key angiogenic modulators
including, but not limited to, the vascular endothelial growth factor (VEGF) family and
their receptors (VEGF-Rs), basic fibroblast growth factor (b-FGF), and the angiopoietin
family. These factors contribute to the development of hypoxic and acidic regions within
the tumor [20]. Contrary to the prevailing notion that the ECs composing the tumor
vasculature are genetically stable, the nature of this vasculature appears to be far more
unpredictable [21]. These specific conditions influence the production of pro- and anti-
angiogenic molecules, diminish the efficacy of therapeutic interventions, and facilitate
the selection of sub-populations of cancer cells that exhibit heightened aggressiveness
and metastatic capabilities. The role of angiogenesis in PCa continues to be a subject
of ongoing debate and investigation [13,22–24]. Angiogenesis has been identified as a
critical factor in both the development and propagation of PCa [25]. PCa cells are capable of
synthesizing an array of bioactive molecules such as matrix metalloproteinases (MMPs) [26],
VEGF, transforming growth factor β (TGF-β), and cyclooxygenase-2 (COX-2). Given
that overexpression of VEGF-A has been correlated with poor prognosis and metastatic
potential in PCa, the majority of clinical trials focused on anti-angiogenic interventions in
PCa have targeted VEGF-A specifically [27]. A randomized phase II clinical trial involving
bevacizumab, which included 99 hormone-sensitive PCa patients, demonstrated enhanced
relapse-free survival when bevacizumab was administered in conjunction with hormone
deprivation therapy [25]. Conversely, a randomized, double-blind, placebo-controlled
phase III study, encompassing 1050 patients suffering from PCa, indicated modest gains
in progression-free survival but no significant enhancement in overall survival (OS) for
metastatic, castration-resistant PCa when bevacizumab was used in combination with
docetaxel chemotherapy and prednisone hormonal therapy [28]. These findings imply that
bevacizumab may offer some clinical benefits, particularly in cases of hormone-sensitive
recurrent PCa. However, in hormone-resistant, refractory tumors—where traditional
therapeutic options often prove ineffective—incorporating bevacizumab into the treatment
regimen does not appear to yield any discernible clinical advantages.
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Despite the elevated expression of VEGF-A in advanced stages of PCa, therapeutic ap-
proaches aimed at inhibiting the VEGF-A pathway have not yielded substantial treatment
advantages [29]. Unlike many other types of solid tumors, PCa has also demonstrated
limited responsiveness to immune checkpoint inhibitors, including PD-L1 blockade. Re-
cent research by Wang et al. revealed that blocking the interaction between VEGF and
neuropilin-2 (NRP2) through antibody-mediated methods led to reduced PD-L1 expression
in PCa cells and triggered antitumor immune responses in mouse models [27]. Several
plausible rationales exist to explain the observed resistance to anti-angiogenic treatments in
PCa [30,31]. One such reason is the redundancy present within angiogenic pathways. When
one pathway is targeted for inhibition, compensatory mechanisms may activate alternative
pathways, thereby diminishing the effectiveness of the intervention. Another contributing
factor to treatment resistance is the molecular heterogeneity inherent to PCa. Presently,
there is an absence of reliable biomarkers capable of identifying patients who are most likely
to benefit from anti-angiogenic treatments, as well as those that could be utilized to evaluate
therapeutic responsiveness. The genetic composition related to the VEGF-A pathway, as
well as variations in VEGF-A or its associated receptors, are currently under consideration
as potential indicators for predicting therapeutic outcomes; however, these possibilities
have not yet been empirically validated. Moreover, elevated concentrations of VEGF-A
have been identified in the urine of PCa patients, suggesting its possible utility as a prog-
nostic marker for forecasting the course of hormone-refractory PCa and associated survival
rates [32,33]. Ongoing and future phase III trials are anticipated to delineate specific patient
subgroups that could derive benefit from anti-angiogenic interventions. In a recent study,
Jaraini et al. have illuminated how divergent biological processes in various cell types con-
tribute to angiogenesis. Their findings offer insights into the prospective utility of targeted
anti-angiogenic strategies. Specifically, the authors underscore the significance of genes
such as ACKR1, AQP1, and EGR1, which manifest strong patterns of cell type-dependent
overexpression. These genes may offer valuable diagnostic and prognostic markers in
the context of PCa [34]. Further comprehensive research has established the role of the
chemokine axis CXCL12-CXCR4 as a central factor in bone metastasis specifically related to
PCa [35]. This axis thus represents another potential target for diagnostic and therapeutic
strategies aimed at managing this complex disease. The activation of the CXCL12-CXCR4
pathway has been shown to elevate markers of epithelial-to-mesenchymal transition (EMT),
namely E-cadherin and Vimentin, in PCa cells. This elevation leads to a loss of cellular
adhesion, coupled with the acquisition of invasive and migratory capabilities, thereby
promoting the progression of PCa. Furthermore, CXCL12-CXCR4 serves as an indicator of
bone metastasis in PCa and influences angiogenesis in the tumor via ECs. Recent findings
suggest that CXCL12 could serve as a novel marker for ECs specific to PCa, as its expression
was markedly elevated in tumor-associated ECs in comparison to in vitro ECs. In preclini-
cal trials utilizing a mouse model of PCa xenografts, inhibition of the CXCL12-CXCR4 axis
demonstrated anti-angiogenic effects, evidenced by a reduction in both the number and
density of blood vessels [36]. Additionally, the suppression of CXCL12 expression led to
a decrease in the levels of MMP9, which is mediated by zinc-finger transcription factors.
This resulted in a subsequent reduction in the metastatic potential of PCa cells [37]. Thus,
targeting this pathway could present a novel approach for mitigating both angiogenesis
and metastasis in the context of PCa.

Various alternative mechanisms for tumor angiogenesis have been observed across
different types of neoplasia, including PCa. These mechanisms encompass a wide range of
processes, such as sprouting angiogenesis, vasculogenesis, intussusceptive angiogenesis,
vascular co-option, mosaic vessels, vasculogenic mimicry, the transformation of cancer stem-
like cells into tumor ECs, and vascular pruning [38–40]. In this context, we briefly review
different ways through which tumors, specifically PCa, secure their blood supply (Figure 1).
These mechanisms are critical for the initiation, progression, and metastatic spread of the
disease. The mechanisms also hold potential predictive and prognostic implications.
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Figure 1. Tumor angiogenesis predominantly manifests through seven distinct mechanisms. Sprout-
ing angiogenesis serves as the archetypical process in both physiological and pathological angiogen-
esis. In this mode, new vascular branches emerge from pre-existing blood vessels and ultimately
infiltrate the tumor tissue via the migration of tip cells and the proliferation of stem cells. Notably,
vessel co-option and vasculogenic mimicry are closely tied to tumor invasion, metastasis, and re-
sistance to traditional anti-angiogenic therapies. Intussusceptive angiogenesis is characterized by
the formation of a dual lumen that subsequently bifurcates into two separate vessels, which infil-
trate the tumor tissue. Vasculogenesis, on the other hand, entails the recruitment of either bone
marrow-derived or vessel wall-resident endothelial progenitor cells. These progenitor cells undergo
differentiation into ECs, contributing to the formation of new vascular networks. Vasculogenic
mimicry represents another unique avenue, wherein tumor cells extend to create a simulated vascular
lumen. These simulated lumens then integrate into pre-existing blood vessels, thereby facilitating
the transport of erythrocytes and oxygen into the tumor tissue. Lastly, there exists another process,
known as the trans-differentiation of cancer stem-like cells. In this mechanism, these specialized
cells acquire endothelial phenotypes and transform into endothelial-like cells via a process known as
epithelial–endothelial transformation. Each of these angiogenic modes holds distinct implications
for tumor growth, metastatic potential, and responsiveness to anti-angiogenic therapies. As such,
understanding these varied processes is crucial for devising more effective treatment strategies and
improving prognostic outcomes.

The primary method through which PCa secures its blood supply for growth is
primarily facilitated by two processes: sprouting angiogenesis and vasculogenesis (the
transformation of precursor cells into endothelial cells, thereby forming new vascular
networks from scratch). It is worth noting that several aspects related to the blood sup-
ply in PCa have not been thoroughly explored; much of the existing research has either
relied on in vitro studies or been conducted within the context of other physiological or
pathological processes. The role of angiogenesis in metastatic castration-resistant prostate
cancer (mCRPC) has garnered significant attention as a potentially actionable biological
mechanism for drug development. However, attempts to target angiogenesis have not
successfully extended OS rates among mCRPC patients, despite encouraging findings from
both preclinical experiments and early-stage clinical trials. Additional research has revealed
that PCa cells not only release a variety of angiogenic factors to stimulate the growth of
blood vessels but also directly create tumor-associated vascular channels, a phenomenon
termed as vasculogenic mimicry. Luo et al. [41] have documented that PCa cases exhibiting
vasculogenic mimicry are more prone to developing bone metastases.

It is also crucial to note that there exist substantial challenges in the quantitative
assessment of neovascularization through histopathological analysis. These challenges
stem from the complex and multifaceted nature of tumor angiogenesis, which complicates
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the identification of reliable markers for assessing overall angiogenic activity in PCa. As a
result, efforts are ongoing to delineate these processes more precisely and identify more
accurate measures for both prediction and prognosis in the realm of PCa angiogenesis.

2. Prostate Cancer and the Sprouting Angiogenesis

Sprouting angiogenesis is frequently identified as a pivotal method for the vascu-
larization of tumors, thus making it a principal focus for therapies aimed at inhibiting
angiogenesis [39,42]. This mechanism involves a complex and regulated series of events
beginning with the selection of a singular EC, commonly known as the “tip cell”, from
existing vasculature. This selected tip cell then navigates its way out of a dormant state
to form a new blood vessel [43]. The entire sequence takes an extended period, often
exceeding 24 h, before the newly formed capillary loop can be perfused and subsequently
integrated into the existing vascular network. During the occurrence of sprouting an-
giogenesis, the expansion of vessels is propelled by both the proliferation and migration
of ECs that originate from pre-established vascular structures. The process adheres to
a structured pathway that involves the migration of the endothelial tip cell toward an
angiogenic stimulus, commonly growth factors, which are secreted by tumor cells and their
surrounding stroma. Following migration, there is an increased rate of EC proliferation,
contributing to the sprouting in tumors. Subsequently, a narrow, slit-like lumen forms
that aligns with the lumen of the originating or “mother” vessel. The maturation phase of
this new vessel involves the migration of proliferating pericytes from the “mother vessel”,
which travel along the basement membrane of the new sprout [19]. When it comes to
sprouting angiogenesis in the context of PCa, the scientific understanding remains limited.
Existing research has shown that the binding of VEGF-A to its respective cell membrane
receptors on endothelial tip cells plays a crucial role in guiding vessel sprouting. This is
achieved by facilitating the localized degradation of the extracellular matrix (ECM), thereby
allowing cells to invade this matrix. Moreover, VEGF-A gradients serve to stimulate the
mobility of tip cells. Additional molecules, such as delta ligand-like 4 (DLL4), act to inhibit
the sprouting of subsequent stalk cells, while concurrently guiding the deposition and
remodeling of the ECM [44,45]. Regarding therapeutic strategies aimed at advanced PCa,
the approach of selectively targeting immature and newly sprouting vessels has been
suggested. This is achieved by inhibiting the synthesis of angiogenic factors and interfering
with the integrity of the ECM [46–49]. Complementary approaches such as hormonal
ablation, intermittent androgen suppression, chemotherapy, and radiation therapy—which
have the effect of damaging nascent vascular structures and disrupting tumor–stroma
interactions—are also under consideration for enhancing the effectiveness of experimental
anti-angiogenic agents [46–48].

3. Prostate Cancer and the Intussusceptive Angiogenesis

Intussusceptive microvascular growth (IMG), alternatively termed intussusceptive an-
giogenesis or vessel splitting, represents another principal mechanism of angiogenesis. This
process is characterized by the creation of new vessels through vascular invagination, the
formation of intra-luminal pillars, and subsequent vessel splitting [50,51]. Unlike sprouting
angiogenesis, IMG has been demonstrated to be both more rapid and more economical, and
it does not principally rely on EC proliferation, degradation of the basement membrane, or
invasion of the ECM [38,52]. One key distinction between IMG and sprouting angiogenesis
is that IMG can only operate within existing vascular networks. The most salient attribute
of IMG appears to be its capacity to amplify the intricacy and density of the pre-existing
tumor microvascular network, which has been primarily constructed through sprouting
angiogenesis. Moreover, IMG has the ability to expand the available endothelial surface
area, thus facilitating further sprouting. Initially, vascular intussusception was primarily
associated with physiological vascular development [53], but recent studies have extended
its implications to experimental tumor models. It has been posited that the mechanism
of angiogenesis may transition from sprouting to intussusception as a strategy for rapid
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vascular expansion [54]. Intussusception has been implicated in three processes of vascular
growth and remodeling: (a) IMG allows for the accelerated enlargement of the capillary
plexus, offering an extensive endothelial surface for metabolic exchanges; (b) intussuscep-
tive arborization is a process that leads to alterations in the dimensions, positioning, and
morphology of preferentially perfused capillary segments, thereby forming a hierarchical
vascular tree; (c) intussusceptive branching remodeling contributes to the optimization
of the geometrical design of the supplying vessels, enhancing the pre- and post-capillary
flow characteristics. Currently, the molecular mechanisms driving IMG remain insuffi-
ciently elucidated. Likewise, the occurrence and role of IMG in the context of PCa have
yet to be thoroughly investigated. It is understood that local factors, such as intravascular
shear stress, have the potential to trigger a sequence of either physiological or pathological
responses in ECs. One such response could be the formation of new capillaries through
the development of tissue pillars [55]. Additionally, intussusceptive angiogenesis appears
to be orchestrated by a range of cytokines, including but not limited to Platelet-Derived
Growth Factor-BB (PDGF-BB), angiopoietins and their corresponding Tie receptors, TGF-β,
Monocyte Chemotactic Protein-1 (MCP-1), and ephrins along with Eph-B receptors. In a
comparative study by Díaz-Flores et al., the behavior of pericytes and CD34+ SCs/telocytes
(TCs) was assessed in the context of two distinct processes: sprouting angiogenesis and
intussusceptive angiogenesis [56]. In these two mechanisms, the modalities of neo-vessel
formation diverge substantially. In sprouting angiogenesis, neo-vessels are generated by
vessel sprouts extending outward, whereas in intussusceptive angiogenesis, they form
through the development of intravascular or transluminal tissue pillars that subsequently
divide and restructure existing vessels. In the realm of sprouting angiogenesis, proliferative
perivascular CD34+ SCs/TCs serve as a vital source of SCs during reparative granulation
tissue formation as well as a source for cancer-associated fibroblasts (CAFs) within tumors.
Conversely, these CD34+ SCs/TCs play a less significant role as precursor cells in the
context of intussusceptive angiogenesis. Malfunction of these angiogenic mechanisms
is implicated in various pathological conditions, including neoplasms, thereby having
therapeutic relevance. Notably, it has been reported that intussusceptive angiogenesis is
resistant to anti-VEGF strategies [57]. Initially identified in pulmonary tissue, intussuscep-
tive angiogenesis has also been observed in multiple types of tumors such as melanoma,
colorectal cancer, glioma, and mammary tumors. However, the molecular mechanisms
governing this angiogenic process within the vascular system remain largely undefined.
Additionally, the incidence and potential clinical relevance of intussusceptive angiogenesis
in the context of PCa are yet to be comprehensively investigated [58–60].

4. Prostate Cancer and the Vasculogenesis

The concept of “vasculogenesis” refers to a principal mechanism governing the de
novo formation of blood vessels, characterized by the development of a capillary-like
network originating from either dispersed or monolayered populations of ECs [61,62].
Traditionally, vasculogenesis has been considered a phenomenon restricted to the early
stages of vascular development. However, recent research indicates that bone marrow-
derived endothelial progenitor cells are capable of homing to areas of both physiological
and pathological neovascularization and differentiating into mature ECs [63]. These en-
dothelial progenitor cells are often mobilized from the bone marrow by cytokines produced
by tumor tissues [19]. VEGF stands as the most extensively characterized among these
cytokines, playing a critical role in mediating vasculogenesis by stimulating EC growth,
migration, and mitosis. It also has significant implications in the pathogenesis, progression,
and metastasis of cancers. Wang et al. have recently assessed the prognostic utility of VEGF
in the context of PCa [64]. In progressing tumors, elevated levels of circulating VEGF were
observed, and these levels showed a correlation with the number of endothelial progen-
itor cells present in the bloodstream. Additionally, Yang et al. reported that the human
bone metastatic LNCaP-derivative C4-2B PCa cell line exhibited a higher level of VEGF
expression compared to its parental primary PCa cell line, LNCaP [65]. Bone metastasis
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constitutes a major cause of cancer-related mortality in cases of advanced PCa. Several
studies have revealed that PCa cells appear to manipulate their microenvironment in the
early hypoxic stages to facilitate the migration of bone-marrow-derived endothelial progen-
itor cells (BM-EPCs) and vasculogenesis through cytokine secretion [66,67]. Experimental
evidence also suggests that Acidic Medium (AM) stimulates the secretion of VEGF from
PC-3 cells, and AM-conditioned medium (CMAM) enhances BM-EPC vasculogenesis by
elevating cell viability, migration, and tube formation. This promotion is achieved through
the activation of phosphorylation pathways involving VEGFR-2, Akt, and P38 when the
pH of Normal Medium-conditioned medium (CMNM) is similarly modulated to that of
CMAM [68]. In the therapeutic context, tumor irradiation disrupts local angiogenic pro-
cesses, prompting the tumor to shift towards vasculogenesis for post-irradiation regrowth.
The irradiation procedure induces a significant influx of CD11b+ myeloid cells, predom-
inantly macrophages, into the tumor microenvironment (TME). These macrophages are
instrumental in the genesis of new blood vessels following irradiation, thereby contributing
to tumor recurrence. Chen et al. documented that radiotherapy diminishes vascular density
and induces hypoxia, leading to the subsequent aggregation of macrophages in TRAMP-C1
PCa [69].

5. Prostate Cancer and the Vessel Co-Option

In the process of sprouting angiogenesis, the growth of vessels is facilitated by the
proliferation and migration of ECs from already existing blood vessels. Contrarily, vessel
co-option does not involve the formation of new blood vessels; rather, cancer cells appropriate
existing vasculature for their own growth and subsequent invasion into healthy tissue [40,42].
The concept of vessel co-option was originally introduced by Francesco Pezzella in a seminal
study published in the mid-1990s, where he elucidated an “alveolar or putative nonangiogenic”
pattern of vascularization [70]. The existence of “mosaic” vessels—comprising both ECs and
tumor cells as constituents of the luminal surface—has significant ramifications for aspects
like metastasis, drug delivery, and anti-vascular therapeutic approaches [71].

Vessel co-option serves as an alternative method for tumors to secure a blood sup-
ply [19]. This mechanism, which involves the utilization of already existing blood vessels,
was initially observed in the brain, one of the most richly vascularized organs in the hu-
man body. This type of vascularization has been implicated in aiding the infiltration of
human gliomas [72]. Although Thompson proposed as early as 1987 that tumors might
assimilate the vasculature of host tissue capillaries [73], it was not until a 1999 study by
Holash et al. that the concept of vessel co-option was formally introduced [74,75]. In this
mechanism, the tumor cells encircle and commandeer existing vessels, without initiating
new sprout formation or immediate angiogenesis to bolster the tumor [19]. This strat-
egy of co-opting pre-existing vessels may be sustained throughout the entire lifespan of
both primary and metastatic tumors. For instance, in cutaneous melanoma, tumors do
not demonstrate signs of directed angiogenesis but rather seem to grow by co-opting the
extensive vascular plexus in the surrounding connective tissue [76]. The subject of vessel
co-option’s role in tumorigenesis remains a point of academic debate. A study by Lugassy
et al. found that specific cancer cell lines, including PC-3 human PCa cells and B16F10
murine melanoma cells, displayed a unique angiotropic pattern of spreading along the
external surfaces of blood vessels [77]. This revealed the existence of “mosaic” vessels, in
which both ECs and tumor cells form the inner lining, posing implications for metastasis,
drug delivery, and antivascular treatments [71]. These mosaic vessels are defined by the
presence of GFP-expressing tumor cells in apparent direct contact with the vascular lumen,
as demonstrated by the lack of CD31/CD105 immunoreactivity on the vessel surface. Such
vessels exhibit a disruption in the normally stained endothelial layer, with GFP-expressing
tumor cells occupying the non-stained regions. Multiple studies across different types
of cancer—including melanoma, breast, ovarian, lung, prostate, and glioblastoma—have
described the formation of perfusable, vasculogenic-like networks made entirely of tumor
cells, a phenomenon termed “vascular mimicry” (VM). In these settings, the lack of an
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endothelial layer grants tumor cells the opportunity to enter the circulatory system without
requiring trans-endothelial migration.

6. Prostate Cancer and the Vasculogenic Mimicry

Originally identified in the context of uveal melanoma, VM refers to the capacity of
aggressive tumor cells to undergo trans-differentiation. This allows them to adopt EC
behaviors, facilitating the creation of vascular networks and a microcirculation system that
is autonomous from non-cancerous host cells [78]. VM is generally assessed in clinical
samples through immunohistochemical (IHC) analysis focusing on Periodic Acid Schiff
(PAS)-positive CD34− vessels. Here, PAS serves to stain basement membranes, which
include components like laminin, collagen, and glycogen, while CD34 functions as a
marker specifically for ECs. A comprehensive systematic review that incorporated meta-
analysis and covered 3062 patients across multiple types of cancer demonstrated that the
presence of VM correlates with a poorer 5-year OS rate. Furthermore, VM is associated
with the facilitation of more aggressive forms of the disease and an increased propensity
for metastatic spread [78]. Thus, the clinical implications of VM are significant, as it
serves as an indicator of both disease severity and the likelihood of unfavorable outcomes,
including metastasis.

Aggressive neoplasms can self-sustain by generating their own vascular-like structures
for blood and nutrient supply. Maniotis et al. articulated in 1999 that highly invasive
melanoma cells have the capacity to transform into multiple cellular forms, including those
with endothelial-like properties that enable them to construct vessel-like conduits for blood
supply [79]. These conduits are developed de novo and do not constitute genuine blood
vessels, as noted in multiple studies [19,79,80]. The concept of VM is used to define this
phenomenon, wherein highly invasive and genetically unstable tumor cells generate these
channels without involving ECs. In its original description in melanoma, these channels
are enveloped by a thin basal lamina akin to the wall of an actual vessel, albeit lacking
ECs [19]. VM can manifest in two distinct forms: the tubular type, which can be mistaken
for genuine endothelial-lined blood vessels, and the patterned matrix type, which bears
no morphological or topological resemblance to actual blood vessels. In both instances,
tumor cells line the external surfaces of these channels [81,82]. Despite the flow of blood
plasma and red blood cells in these channels, neither inflammatory cells nor necrosis are
present [82]. VM is observed across a diverse range of tumors, including but not limited
to breast cancer, hepatocellular carcinoma, osteosarcoma, melanoma, ovarian carcinoma,
and PCa [65,80,83]. In 2002, Sharma et al. provided corroborative data that VM is evident
in heterogeneously invasive PCa cell lines and in aggressive tumors in both rats and
humans [84]. Through GFP tagging of prostatic cellular subtypes, the study disclosed
unique interplays between epithelial- and fibroblast-like tumor cells in the construction
of perfusable vasculogenic-like networks. Moreover, channels lined by PCa cells were
also observed in vivo in high-grade tumors, sometimes situated in close proximity to
traditional endothelial-lined vasculature [84]. Liu et al. examined VM’s significance in
the advancement of PCa and ascertained that VM predominantly occurs in high-risk PCa
patients, serving as an independent prognostic marker for unfavorable outcomes [83].
A recent in vitro study suggested that VM in PCa could play a significant role in bone
metastasis [85]. Multiple reports have indicated that VM is intrinsically linked to the
progression and metastasis of cancer and is associated with poor prognostic factors in
cancer patients. A study by Han et al. has even investigated the potential inhibitory role of
resveratrol on VM in human PCa PC-3 cells, proposing that resveratrol might suppress VM
by inhibiting the EphA2/twist-VE-cadherin/AKT signaling cascade [86].

VM has been strongly linked with the invasive and metastatic characteristics of PCa.
There is a significant correlation between VM formation and various prognostic markers
in high-risk PCa patients, such as the Gleason score, lymph node metastasis, and distant
metastasis [83,87,88]. Notably, the survival rates, both in terms of OS and disease-free
survival, are notably diminished in patients exhibiting VM-positive PCa compared to those
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with VM-negative PCa. These findings collectively underscore the prognostic relevance
of VM, suggesting that its presence is an indicator of adverse outcomes in cancer patients.
Given these associations, targeting VM could serve as a strategic approach to circumvent
the limitations of existing anti-angiogenic treatments. The co-administration of anti-VM
therapies with traditional anti-angiogenic treatments might yield synergistic anti-cancer
effects. Ideally, drugs that can concurrently target both VM and angiogenesis would offer
the most comprehensive therapeutic approach. In this context, a study by Han and Lee has
shown the role of Specificity Protein 1 (Sp1), a transcription factor implicated in various
aspects of tumor progression. According to their research, Sp1 influences VM formation by
interacting with the twist/VE-cadherin/AKT signaling pathway in human PCa cells [89].
This finding provides further avenues for exploring targeted therapies that could disrupt
both VM and angiogenesis, offering a more holistic treatment paradigm for advanced PCa.

7. Prostate Cancer and the Trans-Differentiation of Cancer Stem-like Cells into Tumor
Endothelial Cells

Recent research has highlighted the role of Cancer Stem Cells (CSCs) and Epithelium-
to-Endothelium Transition (EET) in the process of tumor angiogenesis [7]. EET, a specialized
form of EMT, has been shown to facilitate VM formation by enhancing tumor cell plasticity,
restructuring the ECM, and establishing connections between VM channels and the host’s
blood vessels. Although initially understood as crucial in heart development, it has become
evident that EET can also transpire postnatally in a variety of pathological scenarios, such
as cancer and cardiac fibrosis [90]. Within the TME, EET serves as a substantial contributor
to the generation of CAFs, constituting up to 40% of the CAF population [90]. CAFs play a
multifaceted role in advancing tumor progression. They not only modify the TME by de-
positing diverse ECM molecules but also secrete paracrine factors that directly influence the
behavior of various cellular constituents within the tumor. Moreover, CAFs emit potentially
oncogenic signals like TGF-β and are a key source of host-derived VEGF, which stimulates
angiogenesis [91]. In the context of PCa, CAFs have been demonstrated to be pivotal in
the disease dynamics [92]. Both in vitro and in vivo studies have shown that CAFs support
the progression of low-tumorigenic prostate adenocarcinoma cells, driving them toward
castration resistance and ultimately leading to bone metastasis [93,94]. It is noteworthy
that PCa has a predilection for forming bone metastasis, in contrast to neuroendocrine
PCa, which can also metastasize to soft tissues like the lungs or liver [95,96]. The transition
of PCa to a metastatic and therapeutically resistant state involves intricate interactions
between cancer cells, CAFs, and the neo-formation of blood vessels [97]. Although the
precise pathogenesis and underlying mechanisms of endothelial-to-mesenchymal transition
in PCa remain elusive, Chang and Song have provided evidence that Plasmacytoma Variant
Translocation 1 (PVT1), a newly identified long non-coding RNA, plays an instrumental role
in promoting PCa invasion and metastasis by modulating endothelial–mesenchymal transi-
tion [98]. Therefore, understanding these complex interactions may offer novel therapeutic
targets for the effective management of advanced PCa.

8. Prostate Cancer and Pruning

Pruning constitutes a fundamental process occurring at all levels of the vascular
network, serving as a remodeling mechanism aimed at reducing the energetic demands
associated with tissue perfusion [99,100]. Unlike sprouting, which emerges as a cellular re-
sponse to localized needs, pruning is thought to have evolved as a strategy to minimize the
energy required for blood flow. This optimization is achieved by restructuring the existing
vascular network to reduce its overall length and surface area, yet without compromising
its essential functionality [99]. While the criteria for selecting specific vessel segments for
pruning remain ambiguous, the general sequence in developmental remodeling involves
ECs constricting the vessel. This constriction results in diminished and eventually static
blood flow, leading to vessel occlusion. The ECs affected by this stagnation undergo a
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combination of apoptosis and migration, causing the occlusion to rupture and thereby form
two distinct vessel segments [101].

In PCa, particularly with PC3/2G7 tumors, extended treatment using axitinib has
revealed an apparent evasion from anti-angiogenic effects. This escape manifests as a
reinitiation of neovascularization and, consequently, tumor growth resumption. Multi-
ple mechanisms have been proposed for such evasive behavior from VEGFR-targeted
anti-angiogenic treatments. One significant mechanism involves the tumor’s capacity to
upregulate alternative proangiogenic molecules, thereby rendering angiogenesis VEGF-
independent. This adaptation may be partially triggered by the hypoxic conditions induced
by vessel pruning, which in turn activate factors promoting tumor vascularization [102].
The hypoxia induced by therapeutic interventions also critically influences the selection of
tumor cells that can withstand, or even flourish, in low-oxygen conditions [103]. Further
studies have identified that pruning mechanisms in PCa can actually enhance the efficiency
of the existing vasculature during radiation treatment. Research conducted by Potiron
et al. demonstrated that radiation-induced vascular pruning in PCa led to a simplification
of the pre-existing vascular network while improving tissue perfusion [104]. Contrary
to expectations, their findings did not identify specific hallmark features associated with
normalized blood vessels, such as branching, microvessel density (MVD), tortuosity, or
variations in vessel diameter [105]. Hence, these observations imply a nuanced understand-
ing of pruning mechanisms and their implications, particularly in therapeutic contexts
for PCa.

9. The Inhibition of Angiogenesis in Prostate Cancer

According to the specific target addressed by the therapeutic agent, the approach to
inhibiting angiogenesis can be categorized into two principal classifications: direct and
indirect inhibition [106]. Direct inhibitors focus on affecting the proliferating endothelial
cells, whereas indirect inhibitors aim to modulate either the tumor cells themselves or the
associated stromal cells within the tumor environment.

Small molecular fragments (i.e., arrestin, tumstatin, canstatin, endostatin, and angio-
statin) function as direct inhibitors by curtailing EC proliferation and migration. These
processes are typically induced by factors such as Vascular Endothelial Growth Factor-A
(VEGF-A), basic Fibroblast Growth Factor (bFGF), Platelet-Derived Growth Factor (PDGF),
and interleukins [107]. Conversely, indirect angiogenesis inhibition operates through a
complex interaction between either the tumor cells or the stromal cells and the angiogenic
process itself. An example of this is the inhibition of the Epidermal Growth Factor Receptor
(EGFR), a tyrosine kinase receptor. When expressed and activated in tumor cells, EGFR
stimulates the production of interleukins, which have been shown to encourage angiogene-
sis within the tumor. Therefore, obstructing the expression and/or activity of EGFR serves
as a strategy for the indirect inhibition of angiogenesis [108].

VEGF-A has been shown to be markedly overexpressed in PCa and is correlated with
unfavorable outcomes and metastatic progression. As a result, the majority of clinical stud-
ies focusing on anti-angiogenic therapies in PCa have targeted VEGF-A. Notable among
these therapies are Bevacizumab, a recombinant humanized monoclonal antibody designed
to neutralize VEGF-A; Aflibercept, which sequesters circulating VEGF-A; and Lenalido-
mide, which operates through a multi-faceted mechanism that includes the inhibition of
VEGF-induced PI3K-Akt pathway signaling.

From both histopathological and preclinical viewpoints, substantial evidence exists to
support the pivotal role of angiogenesis in the onset and advancement of PCa. For instance,
the presence of VEGFR2 has been identified as a marker indicative of PCa cases that are
at elevated risk for progression [109,110]. Moreover, specific microRNAs associated with
angiogenesis, such as let-7, miR-195, and miR-205 [111], are found to be deregulated and
hold significant roles in the pathology of PCa. These microRNAs contribute to the complex
regulatory landscape of angiogenesis, thereby affecting the development and progression
of the disease.



Life 2023, 13, 2034 11 of 23

Nevertheless, the heterogeneity of blood vessels within tumors has been identified as
a significant contributing factor to the limited effectiveness of anti-angiogenic treatments.
The results of such therapies to date have been moderately successful at best, providing
only a temporary decrease in tumor growth before resistance develops. Furthermore,
these treatments have typically resulted in marginal improvements in OS rates, despite a
broad spectrum of medications having received approval from the U.S. Food and Drug
Administration (FDA). The constrained efficacy of these anti-angiogenic strategies can
be attributed to a variety of factors. Among these are the employment of alternative
angiogenic pathways by the tumors themselves, as well as the onset of mechanisms that
lead to treatment resistance.

Currently, medical professionals are actively investigating which subgroups of PCa
patients are most responsive to angiogenesis inhibition therapies. Additionally, there is a
concerted effort to bridge the division between experimental research (“bench”) and clinical
application (“bedside”). Clinicians and researchers are exploring the synergistic effects
of combining angiogenesis inhibitors with other well-established anti-cancer compounds.
Several anti-angiogenic medications have already received regulatory approval and are
presently employed in the treatment of various cancers. This situation raises a couple of
crucial questions. Firstly, is it feasible to target the various mechanisms by which PCa
tumors secure their blood supply through a single, unified therapeutic approach, or will
alternative strategies need to be devised to achieve effective treatment? Secondly, there is
the unresolved issue of whether anti-angiogenic treatments could prove efficacious in cases
of refractory castration-resistant PCa, a subtype for which existing treatment options are
notably limited.

10. The Measure of Neovascularity in Prostate Cancer Tissue

The proposition that angiogenesis is a prerequisite for tumor growth was initially
postulated in 1971 by Moses Judah Folkman (1933–2008). He articulated this concept by
stating, “Once a tumor “take” has been established, every subsequent expansion in the
tumor cell population must be preceded by an increase in new capillaries that converge
towards the tumor” [112,113]. This seminal idea laid the foundation for subsequent research
into the intricate relationship between angiogenesis and oncogenesis.

No definitive biomarkers exist that can quantify the net angiogenic activity within
the tumor. This absence of specific markers imposes limitations on the formulation of
targeted anti-angiogenic treatment strategies. Nevertheless, it is plausible to conjecture
that a thorough quantification of various facets of the tumor’s vascular architecture might
offer valuable insights into its angiogenic potential. Therefore, while we are yet to identify
precise indicators of angiogenic activity in PCa, the measurement and assessment of tumor
vasculature may serve as a provisional approach to gauging angiogenic processes.

10.1. The Micro-Vessel Density Evaluation

A frequently measured variable in the vascular system of PCa is MVD. The method
for quantifying MVD within tumors was originally introduced by Weidner in 1991 [114].
This metric serves as a valuable tool for the histological assessment of tumor angiogenesis.
While it is primarily applied to surgical specimens, it is also used in diagnostic biopsy
samples, which are the initial means for diagnosis but are obtained through invasive
procedures. It should be noted that men who undergo prostate biopsies commonly face
a range of complications, including but not limited to hematospermia, hematuria, and
infection [115]. Over the past ten years, research has posited that MVD serves as a useful
prognostic indicator in the context of PCa. It is also conjectured to provide insights into the
extent of angiogenic activity within PCa tumors. Employing MVD scoring is recognized as
a valuable, straightforward, and practical histological technique for the routine evaluation
of PCa. MVD has been identified as a reliable forecaster of Biochemical Recurrence (BCR)
in PCa patients. Particularly, cases of PCa in the earlier T stages, when marked by a higher
MVD, show a correlation with BCR [116]. Furthermore, it is established that androgens
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significantly influence the regulation of MVD in the prostates of Sprague-Dawley rats.
Specifically, a reduction in Dihydrotestosterone (DHT) levels is linked to a corresponding
decrease in prostatic MVD. Conversely, an elevation in DHT levels tends to increase
prostatic MVD [117]. In a similar vein, an incremental rise in estrogen levels has also been
observed to progressively augment prostatic MVD.

Nonetheless, MVD is not without its drawbacks. The inconsistency in results related
to PCa is plausibly attributed to variations in study methodologies, encompassing factors
such as the size of the patient cohort, the characteristics of the tumor, the methodology for
selecting tumor areas for examination, the endothelial markers chosen, and the techniques
employed for counting vessels [13,22,118–120]. Assessment of tumor areas for MVD can be
approached in two distinct manners: (a) focused examination of specific microscopic “hot
spots” characterized by maximal vascular density (Figure 2), and (b) a broader selection of
randomized representative areas within the tumor. The former method is more commonly
utilized due to its straightforwardness, although a consensus is lacking regarding optimal
microscope magnification, the number of vascular “hot spots”, and threshold values to
distinguish between low and high MVD. The latter approach, involving a wider scope
of representative areas or even the entire tissue, may offer a more objective evaluation
but necessitates a more laborious scrutiny (Figure 2). Empirical studies have shown that
sustained exercise can influence tumor vascularization and decrease hypoxia in preclinical
settings. This effect is possibly due to enhanced blood circulation during physical activity,
as initially posited by McCollough et al. in an orthotopic PCa mouse model [121]. An
investigation by Djurhuus et al. focused on the impact of a single episode of high-intensity
interval training in patients with localized PCa who were scheduled for radical prostate-
ctomy [122]. However, the authors did not observe any significant differences in tumor
hypoxia or Natural Killer (NK) cell infiltration between groups [122]. Furthermore, they
detected no notable correlation between MVD levels and either tumor hypoxia or NK cell
infiltration. The conclusion drawn was that a solitary session of exercise is likely insufficient
to affect tumor hypoxia or NK cell activity [122]. In a more constrained study on a limited
sample of PCa tissues, Das and Mendonca examined both Mast Cell (MC) density and
MVD [123]. Their findings indicated that the density of perilesional MCs and vascularity
increased concomitantly with the severity of adenocarcinoma. This suggests that MCs may
have a role in shaping the TME, influencing factors such as vascular density and tumor
aggressiveness [123].

Despite its acknowledged role as a predictive indicator in untreated neoplasms,
MVD has not been substantiated as a reliable metric for either guiding or assessing anti-
angiogenic interventions [124]. Moreover, MVD fails to predict tumor behavior when
subjected to anti-angiogenic therapies and is thus not an effective criterion for patient
segmentation in clinical studies [124–128]. The fluctuations in tumor MVD do not neces-
sarily align with variations in tissue or circulating levels of any specific pro-angiogenic
factors. Interestingly, the MVD in tumor tissue is not necessarily elevated compared to
its analogous normal tissue, which is not undergoing net growth. The effectiveness of
anti-angiogenic agents cannot be straightforwardly inferred from changes in MVD during
the course of treatment [124,129]. With regard to other metrics, commonly scrutinized
Euclidean indices encompass parameters such as vessel area, wall area, lumen area, mean
wall thickness-boundary, mean wall thickness-rosette, mean diameter-rosette, mean wall
thickness-skeleton, and external diameter-skeleton. Research by Mucci et al. revealed
only a tenuous relationship between MVD and the irregularity of the vascular lumen [130].
Conversely, a robust correlation was observed between vessel area and diameter [130].
Additionally, their study uncovered a pronounced inverse correlation between vessel
dimensions and form. Specifically, tumors characterized by smaller vessel diameters and ar-
eas tended to exhibit more irregular vascular lumens, a finding which could be anticipated
given the methodology employed for calculating vascular irregularity [130]. Nevertheless,
it is important to note that these aforementioned metrics, including MVD, are constrained
by the intricate biology defining tumor vasculature [131]. Moreover, the irregular geomet-
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rical structure assumed by the vascular network in tangible space defies measurement
through Euclidean geometric principles, which are equipped to assess only regular and
smooth objects that are scarcely encountered in natural settings [132].
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irregular configuration of the vascular network poses a significant impact on microscopic 
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observer. These variabilities are manifested during the qualitative assessment of tissue slides that 
have been stained for observation. 
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Figure 2. A tissue section of PCa was digitized employing a Zeiss Axioscan.Z1 microscope with
a 20× objective lens (A). Vascular structures within the tissue were identified through the use of
monoclonal antibodies targeting CD34. A computer-assisted image analysis system was utilized to
ascertain the x-y coordinates of each identified vessel, thereby generating a two-dimensional spatial
map of their distribution. The system additionally identifies a specific sub-region, delineated by a
red outline, where the highest density of vessels is found; this area is the “hot-spot” (B). Within the
tissue’s microenvironment, vessels are not uniformly distributed. This leads to a phenomenon known
as vascular spatial heterogeneity, where areas rich in vessels are in proximity to areas with fewer or no
vessels at all (C). This distribution pattern is influenced by a complex interplay of multiple variables,
which are not only interconnected but can also vary over time and space. The irregular configuration
of the vascular network poses a significant impact on microscopic examinations. It contributes to
three forms of variability: intra-sample, inter-sample, and inter-observer. These variabilities are
manifested during the qualitative assessment of tissue slides that have been stained for observation.

Currently, there are no explicit biomarkers for evaluating angiogenic activity in PCa.
However, it is plausible to postulate that vascular density serves as an indirect measure
of intra-tumoral angiogenic processes. MVD is generally accepted as a viable proxy for
angiogenic activity and has been validated as a prognostic determinant in a diverse array of
malignancies, encompassing breast and colon cancers as well as malignant melanomas [81].
Initial studies have indicated that elevated MVD levels are correlated with advanced tumor
grade and stage and are predictive of poorer outcomes in the context of PCa [83,84]. Addi-
tionally, ultrasonographic investigations focusing on hemodynamic indices have unveiled
greater peak intensity in high-grade neoplasms [85]. Subsequent research, however, has
not corroborated MVD as an autonomous prognostic factor in untreated tumors. Further-
more, no relationship has been definitively established between MVD and the efficacy of
anti-angiogenic treatments specific to PCa [71]. Several plausible explanations for these
discordant findings have been proposed. These include variations in the methodologies
employed for counting micro-vessels, inconsistencies in the types of antibodies utilized,
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disparities in the sizes of the populations studied, and divergent levels of expertise and
pathological understanding among researchers [99].

10.2. The Fractal Dimension Estimate of Prostate Cancer Vasculature

Quantitative metrics elucidating the geometrical intricacy of various structures can
indeed be extracted using fractal geometry, a mathematical framework initially put forth
by Benoit Mandelbrot in 1975 [133–136]. Natural and anatomical fractals predominantly ex-
hibit four distinguishing characteristics: (a) irregular contours, (b) structural self-similarity,
(c) non-integer or fractal dimension, and (d) scaling behavior, implying that the proper-
ties observed vary depending on the scale at which measurements are taken (Figure 3).
Two types of self-similarity can be identified: geometrical and statistical. An object is
deemed geometrically self-similar when each of its smaller subdivisions is an exact replica
of the entire object. Notable instances of geometrically self-similar constructs include the
“snowflake” and the “curve”, which were originally described by Niels Fabian Helge von
Koch, a Swedish mathematician, in 1904 [13,135]. Another example is the “Sierpinski
triangle”, first outlined in 1915 by Polish mathematician Waclaw Sierpinski (1882–1969). On
the other hand, statistical self-similarity pertains to biological and natural structures, where
the constituent elements are not exact duplicates but exhibit the same kind of self-similarity.
Various anatomical frameworks, such as the circulatory system, the biliary tree in the liver,
neuronal dendritic structures, glandular ductal systems, cell membranes, and extracel-
lular matrices in chronic liver diseases, have been illustrated as statistically self-similar
entities [135]. Regarding the notion of “dimension”, it serves as a unique attribute of the
object in question. Two distinct definitions of dimensionality have been posited. The first,
termed “topological dimension”, was introduced by Austrian mathematician Karl Menger
(1902–1985). In this conceptualization, every point in Euclidean space, denoted as E3, is
assigned an integer value: 0 for a point, 1 for a straight line, 2 for a plane, and 3 for a three-
dimensional figure. The second definition emanates from the work of mathematicians Felix
Hausdorff (1868–1942) and Abram Besicovitch (1891–1970), who ascribed a “real number”
to each natural object in E3. This real number lies between the topological dimension and
the value of 3, thus providing a more nuanced characterization of the object’s complexity.

Mandelbrot designated the dimension of Menger’s construct using the notation Dγ,
while employing the symbol D for the dimensions put forth by Hausdorff and Besicovitch.
In the realm of Euclidean shapes, the dimensions represented by Dγ and D are equivalent
(Dγ = D). However, this equivalency does not universally extend to all fractal entities found
in nature. Specifically, the inequality D > Dγ is true in such cases. Various approaches
have been devised to approximate the fractal dimension of objects. Among these, the
“box-counting method” (Figure 4) is most prevalently utilized in biomedical sciences as a
means to estimate the spatial occupancy characteristics of anatomical structures in both
two-dimensional and three-dimensional spaces [137–143]. It applies the following formula:

D = lim
ε→0

logN(ε)

log( 1
ε )

where D is the box-counting fractal dimension of the object, ε is the side length of the box,
and N(ε) is the smallest number of boxes of side ε required to cover the outline or the
surface of the object completely. Because the zero limit cannot be applied to natural objects,
the dimension was estimated by the formula

D = d,

where d is the slope of the graph of Log N(ε) against Log (1/ε). The identification of linear
sections within the graphs was accomplished through the utilization of regression anal-
ysis based on the least-squares method. Additionally, the slopes of these linear sections
were evaluated by employing an iterative resistant-line technique. Given the intricate
structure of tumor vasculature, characterized by its spatial, temporal, and molecular diver-



Life 2023, 13, 2034 15 of 23

sification [144], it becomes apparent that reliance solely on MVD as a metric for vascular
networks is insufficient. Exploring the fundamental design principles underlying branch-
ing vascular systems, such as the human bronchial tree, can offer valuable insights for
potential applications in tissue and organ engineering. This knowledge could pave the way
for the development of bioartificial organs.
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Figure 3. In Euclidean geometry, the dimensionality of objects is classified as follows. A point has
a dimension of 0, a line has a dimension of 1, a surface is two-dimensional, and a solid object is
three-dimensional (A). On the other hand, self-similar fractal objects exhibit non-integer dimensions.
For example, the Cantor set has a dimension of 0.63, the Helge von Koch curve features a dimension of
1.2619, the fractal pyramid has a dimension of 2.3219, and the Menger Sponge possesses a dimension
of 2.73 (B). Fractal mathematical trees serve as another illustrative example (C). These structures are
generated through the continual iteration of a specific equation, resulting in a tree-like figure that
exhibits similar characteristics across varying spatial scales. This notion of self-similarity extends
to natural phenomena as well, such as the tree ramification, the vascular system in leaves, or two-
dimensional vascularity in histological sections (D). These natural systems share key features with
fractal objects; they exhibit irregular shapes, possess statistical self-similarity, have non-integer
dimensions, and demonstrate the property of scaling. The attribute of scaling implies that the
properties of these systems are scale-dependent; the characteristics manifest differently depending on
the scale at which they are measured or observed. This underscores the complexity and adaptability
of both mathematical and natural fractal systems.

In a study by Tretiakova and colleagues, the implementation of automated image anal-
ysis on both conventional and tissue microarray cross-sections in expansive, representative
regions revealed no statistically significant elevations in MVD metrics when comparing
PCa tissues to their corresponding normal peripheral prostatic zones [145]. Intriguingly,
several morphological indices were elevated in non-cancerous prostatic glandular tissues.
Further, an investigation led by Taverna et al. categorized their patient pool into two
groups, one constituting 56% of the subjects exhibiting an increase in vascular surface area
in PCa relative to non-tumoral regions, and another group comprising 44% of the subjects
displaying a decline in vascular surface area in PCa [146]. The latter group demonstrated
worse prognostic outcomes, implying that the advancement of the tumor is not necessarily
contingent upon angiogenesis [146]. These observations are in alignment with recent find-
ings by Steiner et al., which indicate no significant variances in the levels of CD31 mRNA
when comparing normal prostate tissues to their cancerous counterparts (p = 0.78) [147].
Moreover, the absence of a meaningful correlation between mRNA and protein levels of
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CD31, as demonstrated through immunohistochemical analyses, suggests that angiogenic
activity is relatively low in the typically slow-growing nature of PCa.
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Figure 4. A computational method for assessing the surface fractal dimension of vascular structures
in two-dimensional biopsy samples. (A) Sections of PCa tissue are stained with CD34-specific
antibodies that selectively bind to blood vessels. (B) Through image segmentation, vessels that
display immunoreactivity are isolated based on color similarity among adjacent pixels. (C) The box-
counting algorithm is employed to determine the fractal dimension, denoted as Ds. This technique
involves quantifying the number of square units, each with side length ε, necessary to fully encompass
the target object, represented as N(ε). (D) A representative curve generated via the box-counting
method delineates specific fractal windows, determined by the box sizes ε1 and ε2, which serve as
the optimal interval for calculating the fractal dimension. When box sizes exceed ε2, they approach
the image’s overall dimensions, ultimately resulting in a single box that completely covers the image.
At this juncture, N(ε) becomes 1, and the slope of the curve reduces to zero. Conversely, box sizes
smaller than ε1 approximate the image’s resolution or a single pixel; in this domain, the box-counting
metric essentially reflects the image’s total area.

A non-intrusive imaging modality capable of illustrating MVD would offer signif-
icant advantages for both the identification and analysis of tumors [148,149]. Such an
imaging technique, if it could signal a rise in MVD, would be beneficial in pinpointing
optimal sites for prostate biopsies [149]. This could consequently revolutionize biopsy
approaches, thereby enhancing the detection rates of PCa and facilitating more tailored
treatment plans [149]. Initial findings indicate that hemodynamic metrics derived from
contrast-enhanced ultrasound imaging vary between low-grade and high-grade PCa [149].
Franiel et al. endeavored to ascertain whether well-established histological markers of
prognostic relevance, including MVD, exhibit a correlation with metrics acquired from
pharmacokinetic dynamic contrast material-enhanced (DCE) dual-contrast-enhanced mag-
netic resonance (MR) imaging [150]. Their research determined that neither blood volume
nor interstitial volume exhibited a consistent correlation with the histological markers,
largely attributable to the uneven vascularization present in both standard prostate tissue
and PCa [130]. Michallek et al. pioneered the application of fractal analysis to characterize
PCa perfusion and provided evidence of its efficacy for the non-invasive prognostication of
tumor grading [151]. Their study substantiated that fractal analysis applied to perfusion
MRI effectively determines the grade of PCa in low-, intermediate-, and high-grade tumors,
although it falls short in the highest-grade tumors. It is important to note that there is
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considerable variability among patients, as tumors have demonstrated both increased and
diminished vascularization [152].

Therefore, evaluating vascularization through two-dimensional histological slides
does not adequately capture the comprehensive vascular nature of the tissue [128,134].
The choice of antibody further influences the outcome, as research indicates that MVD
ascertained via CD31 antibody staining yields significantly lower results than when using
CD34 antibody staining [153]. Additionally, the correlation between histologic data and
MR imaging is restricted by the disparity in scale; paraffin sections have a thickness of 4 µm,
while the corresponding T2-weighted images possess a slice thickness of 3 mm, and the
dynamic susceptibility-weighted MR DCE-MR sequence is captured with a slice thickness
of 5 mm [149]. Future advancements in computer-generated 3D prostate models could po-
tentially facilitate a more precise correlation between histologic and MR imaging data [150].
The absence of a consistent relationship between histological and functional parameters
brings into question the biological relevance of metrics related to tumor microcirculation,
as quantified by dynamic imaging enhanced with small-molecule contrast medium [154].
Nevertheless, Osimani et al. have recently presented evidence that blood volume and
permeability surface area product measurements, obtained through perfusion computed
tomography, exhibit the highest degree of correlation with immunohistochemical markers
of angiogenesis in PCa. However, before these findings can be integrated into routine
practice, further research involving larger datasets is required [155].

11. Conclusions

Almost a century ago, W.H. Lewis noted a striking divergence in both the density and
morphological features of blood vessels in transplanted tumors, depending on the type
of tumor in question. This led him to propose the seminal hypothesis that the vascular
patterns within tumors are largely dictated by the tumor environment itself [5]. While
significant advancements have been made in understanding vascular molecular and cellular
biology, the physical aspects of vasculature remain relatively uncharted territory.

The vascularity of tumors in human cancers exhibits significant variability. This
variation is, to some extent, indicative of the equilibrium between pro-angiogenic and
anti-angiogenic factors present within the TME [156].

The use of MVD as a standalone predictor for angiogenesis in cancer has proven to be
insufficiently effective. Recent studies employing MVD for detecting angiogenesis have
yielded inconclusive results. These studies have shown a decrease in mean MVD in areas
infiltrated by PCa, while areas unaffected by the cancer have shown either relatively stable
or preserved angiogenic activity.

At present, there are no explicit markers for gauging angiogenic activity in PCa, al-
though it is plausible to consider vascular density as an indicative measure of intra-tumoral
angiogenic actions. One significant limitation is the intricate geometrical architecture of the
newly developed vascular network, a complexity that is challenging to interpret through
two-dimensional histological slices. Potential solutions for this could include the applica-
tion of fractal geometry to estimate surface dimensions, computer-aided automated image
analysis, or three-dimensional modeling. It is unequivocal that the angiogenic process in
PCa is more multifaceted than initially perceived. Multiple pathways are implicated, either
independently or in concert, in the evolution and progression of PCa. Furthermore, PCa
constitutes a complex microenvironment, consisting of diverse cell types that can have
distinct, impactful roles in the neovascularization process. It is crucial to synthesize the
abundant information currently accessible regarding the molecules and pathways engaged
in the angiogenic process in PCa, combining it with physical concepts and the physics of
cancer. Both form and function continue to serve as the foundational elements for any
biological entity, influencing its alterations across spatial and temporal dimensions.
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