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Abstract: In nature, everything is regular and orderly arranged. The degree of derailment from
geometry is related to the disarrangement of living tissues associated with diseases. In the diagnostic
field, fractal analysis calculates the fractal dimension (FD), a numerical measure of the degree of
regularity of a tissue or structure. As for oral lesions, fractal analysis has been reported to determine
the degree of irregular tissue/vascularization derailment mathematically, and this event has been
correlated with the nature of the lesion. The purpose of this paper is to evaluate the scientific literature
on the fractal analysis of oral cancer and its precursors (oral potentially malignant disorders, OPMDs)
to convey whether the specific fractal dimension may be predictive of cancer or the cancerous
progression of OPMDs. For this purpose, three databases (PubMed, Scopus, and ISI Web of Science)
were investigated according to the PRISMA checklist to answer the following query: “Is fractal
analysis a support method to diagnose oral cancer and distinguish it from its precursors?” The risk of
biases was also assessed. All original articles published in English were considered; letters, reviews,
editorials, and proceedings were excluded.
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1. Introduction

Cancers of the lips and oral cavity (ICD C00-06) (oral cancer, OC) are a significant
global health concern, with rising incidence in many parts of the world. The last statis-
tics available from the International Agency for Cancer Research (IARC) are related to
2020 and reported 377,713 new cases, a 5-year prevalence of 959,248, and a mortality of
177,757 [1]. OC may arise on apparently healthy oral mucosa or from precursor lesions
and conditions with an increased risk of malignancy, collectively named "oral potentially
malignant disorders" (OPMDs) [2]. The heterogeneous clinical patterns of OPMDs and OC
at its early stages, together with their misdiagnosis, lead to the diagnosis of OC often at
its advanced stages, when lymph nodal and distant metastases are already present, and
thus are responsible for high mortality and morbidity (related to poor life expectancy and
quality) [3-5].

Biopsy procedures and related histopathological assessments are still the gold standard
for diagnosing oral lesions suspected of OC [6]. However, various methods (salivary
markers, liquid biopsies) and tools (imaging systems) have been developed to obtain more
accurate, noninvasive, and timely diagnoses for effective treatments and improved patient
outcomes [7-10].

In recent years, rising numbers of digitally assisted medical procedures have been born,
as eHealth has irrupted our lives. eHealth, by the definition given by the World Health
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Organization, is “the cost-effective and secure use of information and communications
technologies (ICT) in support of health and health-related fields” [11].

One such innovative approach to oral-health-related challenges is fractal analysis.
Fractal analysis (FA) is a mathematical and computational tool that quantitatively assesses
the so-called fractal dimension (FD) of a natural or artificial thing called a “fractal object”,
whose irregular and highly intricate structures repeat at different scales, with the peculiar
phenomenon of “self-similarity” [12]. Indeed, the shape of a fractal object is usually given
by the repetition of regular shapes reproducing its geometry at different scales, thus having
a peculiar FD. Another critical point of FA is the “measuring complexity”: FA quantifies the
intricate and complex nature of objects that may not have a well-defined, smooth geometry,
thus providing a more nuanced understanding of irregular shapes and patterns.

Last, it must be considered that various methods can be employed to calculate fractal
dimensions. Each method emphasizes different aspects of the fractal structure. The more
common method to measure FD is the box-counting method and its variants, as follows [13]:

e  The box-counting method is based on a grid of multiple small boxes at different scales
superimposed on the fractal object to analyze and count the boxes needed to cover the
object; the relationship between box size and the number of boxes gives the FD.

e  Box-counting in 2D (Minkowski-Bouligand dimension) is an extension of the box-
counting method wherein the box size is varied, and the relationship between box size
and the number of boxes is analyzed.

e  Box-counting in 3D is an extension of the box-counting method to three-dimensional
objects. Three-dimensional boxes are used to cover the fractal, and the relationship
between box size and the number of boxes is analyzed.

Independently from these methods, to simplify, the higher the FD, the more chaotic
and irregular the geometry of an object. An example of the application of FA in medicine is
when the fractal object is a histopathological specimen: healthy tissues have low FD due to
the regularity of their shapes, but the progressive derailment that occurs during pathology
or cancerization leads to the disarrangement of their fractal geometry, which will be more
complex and is expressed as an increase in its FD [14,15].

On these bases, fractal analysis, when applied to clinical and histological images, can
quantitatively assess the complexity and irregularity of structures within these images, thus
allowing characterizing and distinguishing patterns, textures, and structures in various
medical applications such as diagnosing diseases and evaluating tissue properties [16].
In oncology, fractal analysis has shown its utility for diagnosing, staging, or prognosis
of various cancer types, including those of the oropharynx area [17]. This approach can
enhance diagnostic accuracy and improve the understanding of the disease’s progression
at a microscopic level. Through a comprehensive review, this work aims to explore the
application of fractal analysis to diagnose oral cancer and OPMDs to provide scientific
evidence to determine whether fractal dimensioning can improve oral cancer diagnosis.

2. Research Methods
2.1. Protocol, Focused Question

This review was performed according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) [18]. The search was conducted by investigating
three different databases (PubMed, Scopus, and the ISI Web of Science, or WoS) to answer
the following focused question: “Is fractal analysis a valid support method to diagnose oral
cancer or its precursors in humans?”

2.2. Search and Selection Strategy

The research strategy consisted of the following terms and their synonyms, used in
a single query and combined with the Boolean operators (AND, OR): fractal dimension,
fractal analysis, oral oncology, oral carcinoma, oral squamous cell carcinoma, oral cancer,
oral potentially malignant disorders, lip cancer, actinic cheilitis, leukoplakia, erythroplakia,
oral lichen planus, oral ulcers, oral submucous fibrosis, reverse smokers, lupus erythemato-
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sus, dyskeratosis congenita, epidermolysis bullosa, chronic hyperplastic candidiasis, oral
lichenoid lesions, exophytic verrucous hyperplasia, oral lesions of graft vs. host disease.
The search was conducted in all databases without any restrictions on year of publi-
cation, type of publication, language, or species studied. The research and export phase
ended on 31 July 2023, and a re-check for novel published articles was performed on
20 September.
The PICO strategy was considered to focus the question [19]:

- The study population (P) consists of humans with oral cancer and oral potentially
malignant disorders;

- The intervention (I) was fractal analysis for diagnostic purposes;

- The comparison (C) was with the conventional gold standard diagnosis;

- The outcome (O) was the evaluation of the capability of fractal analysis to diagnose
oral cancer and distinguish among oral cancer, oral potentially malignant disorders,
and non-neoplastic oral lesions and diseases;

- The study designs (S) included cross-sectional studies, retrospective cohort studies,
prospective comparative studies, case-control studies, case series, and case reports.

The following articles were eligible: original studies on humans that underwent
fractal analysis (from different kinds of sources, later reported), available full text, and
published in English. The exclusion criteria were studies on animal or cellular models. All
the reviews, letters, proceedings, meeting abstracts, and editorials were excluded from
qualitative analysis but were read for searching the eventually cross-referenced eligible
articles. Further exclusion criteria included languages different from English and lack of
full-text availability. Two authors performed the quality assessment of the articles (M.C.
and F.F) while, in case of disagreement, a third reviewer was involved (F.D.S.). Data from
the eligible papers were organized in tables summarizing, for any study, the reference,
the aims, the methods, the sample source that had undergone fractal analysis (clinical
macroscopic photographs of the lesions, histological samples at microscopic resolution,
vessel architecture, and so on. . .), the main findings, and the conclusions.

3. Characteristics of the Studies

A total of 110 articles were identified. After removing 57 duplicates and 16 articles
considered ineligible because of a language different from English or the type (reviews,
systematic reviews, editorials, letters, proceedings, and meeting abstracts), the remaining
37 records were screened for inclusion/exclusion criteria by considering their title/abstract.
According to this screening, two works not meeting the inclusion criteria were excluded. In
total, 35 full texts were read, and 27 of them, fulfilling all the requirements, were considered
eligible at the end of the selection (Figure 1).

The 27 eligible studies were published over 30 years (1993-2022) from different coun-
tries of origin.  Forty-four percent of them were published by Indian research
groups [20-31], followed by, per number, four works from Greece [32-35], three from
Italy [36-38], and the remaining papers from different countries, such as the UK [39],
Romania [40], Germany [41], Canada [42], Taiwan [43], China [44], Poland [45], and
Spain [46]. All the main characteristics of the studies are reported in Table 1.
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Table 1. Main characteristics of the studies.

First Author,

Sample Source

Method of Fractal

Methods, Number of Cases, and Type

(Year), Country Aims of the Study (Fractal Object) Dimension Calculation of Lesion Main Findings Conclusions
L To quantitatively investigate . . . . Total of 762 nucl‘eiA of 10 O.C and normal - PN . . Confirmed potential use of
Landini (1993), Histological specimens for Yardstick method for fractal oral mucosa, digitalized images from Statistically significant differences in ; .
1 nFD of normal and cancerous X . . . S . . ; , . FA for diagnosis and
UK [39] o - nuclei assessment in OC dimension estimation transmission electron microscope FD of OC nuclei vs. normal cells’” nuclei . .
oral epithelial cell nuclei (< 1400) prognosis of malignancy.
nFD mean values significantly
. increased from healthy mucosa to well
[mplementation of differentiated and poorly differentiated nFD was proved to be an
. To evaluate the nFD in tissue . . . box-counting algorithm in Histological sections from 48 OC and . . .
5 Goutzanis (2008), . £ . . Histological specimens for . . . OC. OC-nFD mean values were higher independent prognostic
specimens from patients with X . a specially designed 17 healthy controls to quantify nFD A
Greece [32] nuclei assessment in OC A . N than normal mucosa. factor of survival in oral
ocC application using box-counting method Pati #h ED1 than the medi .
(Fractalyser) atients wit ower than tl e median cancer patients.
value of the sample had statistically
significant higher survival rates.
. To evaluate the Vagcular FD.S mn . . . Box-counting algorithm Histologic sections from 48 OC and 17 OC presented statistically significant Vascular FD was a reliable
Goutzanis, (2009), OC to assess their potential Histological specimens for . . - P . -
3 ; . using the Fractalyser healthy controls to quantify vascular higher mean values of vascular FD indicator of angiogenesis in
Greece [33] value as factors reflecting vascular assessment in OC . X
. . software compared with normal mucosa. oral malignant tumors.
angiogenesis
Perimeter stepping .
Margaritescu, To assess the geometry of the Histological specimens for algorithm using Image-Pro Comparison between Comparlson_ between contour FD -
. . . . . . . . values of different pathological Results not statistically
4 (2010), lymphatic vessels in oral lymphatic vessels assessment Plus software (Media immunohistochemistry images of 20 o PN
Y o . . X . . . conditions of the same area showed no significant
Romania [40] mucosa utilizing fractal analysis in OC Cybernetics, Inc., Bethesda, OC with tumor-free resection margins . c e .
statistically significant difference.
MD, USA)
To improve the classification Involved 45 OSF patients and 10
) accuracy based on different ] ) ) Modified differential healthy controls for a total of 90 images The combination of FD with other Combining more than two
Krishnan, (2011), textural features for the Histological specimens for . . of normal oral mucosa, 42 OSF without R texture measures is most
5 . o box-counting with . - . textural analyses led to the highest A ..
India [30] development of fibrosis in OSF . . dysplasia, and 26 OSF with dysplasia. o P effective in characterizing
- . sequential algorithm . accuracy of 88.38% for classification.
computer-assisted screening of Compared textual features obtained OSF subtypes.
OSF using FA and other textural techniques.
Used 60 normal and 59 OSF images
taken from histopathological samples.
To analyze collagen fibers in the The segmentation of < ollagen fibers F fractal features of collagen under P .
. A I . . . from histological images was . A FA significantly improved
Krishnan, (2012), subepithelial connective tissue Histological specimens for FA . . . . Gaussian transformation improves P
6 . . o Differential box-counting performed using neural networks on e o the classification of healthy
India [20] for accurate OSF screening and of fibrosis in OSF classification performance from 80.69% .
e color channels. Textural features were o and OSF tissues.
classification A to 90.75%.
extracted from collagen areas using
fractal methods like differential
box-counting.
Compared 21 computed tomography .
To investigate the usefulness of images of OC patients. Two ROIs were FD iigfls?ns gztiend its
texture analysis in the OC identified: one at the site of the lesion Statistically significant differences distineuishine between
7 Raja, (2012), India characterization Computed tomography of OC Differential box-countin and the other on the normal, unaffected between the mean FD and GLCM norma%gn 4 ;gtholo ical
[21] To evaluate its effectiveness in P grapiy g side of the buccal mucosa. Texture parameters of the lesion ROI and the p &

distinguishing between different
grades of tumors

analysis measures, specifically FD and
gray level co-occurrence matrix
(GLCM), in both ROIs.

normal ROI

tissues, but it could not
play a role in tumor
grading detection.
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Table 1. Cont.

First Author, . Sample Source Method of Fractal Methods, Number of Cases, and Type e e qs .
(Year), Country Aims of the Study (Fractal Object) Dimension Calculation of Lesion Main Findings Conclusions
To assess the potential of Histological samples from 15 OC and
calculated fractal dimension FD Fractal dimension based on 22 healthy controls. After time-resolved . . . FD, based on time-resolved
. . . . . FD was significantly higher in OC than
Klatt, (2014), of time-resolved Histological fluorescence in time-resolved fluorescence measurements, the FD . . o o autofluorescence spectra,
8 ; ; . in healthy tissues, at 86% specificity i S
Germany [41] autofluorescence in ocC autofluorescence was calculated by using an algorithm o P had promising potential in
discriminati . and 100% sensitivity. . .
iscriminating tumors from spectra based on the non-exponential decay real-time detection of OC.
healthy tissues of the oral cavity behavior of autofluorescence.
To quantify the morphological
irregularities of the lower lip . . . .
. border, to validate its Clinical pictures from 50 subjects were FD yielded the highest accuracy in FAto evah_@te hp. contour
Spyridonos, discriminati . . . . . used. Two different methods for AR . irregularities might be
iscriminative power in solar Clinical picture of actinic Box-counting method and S . discriminating patients from controls, O i O
9 (2014), e - o . S estimating FD were employed: the PR e o effective in distinguishing
) cheilosis diagnosis, and to cheilitis Sevcik approximation ? resulting in 98% sensitivity and 94% .
Greece [34] . 4 box-counting method (FDbc) and a o healthy lips from solar
provide supportive tools toward - specificity. a7 N
. - . method proposed by Sevcik (FDs). cheilosis-affected lips.
cost effective, noninvasive
disease monitoring
High nFD was significantly associated NFD analysis integrates
with pT-stage and RT. .
To propose a method that Hioh known prognostic factors
: - igh nFD of the total tumor
integrates multiple Mi . . . . . : PR from the tumor
. . icroarray nuclei evaluation A total of 107 consecutive OC patients microenvironment was significantly . .
Bose, (2015), histopathological features of the o . . i . ; s microenvironment, such as
10 ) . - . DAPI-stained images of tissue Box-counting were classified using nFD scores of associated with improved . . .
Canada [42] tumor microenvironment into a . A . X ip X proliferation and immune
. . microarray (TMA) cores nuclei stained with DAPI from TMA. disease-specific survival. e . .
single, digital pathology-based Hich nED Lonificantl iated infiltration, into a single
bi Kk . FD analvsi igh nFD was significantly associate digital pathology-
iomarker using nFD analysis s . . igital pathology
with high tumor proliferation and .
L E - based biomarker.
lymphatic invasion.
Microvessel density
Used 31 OLP patients and 32 healthy analysis could be used as a
Lucchese, (2015) To assess local vascular controls. The images captured with Statistically significant differences in parameter in determining
11 Ttal f’% o] 4 architecture in atrophic-erosive OPL capillaroscopy Box-counting capillaroscopy were converted to 8-bit the FD of vessels’ density in OLP and potential malignant
vl OLP grayscale, and the box-counting healthy controls progression of OLP lesions,
method was used to assess the FD. but more studies
are needed.
To investigate FD as an OC Used 64 OC an.d 10 healﬂr'\y controls. The'mfzan FD Va}qes difference was ED correlates with OC
. ) Postproduction analysis of the statistically significant between the : -
- prognostic tool by correlating . . . . histological grade and
Mincione, (2015), . Immunohistochemistry of . specimen images was performed, and control and test groups.
12 FD values with S Box-counting ¢ . - stage and can be used for
Italy [37] i - podoplanin in OC the box-counting method was used to Increasing value of FD statistically -
clinicopathological features and . L AR prognosticating
. . assess FD. Podoplanin expression in correlated with different stages, grades, .
survival of OC patients . . . OC survival.
tumor-free resection margins of OC and survival of OC.
- o e o FD was effective in
Ou-Yang, (2015), To develop a combination of Histological images from an Mo'rphol(')gy-based fractal Total of 34 OC and 34 patient-related FD }.lad. o0 /.0 sensitivity and 88% detecting OC in biopsies
13 . y textural and spectral methods X . dimension method for specificity in distinguishing among OC N . .
Taiwan [43] . . inverted microscope . L healthy mucosa with high sensitivity and
for diagnosing OC tissue discrimination and healthy mucosa. specificity.
To evaluate the FD of OL L : The dlfferen'ce. betwefm t.h.e two groups FA can be an effective,
. Clinical pictures of 50 OL and 50 was statistically significant. The .
Pandey, (2015), compared with normal oral . . . . . . economical, and
14 : . Clinical pictures of OL Box-counting normal mucosa considered for FA after difference in FDs between pretreated . . . .
India [22] mucosa and the changes during . . - noninvasive diagnostic and
postproduction ROI selection. and post-treated lesions was observed -
and after treatments . prognostic tool for OL.
and was suggestive of decreased FD.
To determine robust Clinical images from 75 AC and 75 The proposed method
Spirydonos, macro-morphological Clinical picture of Box-counting method and healthy controls. Lip borders quantified The different FD values were related opens new perspectives
15 (2015), descriptors of the vermilion P & on the basis of the extent of vermilion with individual variabilities other than toward a cost-effective,

Greece [35]

border from non-standardized
digital photographs

actinic cheilitis

Sevcik approximation

retraction and the degree of border
irregularity employing fractal features.

the status (AC vs. healthy lips).

noninvasive monitoring
of AC.
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Table 1. Cont.

First Author,
(Year), Country

Aims of the Study

Sample Source
(Fractal Object)

Method of Fractal
Dimension Calculation

Methods, Number of Cases, and Type
of Lesion

Main Findings

Conclusions

Yinti, (2015), India

To assess nuclear morphologic
complexity with nFD obtained

Histological specimens for

Sarkar box-counting

Histopathological and postproduction
analysis of 14 OC and 6 healthy
controls. After hematoxylin and eosin
for histopathological assessment,
Feulgen staining was performed to

Higher mean nFD was observed in the
OC group compared with the control
group. Significant difference in the
average value of nFD between the four

nFD seemed a reliable
diagnostic tool that need
standardization to be

16 23] from computer-aided image nuclei assessment in OC method evaluate nuclear complexity. Using stages of the disease. Patients with validated, but the data
- analysis and correlate the fractal Adobe Adobe PhotoShop CS and FD value < 1.71 showed a higher collected suggest the
dimension with clinical features Image] software 1.43u (Wayne Rasband, survival period of 72 months, while possible use of FD also as a
National Institutes of Health, Bethesda,  patients with FD > 1.71 showed a lower prognostic factor.
USA), postproduction analysis was survival period of 36 months.
performed.
To compare the morphometric Used 70 hlsto}oglcal samples of normal
R . . mucosa, mild dysplasia, moderate
complexity using nFD in Histological . £ dvsplasi dveplasi A could b liabl 1
A . istological specimens for ysplasia, severe dysplasia, o . FA could be a reliable too
. normal, epithelial dysplasia, s P N g Progressive increase in mean FD from L. C .
Phulari, (2016), . assessment for distinguishing . well-differentiated OC, moderately . - for distinguishing the
17 ey and OC cases and to verify the ) Box-counting . . healthy mucosa to poorly differentiated .
India [24] differences amone the various OC and various degrees differentiated OC, and poorly ocC normal, dysplastic, and
histological era de§ of dysplasia of dysplasia differentiated OC. The images were ’ neoplastic tissues.
8 z;gn d0C ysp analyzed using ImageJ and the
box-counting algorithm.
To develop a microscopic image
analytics approach for Five histological slides for each grade, The proposed methodology
18 Das, (2017), India automated recognition of Histological specimens for Modified differential fifteen slides, and ten images for every Found 89% precision in mitotic cell was effective for mitotic cell
[25] mitotic cells and its count for assessment of mitotic cells box-counting method region of interest. FD was calculated segmentation. detection in OC
assisting pathological using the box-counting method. histopathological images.
evaluation of OC
To quantitatively examine the A total of 48.6% of the OLs had a DNA DNA content and nuclgar
DNA d nucl Cytology study to assess Cvtobrush les £ 70 OLs, bef b litv: positi morphometric status using
Yang, (2017) content and nuclear DNA content amount, nuclear » ytobrus samples from JLs, betore conFent abnormality; positive cytobrush biopsy with
19 Chirl1a [44] ’ morphometry status of OL and chape. area. radius ir’1tensit Not specified the scalpel biopsy, were stained with correlation was observed between the image cviometry contribute
investigate their association pe, area, ’ Y Feulgen-thionin. degree of oral dysplasia and DNA g cytometry.
. . sphericity, entropy, and nFD to diagnosing high-grade
with the degree of dysplasia content status. d . 9.0
ysplasia within OL.
- Lo . The study suggests a
To consider a possible Used 64 OC and 14 healthy controls P Srtlzhiiﬂt?ll%lslgnllﬁcagt tcilvffe:letnhcei ¢ potential correlation
correlation between the and immunohistochemical stain to ou gioup aiéllis()nirolge © tes between osteopontin
20 Daddazio, (2018), intensity of expression of Histological OC Box-counting identify and lqcahze osteopontin. Correlation between FD and OPN expression, FD value's,'and
Ttaly [38] osteopontin and grading in OC Postproduction analysis was expression was visually more OC grading. Combining
To correlate the increase in FD performed using ImageJ and the P suary these factors may enhance
. : considerable when divided by tumor - .
and osteopontin box-counting method. . . . diagnostic accuracy and
grading, especially in the G3 group. . .
prognostic evaluation.
Variations within groups
In 41 patients with OL or OLP, were noted, although its
To distinguish OL and OLP . photodynamic therapy (PDT) with P . utility in distinguishing
Jurczyszyn, using FA in a classical Clinical phot0§ and . . . 5-ALA was administered, and FA was No significant differences were between LP and
21 (2018), I ith white ligh photodynamic diagnosis Modified box-counting ducted usine the E I observed between the FDs of OL and leukonlakia with
Poland [45] examination with white light photos of OL and OLP conducted using the r‘acta yse OLP. eukoplakia w1t_ out
and PDD program to evaluate the efficacy of PDT histopathological
in treating oral lesions. examination

remains inconclusive.
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Table 1. Cont.

First Author,
(Year), Country

Aims of the Study

Sample Source
(Fractal Object)

Method of Fractal
Dimension Calculation

Methods, Number of Cases, and Type
of Lesion

Main Findings

Conclusions

Igbal, (2020),

2 India [26]

To assess the efficacy of FA in
detecting the malignancy
potential of OL

Clinical photo after toluidine
blue staining of OL

Box-counting

In 121 OL and healthy controls, digital
images of normal mucosa and lesions
were taken before and after staining
with toluidine blue. Postproduction
analysis performed using the
box-counting method.

FD values showed a significant
difference between dysplastic and
nondysplastic cases.

FD values based on age and the type of
tobacco product used indicated an
increasing trend with advancing age.
Surti/khaini abusers showed a
significant difference in FD values.
The correlation of FD values with age
and the duration of smoking and
smokeless tobacco was
highly significant.

FD analysis could be used
as a noninvasive,
cost-effective diagnostic
tool for the early detection
of malignant conversion.

Nawn, (2021),

2 India [27]

To explore and analyze oral
differences in FD among normal
mucosa, OSF, OSF with
dysplasia, OL, and OC

Histopathological images

Not specified

Histological sections of healthy mucosa,
OSF, OSF with dysplasia, OL, and OC
were considered for tissue grading and
FA.

Discriminative multifractal signatures
for healthy and pathological tissues

FA was useful to
distinguish alterations in
the singularity spectrum

width across healthy,
pre-cancerous, and
cancerous tissues.

Sharma, (2021),

% India [28]

To understand the
crystallization patterns in saliva
and their relation to oral
potentially malignant disorders
in male patients

Salivary specimens for
assessment of crystallization
pattern in OSF, OL, and OC

Not specified

Dried salivary films from patients with
OSF, OL, and OC were examined under
a stereo-zoom microscope to select
ROISs for fern structure analysis.

Significant differences in FD among
normal individuals and those with OSF,
OL, and OC

Saliva could serve as a
potential imaging
biomarker for the

early-stage, noninvasive
diagnosis of OPMDs and
ocC.

Guerrero-
25 Sanchez, (2022),
Spain [46]

To assess dysplasia

Histological specimens for
assessment of FD of in OL

Modified box-counting

A total of 29 OL and 10 normal oral
mucosa biopsies were analyzed using
FA for the epithelial and the connective
layer.

In the OL group, the FD median value
was higher compared with the control
group, with statistically significant
differences. Significant differences were

observed between the non-dysplasia vs.

high-grade and low-grade vs.
high-grade groups.

FD is an effective tool for
diagnosing OL when
evaluating the epithelial
layer.

Rahman, (2022),

26 India [31]

To evaluate differences in nFD
values of epithelial cells of
normal tissue, fibroepithelial
hyperplasia, verrucous
carcinoma, and OSCC. Also, the
correlation between these
features and the cervical lymph
node metastasis was assessed.

Histological specimens for
assessment of epithelial cells
from fibroepithelial
hyperplasia, verrucous
carcinoma, and OSCC

Box-counting

Photo of samples underwent
postproduction analysis with Image J.
All the clinical features were then
compared with the image analysis
results.

Significant difference between the
mean nFD of healthy cells and
malignant epithelial cells. nFD and
grading together demonstrated
significant predictive potential for
lymph node metastasis.

nFD combined with
grading may predict lymph
node metastasis.

Santolia, (2022),

27 India [29]

To assess the fractal dimension
(FD) and radiomorphometric
indices (RMIs) in the mandible
from orthopantomographic
radiographs in patients with
oral lesions

Radiological images in
patients with tobacco and
areca-nut-associated oral
lesions

Box counting method by
White and Rudolph

FD and radiomorphometric indices
were assessed, along with participant
habits, BMI, and statistical analyses.

Mean FD was significantly reduced in
patients with oral lesions compared
with controls.

FD and RMI values were significantly
altered in patients with oral lesions
associated with tobacco and areca nut
habits.

These imaging parameters
could potentially serve as
indicators or markers for

assessing oral health in
individuals with specific
tobacco and areca nut
habits in the North Indian
population.

AC, actinic cheilitis; DAPI, 4’ 6-diamidino-2-phenylindole; FA, fractal analysis; FD, fractal dimension; nFD, nuclear fractal dimension; OC, oral cancer; OL, oral leukoplakia; OLP, oral
lichen planus; OSCC, oral squamous cell carcinoma; OSF, oral submucous fibrosis; PDD, photodynamic diagnosis; pT, pathological state grade; ROI, region of interest; RT, radiation
treatment; TMA, tissue microarray.
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Identification of studies via databases and registers

Records identified from

.E Databases (N= 110 ): Records removed before
® screening:
£ PUBMED (n = 27)
t WOS (n=37) Duplicate (n = 57)
§ SCOPUS (n=46) Ineligible (n=16)
Records screened Records excluded by
(title/abstract) humans
(n=37) (n=2)
o
-g Reports sought for retrieval Reports excluded by
i humans
g (full text available) _
= (n =35) (n=8)
(2]
Reports assessed for
eligibility
(n=27)
°
)
= Studies included in review for qualitative analysis
° (n=27)
=

Figure 1. PRISMA flowchart.

3.1. FA Methodologies and Tools

The first method reported to measure the fractal dimension was the “yardstick method”
used in 1993 by Landini et al. [39] and consisting of a ruler to manually measure the
perimeters of nuclei from normal and cancerous keratinocytes from histological specimens
that were magnified up to x1400, photographed and further enlarged 2.6 times, with a
black-and-white scanned photograph at a final resolution of 1 pixel equal to 35 nm.

Then, Goutzanis et al. [32,33] adopted the box-counting method to measure the nuclear
periphery, its inner structure complexity, and the tumor-associated vasculature FD. In their
works, the authors reported a significant positive correlation between FD and the size of
the neoplastic nuclei, with FD values generally higher in carcinomas than in the control
group and a statistically significant difference in FD between well-differentiated tumors
and moderately or poorly differentiated ones.

Since then, the box-counting method and its variants have become the most used
method. Box-counting was refined year after year, owing to the rising technological and
informatics improvements of specific tools to acquire high-definition images, such as CDD
cameras, which replaced scanned analog conventional photographs. Image processing
software is consistently more accurate and precise in performing textural analysis in the
RGB channel; this is then transformed into grayscale and later into binary images for better
definition through semi-automatized and automatized image analyses with neural network
supports.

3.2. Fractal Objects

The sample source objects for the fractal analyses comprised histological specimens,
clinical pictures, radiological images, salivary samples, and cytobrushes. The main ap-
plication of the FD was to perform textural features for improved classification of oral
histopathological images. The most frequent purpose that emerged from the studies was
diagnosis to discriminate among normal mucosa, various degrees of dysplasia, OPMDs,
and OC. Other research focused on the prognostic significance of nuclear fractal dimensions
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among oral squamous cell carcinoma (OSCC), thus relating to other classical prognostic
factors such as lymphatic invasion or tumoral neovascularization. Other works explored
multifractal alterations in the oral subepithelial connective tissue during the progression
of pre-cancer and cancer or else integrated tumor and stromal features into a single prog-
nostic factor of the oral cancer microenvironment [38]. Some reports further explored the
nuclear fractal dimension in oral squamous cell carcinoma to evaluate grading, staging,
and survival.

Fractal analysis was predominantly applied to the analysis of the nuclear fractal dimen-
sion [23,24,31,32,39,43], in some cases supported by adjunct methods such as fluorescent
or immunohistochemical staining [37,38,41,42], while other authors considered the fractal
analysis to detect mitotic cells [25]. In some works, the vascular fractal dimension [33] or
the geometry of the lymphatic vessels [40] was considered instead.

Additionally, other works focused on the textural features of the epithelial-connective
interface and its regularity or irregularity in healthy specimens compared with oral submu-
cous fibrosis (OSF), dysplastic, and cancerous specimens [20,27,30,46], or they studied the
OC-associated vasculature [33,36].

Furthermore, apart from the classical nuclear fractal dimension, some researchers used
immunohistochemical and fractal analysis to focus on specific OC-related cell markers ac-
cording to their nuclear localization and quantification, such as D’Addazio et al. [38], who
investigated osteopontin, or Margaritescu et al. [40], who investigated podoplanin expression.

Some cumulative methods added to conventional histology were variously considered,
from time-resolved autofluorescence to discriminate tumors from healthy tissues in the
oral cavity [41] to tissue microarrays to differentiated nuclear/cytoplasmic biomarkers
localization [42].

Apart from histological samples, some research groups considered alternative sources
to be analyzed via fractal analysis. Sharma et al. [28] conducted multifractal texture analysis
of salivary fern patterns for oral pre-cancers and cancer assessment. Alternatively, Raja
et al. [21] performed texture analysis of CT images to characterize oral cancers involving
the buccal mucosa. Similarly, Santolia et al. [29] investigated fractal dimension and ra-
diomorphometric analysis of orthopanoramic radiographs in patients with tobacco- and
areca-nut-associated oral mucosal lesions. The Greek group of Spyridonos et al. [34,35]
compared the fractal dimension of actinic cheilitis and healthy lips from clinical pictures of
the vermilion borders.

Apart from actinic cheilitis, among the OPMDs, FD was widely and preponderantly in-
vestigated in oral leukoplakia [22,26,44-47] and oral submucous fibrosis (OSF) [20,27,28,30],
mainly by the Indian groups, where OSF is endemic [47]. Regarding OLP, different pre-
liminary studies investigated fractal analysis of mucosal microvascular patterns [36] and
fractal dimension analysis to differentiate between lichen planus and leukoplakia [45].

4. Fractal Analysis to Support Oral Cancer and OPMDs Diagnosis and Prognosis

From the analysis of the results presented in the selected literature, fractal analysis
can be globally considered to be a valid supporting method to diagnose oral cancer or its
precursors in humans.

The most frequently investigated parameter that gave, in general, supportive robust
results was the nuclear fractal dimension (nFD). nFD was statistically significantly different
in OC nuclei than in normal cell nuclei [23,24,26,38,39]. In detail, a progressive increase in
the mean FD was shown from healthy mucosa to poorly differentiated OC. These pieces
of evidence were strengthened by the statistical analysis of Klatt et al., who reported that
nFD was significantly higher in tumors than in healthy tissues, with an 86% specificity and
100% sensitivity [41], and confirmed by Ou-Yang et al. [43], who reported a similar high
sensitivity rate (correctly identifying cancerous cells) and high specificity rate (correctly
identifying normal cells). Furthermore, the nuclear fractal dimension was also proved
to be an independent prognostic factor of survival in oral cancer patients, while, in syn-
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ergy with the grading, it demonstrated significant predictive potential for lymph node
metastasis [31-33].

Furthermore, nFD also correlated with prognostic factors from the tumor microenviron-
ment, such as proliferation and immune infiltration, into a single digital pathology-based
biomarker [22,32,42].

The exact significance was also reported in those studies in which the fractal ob-
ject was a histological section. In these cases, the FD of histological architecture and the
epithelial-connective interface of healthy mucosa compared with OC or OPMDs signifi-
cantly differed [21,27].

Moreover, fractal analysis applied to vasculature also revealed its efficacy as a prog-
nostic parameter to determine the potential malignant progression of OLP lesions based on
the microvessel density analysis [36]. Statistically significant differences were also reported
concerning the vascular fractal dimension of OC compared with normal mucosa [33].

Limitations of the Studies

Not all applications of fractal analysis to support OC and OPMD diagnosis were
successful. In some cases, the results did not reach statistical significance; in others,
they failed.

As an example, the studies on actinic cheilitis did not find the fractal analysis to be
effective in distinguishing healthy lips from solar cheilosis-affected lips [34]. However,
it must be considered that clinical pictures instead of histological samples were used for
fractal analysis in these cases.

In fact, a key point first highlighted by Landini et al. [39] was that “the irregularity is
not fully reproduced at all scales”. They noticed that the same nuclear borders appeared
more irregular at lower magnification and smoother at higher magnification.

Hence, the fractal object and methodology must be accurately chosen, from the acqui-
sition mode, to the image magnification and processing, up to the fractal analysis methods.

Furthermore, it is not always true that “more is better”: in some cases, combining frac-
tal analysis with other texture measures did not reveal significant advantages over fractal
analysis alone in discerning subtypes and grades of similar histopathological diseases [30]
or among different OPMDs such as oral lichen planus and leukoplakia [45].

5. Discussion and Conclusions

Modern medicine and dentistry require the growing support of digital technologies
to improve the diagnostic, therapeutic, and follow-up processes in patient management,
including and especially cancer patients, where the timeliness and precocity of diagnosis
and intervention, and knowledge of the prognosis related to novel parameters, can make
the difference between life and death.

Digital aid is conveyed by the practice of eHealth, recently regulated by the World
Health Organization [48].

One such innovative approach to oral health-related challenges in oral oncology is frac-
tal analysis to assess quantitatively the regularity/irregularity of patterns mathematically
and digitally in healthy mucosa compared with OC and OPMDs.

The present review affirmatively answered whether fractal analysis could be consid-
ered a valid support method to diagnose oral cancer or its precursors in humans.

Indeed, fractal analysis succeeded in the measurement and quantification of changes
in the morphological complexity of the epithelial, connective, and vascular components of
the tumor.

In detail, the box-counting method was the most frequently used. However, it was
possible to assist, year after year, in the refinement of the method and the increasing
support of digital processes for image analysis, from conventional photographs scanned
and manually segmented up to the acquisition through CDD cameras and integrated
software, thus resulting in more accurate and standardized textural analyses.
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The keratinocyte nuclear boundary was the most frequently considered and most sig-
nificative fractal object. The mean nuclear fractal dimension (nFD) progressively increased
from healthy oral keratinocytes to those from poorly differentiated OC, thus being consid-
ered an independent prognostic factor of survival in oral cancer patients. Furthermore,
the nFD prognostic significance was enhanced when grading, immune infiltration, and
tumoral neovascularization were correlated.

Other works focused on this last feature, the pattern of tumor-associated neovascular-
ization, thus reporting statistically significant differences between the vascular density of
OC compared with healthy mucosa.

A third most frequent fractal object was the epithelial-subepithelial interface, whose
FD statistically significantly differed between healthy mucosa and OC and between healthy
mucosa and OPMDs.

Last, the fractal analyses failed in some works, such as those on solar cheilitis. In
these cases, it was unclear whether the failure to discriminate was due to the fractal object
considered (a clinical picture) or to the pathological features not adequately investigated
through fractal analysis.

Furthermore, few works—only 27—have emerged from the literature. They are very
heterogeneous, considering the source analyzed (mainly clinical pictures or histological
specimens), the diseases investigated, the methodologies of fractal analysis, and the signifi-
cance of the results.

These limitations are mainly related to the preliminary nature of these works, which,
although pioneering, need more extended and standardized studies to be consolidated and
considered for clinical applications.

6. Future Directions

In summary, fractal analysis provides a powerful tool for characterizing and under-
standing complex, irregular patterns and structures that may not fit well within traditional
geometric frameworks. It has broad applications across various scientific disciplines and
has contributed to a deeper understanding of the complexity inherent in natural and
artificial systems.

In oral oncology, fractal analysis is worthy of consideration because it can be an
effective and noninvasive diagnostic and prognostic tool for various premalignant lesions
and conditions. It is economical, less time-consuming, and an accurate tool for measuring
the progression of premalignant lesions [22], mainly when applied to clinical pictures, thus
opening new perspectives toward cost-effective, noninvasive monitoring of OPMDs and
suspicious lesions to support the patients’ management [35].

Indeed, the fractal analysis could be applied virtually to all clinical and histological
procedures to obtain significant progress in managing oral cancer and its precursors, to
offer the capability to distinguish among oral lesions that are similar in shape but different
in prognosis.

At this point, it is reasonable to hypothesize the future directions for fractal analysis in
oral oncology and modern dentistry.

First, fractal analysis could be investigated for benefits in association with other digi-
tally assisted imaging systems, such as in vivo microscopy, thus improving the qualitative
assessment of in vivo-detected histological and cytological differences among OPMDs
and OSCCs with mathematical analysis. In this case, in vivo confocal microscopy itself
already has proven to be dramatically helpful, for diagnosing the early signs of malignan-
cies/pathology in living tissues before biopsy, offering digital pictures of living tissues
at microscopic resolution that could be fit to be considered appropriate fractal objects in
future works, and for measuring the fractals of nuclear shapes, cellular borders, and/or
other parameters easily visible and defined through this in vivo technique [49,50].

Second, apart from histological samples and clinical photographs, it could be inter-
esting to test the fractal analysis applied to innovative imaging procedures, which could
fit well with the application of fractal analysis of vascular patterns, already proven to
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be distinct through conventional capillaroscopy, which will benefit from a mathematical
analysis for diagnostic and prognostic purposes.

Third, fractal analysis could be used to estimate responsiveness to treatments.

Although the present review focused on the diagnostic and prognostic value of
fractal analysis in oral oncology, the literature reported some sporadic and preliminary
works dealing with the monitoring of treatments as reported by the Polish group of
Jurczyszyn et al. [51,52], who applied fractal dimension and texture analysis of lesion
autofluorescence in the evaluation of oral lichen planus treatment effectiveness and in
estimating the effectiveness of oral leukoplakia treatment using the LiteTouch™ Er:YAG
Dental laser, or by Varsha et al., who recently explored the pre- and post-treatment objective
evaluation of remission in oral lichen planus using fractal analysis and compared it with
the visual analog (VAS) scale [53].

Moreover, it could be interesting to understand if fractal analysis could also be valuable
for characterizing, distinguishing, and evaluating HPV-related oral and oropharyngeal
lesions due to the evidence that HPV DNA integrates with human keratinocytes” DNA,
giving origin to HPV-associated cancers.

Last, to revolutionize oral cancer diagnosis and make the most of the potential of fractal
analysis in oral oncology, it could be integrated with machine learning and other artificial
intelligence-enhanced tools, as demonstrated in the case of breast and colon cancers [54,55].
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