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Font Fusions Publication: Advancing Knowledge iDental and Health Sciences. Font Fusions
Publication is a dynamic platform committed to revolutionizing academic publishing in the fields
of dental and health sciences. With a focus on -@oeess dissemination, the organization aims
to provide researcher clinicians, and academicians with avenues to shaiework globally,
fosteringinnovation and collaboration. Dr. Ritik Kashwani, a renowned expert in the field of dental
and health sciences, leads Font Fusfiulglication.

Oral Sphere Journal of Dertal and Health Sciencesof the flagship initiatives undefFont
Fusions Publication is the Oral Sphere Journal of Dental and Health Sciences. Frevipaerd,
openaccess journal provides a comprehensive resource for contemporary research in dedtistry
related health disciplines. The journal encompasses a broad range of topics, including digital
dentistry, artificial intelligence in diagnostics, oral manifestations of systemic diseases, and
advancements in therapeutic modalities. The journal's comanitto qualityis evident in its
rigorous editorial process and its inclusion in indexing platforms such as Crossref and Google
Scholar (as of 2025), which enhances the visibility and impact of published research.

Booksby Font FusionsPublication:

Complementing
the journal, Font Fusions Publication has also released a seminal book titled Advancements Across
Oral Sphere: Innovations Shaping Modern Dentistry. Published on Decem26230this book
delves into cuttingedge developments in dental science and practice. Topics explored include
digital dentistry, CAD/CAM technology, teledentistry, and the integration of artificial intelligence
in clinical settings. The book aims to prdgireaders with insights into how these innovations are
transforming patient care and clinical workflows. Authored by experts in the field, Advancements
Across Oral Sphere serves as both a scholarly reference and a practical guide for professionals
seekingo stay abreast of technological advancements in dentistry.

It is a comprehensive exploration of the latest
advancements in oral health, offeriagorwardlooking perspective on the future of dental care
ard oral sciences. This meticulously curated volume brings together contributions from esteemed
professionals in the field, providing readers with a detailed ando-dpte account of
transformative progress in oral health. The book explores cwgtigg tebnologies,
interdisciplinary research, and a deeper understanding of the complex relationships between oral
health and overall webeing. It encompasses a broad range of topics, including regenerative
treatments, digital dentistry, innovative diagnostal$, and minimally invasive procedures. Each
chapter presents insights into how these innovations are shaping the future of dental care,
emphasizing the importance woftegratingdiscoveriesvith ethicalpracticesandpatientcentered
care.What setghis bookapart is its forwardhinking approach. It not only examines the current
state of oral health but also anticipates future developments, highlighting the growing importance
of prevention, technologgiriven solutions, and collaborative researcrning the future of oral



health. This makesit an invaluableresourcefor students practitioners,and researchers alike,
serving as a guide to the exarolving world of oral health. Published by Font Fusions Publication
Private Limited in May 2025,tei book i s priced at 270 and i s
bound in Noida, India, and is available for purchase through Font Fusions Publication's website.

Principles, Planning, and Precision: This egaént
text unravels the science and clinical relevance of cephalometry in orthognathic surgery. From
foundati onal anat omi cal | andmar ks to advance
Orthognathic Surgeryo provi deosdiagnosiagtdenttacialur ed a
deformities and planning treatment.

This book provides a
comprehensive guide to understanding the principles of clinical decrsatmg and the case
management pr@ss in physiotherapy. It covers essential topics such as clinical reasoning models,
including hypotheticaleductive, pattern recognition, and narrative reasoning, and emphasizes the
importanceof evidencebased practice. Kesteps in clinical decisiemaking, from subjective and
objective assessments to geatting, treatment planning, and outcome evaluation, are thoroughly
explained. The book also explores case management, highlighting the role of physiotherapists in
coordinating care, working with muligtiplinary teams, and ensuring patieentered care across
different stages, from acute to chronic conditions. Ethical and legal considerations, including
informed consent, confidentiality, and professional boundaries, are discussed to help practitioners
navigate complex clinical and ethical situations. Reaild case scenarios provide practical
insights into applying these concepts in musculoskeletal, neurological, and geriatric care settings.
Overall, the book serves as an invaluable resourcepligsiotherapists to enhance clinical
decisionmaking and improve patient outcomes.

Evidence Based Dentistry:Dentistry is both an art and a science. This book explores the
integration of scientific research and clinical expertise to provide the highal#ygqlental care.

It defines evidencéased dentistry (EBD) as the judicious use of the best available clinical
evidence combined with the dentistdos experiei
history and evolution of EBD, emphasizing its ionfance in the modern dental practice and the
changing role of the patient in the decisioaking process. From understanding the foundational
principles to the stepy-step process of evidendeased learning, this book guides dental
professionals througthe process of applying evidence in clinical practice. It highlights the shift
from traditionbased to evideneleased care, offering practical insights into improving clinical
decisionmaking, enhancing patient care, and staying current with the lateatglesA mustead

for dental practitioners aiming to bridge the gap between scientific research and everyday clinical
decisions.

Commitment to Open Access and Global CollaborationFont Fusions Publication's dedication

to open access publishing ensutest knowledge is freely available to a global audience, breaking
down barriers to information dissemination. By providing platfotike the Oral Sphere Journal

and publishing comprehensive works such as Advancements Across Oral Sphere, the organization
plays a pivotal role in advancing the fields of dental and health sciences. For researchers, clinicians,
and academicians looking to contribute to or benefit from the latest developments in these fields,
Font Fusions Publication offers valuable resourcesoapdrtunities for collaboration.



The field of dentistry, like all areas of healthcare, is undergoing a period of remarkable transformation. Over thddeatiEsywe have witnessed
technological innovations that have not only advancedstience of oral healthcare but have also dramatically changed how treatments are
delivered to patients. In this context, the importance of technological integration in oral health cannot be oversiatedséltion of artificial
intelligence, roboticsand regenerative medicine is at the forefront of this transformation, promising to reshape the future of dentistry.

"The 10th Dentist" offers an invaluable exploration of these groundbreaking developments, offering both clinical insayfasnardthinking

perspective on how new technologies are enhancing the practice of dentistry. This book stands as a testament toseirslgnteprogress

and a detailed account of the forces driving change in the dental world. With an emphasis on iatéficiehce, 3D printing, robotic surgery,

and regenerative treatments, it captures the essence of modern denti

What makes this book particularly engaging is its accessibility to both professionals amafessionals. It presents colep subjects like Al
assisted diagnostics, robotic surgery, and regenerative therapies in a way that is clear, informative, arptdliokigiot The chapters explore
how these innovations are not only improving patient outcomes but are also settingumdavds of care that are more efficient, precise, and
compassionate.

As dental professionals, we must recognize that the future of our field is shaped by the technologies we embrace fdithyDERtist" provides
a comprehensive guide to understandimese advancements and encourages us to think critically about how we can harness them to improve
patient care, enhance surgical precision, and ultimately, shape a future where oral healthcare is more effective dadoaaessib

This book is a calio action for practitioners to stay abreast of the latest trends and innovations. It serves as a valuable resourcerfeolaegone

in the dental profession, from researchers and academics to practitioners and healthcare administrators. The vedrkhgresemtot just an
overview of current technologies; it is a bl uepr liparttofafamger movémentf ut ur e,
that seeks to improve the lives of those we serve.

| commend the authors for tineledication to advancing the field and for providing this invaluable resource. "The 10th Dentist" israaduet
anyone passionate about the future of dental science.

Dr Zameer Pasha

BDS,MFDS RCPSGlasgow),MDS(OMFS),PhD(OMFS), FCLP(Smile Train)

Consultant AIAALAMI DENTAL CLINIC,

AL, MAJMAAH, RIYADH, SAUDI ARABIA.



In the everevolving landscape of dental and medical technologies, the integration of artificial
intelligence (Al), robotics, and regenerative medicinedmsrged as a transformative force. "The
10th Dentist" explores the cuttiregige advancements and breakthroughs that are reshaping oral
healthcare and beyond. This book delves into the revolutionary role of Al in oral surgery, the
precision offered by robimtassisted procedures, and the innovative regenerative strategies that
are enhancing healing and restoring function in dental treatments.

As the world embraces digital tools, this book highlights the significant contributions of 3D
printing, Al-driven decsion support systems, and stem cell applications in oral healthcare.
Through an exploration of these technologies, we see how modern practices are not only improving
treatment outcomes but are also making dental care more personalized and accessdrketo di
populations, including those in underserved regions.

With a focus on both the scientific advancements and the ethical implications of these
technologies, this book aims to bridge the gap between innovation and practical application,
offering valuableinsights for dental professionals, healthcare providers, and anyone invested in
the future of oral and maxillofacial surgery.



The completion ofthis book would not havbeen possiblaithout theunwavering support and
contributions of many individuals and organizations. It is with deep gratitude that | acknowledge
the following:

First and foremost, | would like to express my heartfelt thanks to rayttwrs, whose dedication,
expertise, and commitment to evide#@sel dentistry have made this work a reality. Their
insights, thorough research, and collaborative spirit have been invaluable throughout the writing
process.

| am deeply grateful to Font Fusions Publication for their professionalism and vision in bringing
this book to life. Their commitment to advancing knowledge in dental and health sciences,
particularlythroughopenraccesgpublishing,has allowedus tosharethis resource with a global
audience. Special thanks go to Dr. Ritik Kashwani, whose leadersthgupport have been pivotal

in the development of this book.

My sincere appreciation also extends to the academic institutions and dental professionals whose
research and clinical experiences shaped the foundation of this book. Theihasgrovided

both inspiration and guidance in crafting the comprehensive discussions on edsade
practice presented here.

| would like to acknowledge the dental professionals and researchers who contributed to the
ongoing conversations around evideiesed denstry. Their insights have enriched the content
of this book and helped clarify the complexities involved in integratasgarch with clinical care.

Lastly, 1 wish to thank my family and friends for their constant support, patience, and
encouragemeruring the writing process. Their belief in me has been a source of motivation from
start to finish.

To all those who have contributed to this book, whether through direct input, support, or
inspiration, lextend mydeepest gratitude. This work is a tesémt tothe collective efforts of

many, and | hope it serves as a meaningful resource for dental professionals committed to
improving patient care through eviderzased practices.
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CHAPTER 1

ROLE OF IMAGING IN O RAL CANCER D ETECTION AND
MANAGEMENT

Dr Richa Bahadur. Shreya Gill, Dr Neha Verma, Dr. Sajda Khan Gajdhar

| NTRODUCTION

Oral cancer is an important health issue of global concern that has been on an increase in terms of
incidence and mortality especially gleveloping nations such as India. Oral squamous cell
carcinoma (OSCC) accounts to more than thirty percent of all the malignancies on the Indian
subcontinent [1]. Stages | and Il of malignancy show a significantly higher level of prognosis in
comparison wh stage Ill and IV, which is why the diagnosis of oral cancer has its success in its
stage heavily dependent. Regrettably, the majority of incidences of early oral cancer present late
because they lack information in the society and are generally nomssyatp. Imaging provides

early diagnosis of oral cancer and staging, planning of therapy, and-igllowhich makes it

quite significant [2].

Initially it was the privileged diagnostic tool but today the imaging techniques have revolutionized
the fieldof oral medicine and radiology so far that it has become an absolute necessity in treating
cancer. Although referrals to a traditional visual and hamdsxamination are vital in determining

the diagnosis of suspected oral lesions, imaging provides la diepew, detail, and precision to
determine the degree of disease, the invasion of neighboring structure, the nodal metastases, and
the dissemination. To be able to design individualised treatment pathways, which focus on both
oncological control and fuational and cosmetic outcomes, the multidisciplinary cancer care teams
need sufficient anatomical and functional expertise [3].

Good control of oral cancer is based on early diagnosis-ilN@sive imaging techniques
especially enable clinicians to idefgtsubclinical lesions, the differentiation between benign and
malignant changes, and the determination of the accurate size and spread of that change. Even
though at first looking these may provide informations, initial observations of the typical imaging
tools such as intraoral periapical radiographs and orthopantomograms (OPGs) are often valueless
in detecting the early or already deeply grounded lesions [4].



Computed tomography (CT), magnetic resonance imaging (MRI), and positron emission
tomography (ET) are the modern crosgctional imaging modalities and have become new stars

in the therapeutic armamentarium. Particularly, MRI is very helpful due to the high prevalence of
contrast variables of the soft tissue that can assist in explaining tumasy dietecting perineural
invasion, muscle, salivary gland, and other soft tissue involvement [5]. Palpation of mandibular or
maxillary tumours necessitates the use of CT images where the bone is affected. Other new
methods like optical coherence tomograpf©CT), autofluorescent imaging, narrow band
imaging (NBI), and highkresolution ultrasonic imaging arouse hopes since they depietimeal
imaging in a nosAinvasive way. These devices are used to guide biopsies in a more specific
histological diagnosisral chairside screening especially on the High patients [6].

Independent of it being surgical, chemotherapeutic, radiotherapeutic or a combination of several
modalities, optimal therapeutic choice is the one which relies on proper staging of omal canc
Imaging makes most of the TNMIimor, Node,Metastasis) classification possible-stage
analysis of the primary tumor is suggested to be performed by MRI due to its higher soft tissue
contrast; CT is needed in the analysis of the cortical bone degieneiand coupled with MR,

both can be used to measure the tumor volume, which is also becoming increasingly significant as
a prognosticating indicator. PEJIT proves quite useful in examining the whole body as cancer
progresses into its advanced staigesxamination of Mstage distant spread which makes it able

to identify metastases early and accurately [7, 8].

Accurate imaging staging ensures that the patient is not under or oversized and that morbidity is
avoided since the person does not have t@ergolan operation that he/she does not necessarily
have. The survival rates improve owing to timely intervention. Imaging does not cease
involvement of imaging at diagnosis and treatment planning. Monitoring and checking after effects
of treatment is alswital. Alimlim, residual disease and the response of treatment, and recurrence
or second primaries are outlined by cresstional imaging and common in oral cancer [9].

PET-CT can be very helpful in the evaluation of the response to treatment espadtaaltgdiation

because any tissue change on an anatomical imaging may resemble recurrence. The instruments
of functional imaging give an opportunity to distinguish between-fhastipeutic fibrosis and
remained malignancy. Future therapies based on imdgllow-up such as salvage surgery or
secondine medication are guided [10].

Interactive radiology is beginning to become an effective option in the treatment of oral cancer
besides diagnostics. Pictures have become guides to biopsiesediied useof suspicious

nodes, and palliative measures such as tumour embolisation of bleeding cancer lesions. These low
invasive interventions have therapeutic and diagnostic benefits despite reduced morbidity of the
patients [11].

Including imaging in the oral @ity cancer diagnostic and therapy plan implies the paradigm shift
in radiology and oral medicine. Although oral cancer treatment takes place throughout the life
span, imaging influences every phase of the process, including early diagnosis and prioger stag



treatment planning, monitoring, and follayp [12]. With the promotion of radiomics, molecular
imaging, and technologies fueled by the development of Al, the discipline of radiography in cancer
is most likely to become far more central and advanceepkig abreast of such advancements
not only provides a clinical but also an intellectual need to the radiologist and oral medicine
specialist that will greatly influence the patient outcome [13].

EPIDEMIOLOGY AND CLIN  ICAL OVERVIEW

Epidemiology

The incdence of oral cancer is a severe worldwide public health problem in Eastern European
countries, mostly in the southern region of Africa, Southeast Asia, and South Asia. The statistics
put the number of new cases and deaths due to oral cavity cancerssttrated 377 and 177

000, respectively, and this estimate is taken world wide. Normally, there is higher male to female
rate due to gender differences in the use of alcohol and tobacco which are variables of risks [14].

Cancer is the third most detectedang the men and the most prevalent in India is oral cancer.
The habit of tobacco chewing, usage of areca nut and gutkha as early childhood causes is also
likely to play a major role in the prevalence of the disorder [15].

Yet despite being diagnosed eveore in younger individuals due to factors present during their
early years, the average age of onset is between 45 and 60 years. It is very common in late stage
presentation mechanisms which vastly diminish treatment outcomes and prognosisesdomge

settings [16].

COMMO N SITES OF ORAL CANCER

Lateral

border of the
Buccal tongue Floor of the
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Figure 1: Common sites of oral cancer




RISK FACTORS

Severaimodifiable and nonrmodifiable risk factorgontribute to the development of oral cancer:

( ) [ Both smoked (cigarettes, bidis) and |
smokeless (chewing tobacco, snuff)
Tobacco Use forms significantly increase cancer
risk
- . J
\ -
Alcohol Synergistic with tobacco, alcohol
E increases the permeability of oral
Consumption epithelium to carcinogens.
J g J
-
RlSk Factors Human [ Particularly HPV-16, associated with |
o . h: eal cancers; increasingly
of oral Papillomavirus SR
(HPV) younger, non-smoking individuals.
cancer > b <
(Poor Oral Hygiene ( 3
y.g Chronic irritation and
and lll-fittmg i ion may contri to
carcinogenesis.
Dentures )
- 2
Diets low in vitamins A, C, and E
may increase susceptibility.
\ J

Figure 2: Risk factors of oral cancer

CLINICAL SIGNS AND SYMPTOMS

Early diagnosis of oral cancer is difficult since early phases of the disease can show no symptoms
[17]. Typical clinical manifestations include:

Non-healing ulcemwith indurated (hard) margins

Red (erythroplakia), whitdgukoplakia), or mird lesionsn the oral cavity
Exophytic growthlike masses

Pain or burning sensatipaspecially while eating spicy foods

Difficulty in chewing, swallowing, or speaking

Trismus (restricted oral cavity opening), especially in cases involving the
retromolararea

Tooth mobility or norhealing extraction socket

Numbness or paresthesia in the oral region

U Cervical lymphadenopathguggesting regional metastasis

[t et BN ent i ent i et ]

cC: C:

Early identification of such symptoms during frequent dental visits is absolutely vital for the
timeliness of diagnosis and referral. Dentists and other oral health professionals have a big impact
on how doubtful people are screened and triaged for additional imaging and biopsy.



| MAGING MODALITIES IN ORAL CANCER

Imaging is predominant in achievimgfective therapy of oral cancer. It guides initial diagnosis,
tumour classification, staging, therapeutical planning and fellpg: The selection of modality of

imaging is based on the location of the tumour, clinical suspicion, and necessity of achievin
diagnosis on soft tissues or bone involvement, technology availability, and procurability, as well

as cost effectiveness. Any imaging method possesses some advantages and disadvantages. A
multimodal imaging approach, typically, provides the best asszggossible [18].

Conventional radiography (intra oral and panoramic)

Only a minor role should be played by conventional radiography namely bitewing and intraoral
periapical radiography in the diagnosis of oral cancer. Nevertheless, it helps to qalbbone
involvement and the toottelated disease in the early or unintentional injuries. Occasionally
referred to as orthopantomography or OPG, panoramic radiography is done to showcase the teeth,
condyles and jaws in their entirety. It can raise ssem@ndary changes that can be linked to cancer

or bone erosion despite the fact that it is not specifically diagnostic of soft tissue tumours. It is a
primary screening procedure [19].

Computed Tomography (CT)

Imaging with CT is very useful in assessingasion of the bone, the size of the tumor, and the
extension to the surrounding structures. Contrast CT makes it possible to define the border of the
tumor, in particular, it relates to bone and air cavity, such as the maxillary sinus. It is also
particulaly useful in operating design, operating on resection and reconstruction choices. The use
of multidetector CT (MDCT) allows 3D reconstructions, which can be used in setting up a virtual
plan of the maxillofacial surgeries. Nevertheless, it has less detag soft tissue than an MRI

and carries an exposure to ionizing radiation [20].

MRI (Magnetic Resonance Imaging)

Concerning the distributions on salivary glands, muscular invasion and neurovascular bundles soft
tissue, MRI is the gold standard. It aaity excels in terms of perineural invasion, bone marrow
extension and deep tissue resection margins. The entire information on tissue properties is
available in sequences with -ileighted, T2weighted, and contrasinhanced weight. Dynamic
contrastenhaned MRI (DCEMRI) and diffusionweighted imaging (DWI) give great
information regarding tumour aggressiveness and treatment response. MRI is more contrasting
when it comes to soft tissues compared to CT and therefore, is radiatathespite being more

time consuming and expensive [21,22].

Ultrasound (USG)

Ultrasonic imaging is a nemvasive technique that is more affordable compared to other
techniques when considering superficial tumours, cervical lymphadenopathy and directed fine
needle aspiration cytogy (FNAC). Doppler imaging is used to distinguish between the existence

of benign and malignant lymph nodes based on their internal vascularity, shape and edge. USG is
operator dependent and limited by bone interference and appropriate to deeppoalintramary
tumours. Nevertheless, simulating nodal diseases and after treatment are extremely significant
[23].



PET-CT (Positron Emission Tomography the CT)

PET-CT is the combination of imagenatomical and metabolic using imagi isotopes
fluorodeoxyducose(FDG). It is quite delicate in establishing Haff metastases, hidden lymph

node participation, and reoccurring disease. It is the best option in identifying residual or recurrent
tumours that have transformed the anatomy of a patient after treatPieFCT can also assist
radiotherapy treatment planning by way of mapping of active tumours. Nevertheless, this must be
considered greatly expensive, limitedly accessible, and with the possibility of false positive in
inflammation [24].

Computed Tomogr aphy (CBCT)

CBCT offers 3D oral and maxillofacial visual imaging in regards to the oral maxillofacial structure
making it less radiation as compared to the normal CT. It is commonly applied to dental oncology
in the study of jaw integrity, prosthesis plamnand encroachment on the alveolar bone. However,

it is only useful to hard tissues; that is, no concentration between soft tissues. Where a thorough
osseous study is required, CBCT is slightly useful; MRI or MDCT is not of much assistance [25].

Optical Imaging (NBI, OCT, Autofluorescence)

Oral lesions could be detected and diagnosed early using optical imaging systems by examining
the alterations in the surface of the oral cavity without performing any surgery and examining the
small details. Narrow banmnaging (NBI) enhances the visualization of the mucosal vascular
pattern, thus making it possible to detect the dysplastic change. The early neoplastic changes of
the epithelium and the lamina propria seen in higher resolution-secsisnal pictures praded

by optical coherence tomography (OCT) are shown. Besides, the autofluorescence imaging
strategy through the oscillations of natural tissue fluorescence aquifers illuminates the alterations
of metabolic procedures in different tissues and providesmaenient way of identifying cancer
early-onset [26,27].

Radiomics (Advanced Functional Imaging, Al -assisted Imaging)

The new technology on radiomics (quantitative acquisition of features of imaging), and artificial
intelligence (Al) have now made the demment of predictive models regarding tumor
aggressiveness, prognosis, and treatment response possible. When examining something at a scale
that would permit largscale collections, the artificial intelligence systems can identify patterns

on a level fatoo small to be noticeable by a human eye. These are the technologies that prop up
individualized treatment planning and thus, are being applied in radiological practice.
Nevertheless, prior to their extensive application, they lean on immense annatataddistrong
validation [28].

Modality Utility Advantages Limitations
Conventional Baseline evaluation; Low cost, accessibility Limited soft tissue
Radiography bone involvement resolution

Panoramic Jaw evaluation, gross Overview of maxillofacial = Overlapping structures,
Radiograph lesiondetection anatomy low sensitivity
(OPG)



CT (Computed
Tomography)

MRI (Magnetic

Tumor extent, cortical Good bone detail, rapid

bone invasion

Soft tissue delineation

acquisition

Superior contrast, no

Radiation exposure,
limited soft tissue
contrast

High cost, longer scan

Resonance perineural spread ionizing radiation time
Imaging)
Ultrasound Cervical lymph node Norrinvasive, portable Operatordependent,
(USG) assessment, guided limited by bone
biopsy interference
PET-CT Metastasis, recurrenct Whole-body imaging, Expensive, false
detection functional assessment positives in
inflammation
Sialography Salivary gland Ductal architecture Invasive, rarely used

involvement

visualization

now

Limited soft tissue
imaging

3D maxillofacial bone
imaging

Cone Beam CT
(CBCT)

High-resolution for jaw
lesions

Table 1. Comparison of advantages and limitations of different imaging techniques

ROLE OF IMAGING INEA RLY DETECTION

The detection of oral cancer atimstial stages enhances survival and the prognosis of patients to

a significantly high level. The early stage (stage | or Il) diagnosis of oral squamous cell carcinoma
(OSCC) typically has more functional and esthetic advantages since less extreme treatmen
methods can be applied successfully at an earlier period. On the other hand, lesions that occur
during their early stages are usually not very noticeable or symptomatic when compared to the
clinical diagnosis upon self. Through screening programs akdatsor assessment tools, it is
through imaging technologies that particularly-pralignant and early malignant lesions mainly

in highrisk individuals can be detected [29].

Pre-Malignant Lesion Detection

Leukoplakia, erythroplakia, oral submucous fillso@OSMF) and lichen planus are oral pre
malignant disorders (OPMDs) that may lead to a malignant transformation. In a broad sense, the
regular visual and palpative testing will not help to make out the distinction between the benign
and dysplastic changesmaging also highlights the thickness of the lesions, subepithelial
thickening, structural or vascular aberrations [30]. Newer imaging modalities like optical
coherence tomography (OCT) and high resolution MRI have the ability to deliver epithelial and
underlying connective tissue cressctional imaging thus allowing the identification of dysplastic
changes por to their invasion [31].

Utilization in High Risk Screening Programs

Surveillance aimed at early detection of oral lesion particularly is lwealefo the highrisk
population, including regular users of alcohol, chronic tobacco or areca nuts, or an individual with
a known family predisposition [32]. Communityased screening aims at providing a-orasive
method of triaging of the concerningatignancies, which is done by using portable photography



instruments in places with limited resources. The use of an autofluorescence device such as
VELscope enhances visibility due to the detection of alteration in the fluorescence of tissues thus
allowing more of the aberrant tissue to be identified. -imla@ging technologies also allow the
expert evaluation and followp without the travelling needed by the patient to reach main tertiary
care centers, thus assuring better availability of specialis{22ire

New Non-Invasive Optical Tools

Some technologies that are being used to detect potential cancer early on include tissue auto
fluorescence, optical coherence tomography (OCT) and narrow band imaging (NBI) where non
invasive rather than clinical tesgnmesults are used. OCT provides crssstional images in the
micrometre range at the same level as histological images without need of a biopsy, thus enabling
epithelial abnormalities and basement membrane abnormalities which imply dysplasia or
malignang in situ to be identified [34]. NBI uses the narryandwidth of light to enhance the
visualization of blood vessel patterns giving a better view which is useful in detecting abnormal
blood vessel growth that can be an indication of cancerous develofpéhtlial dysplasia or
cancer is normal, but it also is often present, and tissue autofluorescence imaging relies on the
inherent fluorescence of tissue components such as collagen and NADH to distinguish healthy
sites versus diseasedas in a differenmanner [35].

Artificial Intelligence/Radiomics in Forecast

The process of extracting high dimension and quantitative features of medical image with
radiomics provides a potent tool of making sense of the underlying pathophysiology of oral cancer.
Radiomicfeatures can be used to predict the grade of tumor, the propensity of tumor metastasis
and risk of recurrence in most cases even before a biopsy is taken, based on analysis of data
collected via an MRI, CT or PET scan. By means of these ihaged biomers, early risk
stratification and individualized treatment planning are possible. This potential is further boosted
by inclusion of machine learning and artificial intelligence (Al) that reveals intricate patterns and
relationships that may not be ineok by human beings [36]. The tools based on Al can classify
lesions automatically, assist in screening the population with large numbers without involvement
of clinicians, and assist in decisiomaking. Additionally, combining Al with intraoral imaging
devices proves to be an excellent development in timely distinction/ triaging of oral lesions.
Collectively, these emerging technologies represent a paradigm shift in the area of precision
diagnostics in oral oncology that is objective and is-datgen ratler than based on subjective
clinical evaluation [37].

| MAGING IN TUMOR STAG  ING

In the treatment of oral cancer, accurate tumor staging is rather crucial since it determines therapy
choices, forecasts prognosis, and promotes ongoing professional comioanigal the pillar

for oral cancer staging, the American Joint Committee on Cancer (AJCC) and the Union for
International Cancer Control (UICC) devised the TNM categorization system. By providing
specific anatomic and occasionally functional insigmsging is absolutely critical in evaluating

every component of the TNM system: tumor size (T), Nodal involvement (N), and distant
metastases (MB8].



Application of TNM Staging via Imaging

The 8th edition of the AJCC TNM systeitegrates depth of invasio(DOI) and extranodal
extension (ENE), which have significant prognostic implications. Imaging techniques are
indispensable in:

1 Measuringumor dimensionandDOI
1 Identifyingnodal size, shape, and enhancement patterns
1 Detectingspread to distant orgassch as lungs, liver, and bones

When combined with clinical and histological data, radiological staging boosts staging confidence
and diagnostic accuracy. Sometimes combined with functional modalities likeCPEGross
sectional imaging modalities CT aMRI enable to show a complete staging profd@].

T T Primary Tumor
T Category Criteria

Tis Carcinoma in situ

T1 Tumor O2 c¢cm in greatest d

T2 Tumor O2 cm and D OJdRtumér>2cm
but O4 c¢cm and DOl 010 mm

T3 Tumor >4 cnmoR any tumor with DOI >10 mm

T4a Moderately advanced local disease: invasion of adjs
structures (e.g., cortical bone, deep muscles, skin, max
sinus)

T4b Very advanced local disease: invasion of masticator sj

pterygoid platesskull base, or encasement of carotid arte

N i Regional Lymph Nodes
N Category Criteria

NO No regional lymph node metastasis

N1 Met astasis in a single ip
extranodal extension (ENIE

N2a Single ipsilateral node >3ctmut O6 c¢im and

N2b Mul tiple ipsilateiral node

N2c Bil ateral or contralatera

N3a Node >6 cm and ENE

N3b Any node with extranodal extension (ENE+) regardles
size

M i Distant Metastasis
M Category | Criteria

MO No distant metastasis
M1 Distant metastasis present

Table 2: TNM Staging Chart for Oral Cavity Cancer (AJCC 8th Edition)



ENE = Extranodal Extension DOI = Depth of Invasion

Stage TNM Combinations

Stage0  Tis NO MO

Stage|  T1NO MO

Stagell T2 NO MO

Stage Il T3 NO MOor T1i T3 N1 MO
Stage IVA T4a NO/N1 MOor T1i T4a N2 MO
Stage VB T4b Any N MOor Any T N3 MO
Stage IVC  Any T Any N M1

Table 3: Stage Grouping

| MAGING -GUIDED BIOPSY AND DI AGNOSTIC ACCURACY

Diagnosis of oral canceém most cases, oral cancer has to be diagnosed, based on the histological
confirmation of worrying anomalies. Even when direct visual and touch sensation evaluations are
the initial feature of clinical suspicion, imaghggided biopsy procedures can be dgeaseful in
enhancing diagnostic accuracies especially in cases ofsged¢gd or anatomically problematic
disorders. In this way, these techniques offer maximum biopsy path, allow selective identification
of the lesion, exclude crucial structures andimire the morbidity [40].

Ultrasound - or CT-Guided biopsy of Deep or challenging Lesions

Conventional techniques of performing biopsies are restricted to the intra oral finding of cancer in
complex anatomical regionsetromolar trigone the deepeachingtongue musculature, the
oropharynx. In this eventuality, either the core needle biopsy (CNB) or the ultragoded fine

needle aspiration (UBNA) would serve as an excellent alternative as the surgery can have a real
time image [41]. Their neimvasiwe nature, lack of ionizing radiation (in ultrasonic imaging),-real

time monitoring of vascular structures to reduce bleeding risk and accurate insertion of insertion
needles into the lesion are some of their benefitsgdded biopsy plays a significantle in

tumors going deeper or more complex in the sense that they reach into the parapharyngeal space
or the infratemporal fossa due to its superior spatial resolution and can scan the surrounding
anatomy in crossection. To provide guidance when the atmuwindow has closed because of

bone or air, to guide treatment when lesions approach vital structures such as the carotid sheath,
or where penetration of ultrasound (e.g. deep echo degradation) is difficult, CT guidance can be
particularly valuable. Altough they reduce stress, increase accuracy and safety of the processes,
US- and CTFguided procedures combine with the capability to sample previously inaccessible
lesions [42].
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FNAC of Lymph Node

No longer does FNA Cytology (FNAC) remain an invalualde-invasive, method of assessing
cervical lymphadenopathy, particularly where it is believed to indicate a metastasis. Imaging, more
precisely ultrasonic guidance has the advantage of maximally increasing the diagnostic sensitivity
of FNAC, which permitsspecific targeting of problematic lymph nodes according to essential
morphological changes, such as round shape, loss of fatty hilum, specific echogenicity, and the
occurrence of necrosis [43]. This method ensures availability of live tissue specimen and
elimination of the necrotic or cystic areas, thus distinguishing reactive, infectious, and malignant
nodal alterations and minimizes the risk of a falegative from the excisional biopsy. Doppler
ultrasonic scanning furthexdd to the diagnostic power bgnabling a practitioner to distinguish
between benign and malignant nodes thus allowing one to better make clinical decisions in head
and neck oncology [44].

Increasing Diagnostic Yield Through image guidance

The blind methods are far much inferior to geayuided methods since the former increase the
likelihood that mistakes can Imeade;they prevent the need to perform a second procedure, and
can identify skip lesions or multiple cancers before they are detected. Such approaches also
guarantee greaterfsty in procedures and the comfort of patients through accuracy tarpsing
Particular attention (particularly in combination with robedgsisted or intraoperative navigation

to enhance accuracy) is being given by specialty centers to innovationagimg technology,

like cone beam CT (CBCT), and MRBhsed navigation systems. In addition, the increasing
combination of radiomics and artificial intelligence (Al) using imaging systems provides
revolutionary possibilities. Such technologies might sodowapredicting the severity of the
cancer, its aggressiveness, and the type of cancer, which would result in a mairevdatand
personal approach to guiding biggssin oral cancer treatment [46

| MAGING IN TREATMENT PLANNING

Apart from diagnosis ahstaging, imaging is rather important for the formulation and use of oral
cancer treatment programs. Whether surgical, radiotherapeutic, or reconstructive depending on
thorough anatomical and functional knowledge, modern oncologic treatment maximiztss resu
lowers morbidity, and alters therapy. Higdsolution imaging of tumor extent, surrounding tissue
interactions, and patiesspecific structural changes yields customized therapy plaiphrig

Surgical Planning

Determining Resection Margins

Still, the basis of curative treatment in oral cancer is surgical excision with clear margins;
preoperative planning and assessment primarily depend on imaging. Modern imaging methods
detect depth of invasion, ascertain the thdgeensional dimensions of the tum@nd check
penetration into nearby soft tissues or bpi&. They are particularly useful in identifying which
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important anatomical structures: the mandibular canal, floor afrédecavity and neurovascular
bundles are similarly injured as well agiointing out satellite nodules and skip lesions. Although
computed tomography (CT) is better at defining bone erosions dgpatithe mandible and
maxilla, magnetic resonance imaging (MRI) is particularly helpful for evaluating soft tissue
boundaries ah determining perineural distribution. These techniques ta&gather ensure
appropriate staging and the best surgical dggigh

Virtual Surgical Planning (VSP) Using 3D Reconstructions

Modern imaging techniques now let one create remarkably finedylekk 3D virtual models of
tumors and surrounding anatomical components from multislice CT and MRI datasets. These
models allow practically flawless osteotomies, tumor removal margins, and flap implantation
virtually prepared by surgeons. Virtual surgipi&nning (VSP) has been very helpful for treating
complicated tumors in difficult areas like the roof of tihal cavity upper jaw, or lower jaw, where
precise positioning is crucial. When used together with 3D printed models and codgsiggred

cutting guides, these methods greatly improve the precision of surgeries, lessen confusion during
the operation, and enhance overall treatment reg&ds

Radiotherapy Planning

Radiotherapy in oral cancer requires exact tumor location and-atgehk (OAR) protection to

offer optimum tumor management with the lowest feasible adverse effects. CT simulation scans
form the foundation for both fundamental tools for radiation planning and dose distribution
mapping. Particularly in soft tissue areas like the t@pduccal mucosa, and floor of theal

cavity, fusion with MRI considerably increases the tumor border visibility. Especially in recurrent
or residual disease, PEJT fusion is occasionally also employed to identify metabolically active
tumor area$51]. Imaging is mainly responsible for defining the gross tumor volume (GTV) and
the clinical target volume (CTV), which comprises presumed microscopic spread. It also
minimizes radiation exposure to surrounding organs at risk (OARS), including salivary, gends
mandible, the spinal cord, and ocular structures, therefore enabling the precise design of such
treatment modalities as proton therapy or intensiodulated radiation therapy (IMRT92].

Reconstructive Planning

A key part of oral cancer treatmastpostresection functional and cosmetic restoration; imaging

is therefore fairly helpful in guiding reconstructive activities. Preoperative computed tomography
angiography (CTA) of donor sites, such as the fibula or radial forearm, establishes both the
evaluation of vascular architecture and the choice of the most acceptable microvasc{i&] flap
Precision sculpting of flaps and bone grafts made possible by virtual surgery planning and 3D
modelling so greatly improves face symmetry and oral functidoding speech and mastication

and permits prosthesisehabilitation. Postoperatiydlap integration, bone healing, and any
complications can be tracked using cdmeam computed tomography (CBCT) or magnetic
resonance imaging (MRI). All challenging procees, like restoring the jaw, planning implants
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that fuse with bone, removing tumours, and rebuilding the eye socket or upper jaw, gain advantages
from using imaging to guglthe reconstruction process [54

| MAGING IN FOLLOW  -UP AND SURVEILLANCE

Since theprobability of the cancer returning within a short time is high and it may spread to the
near lymph nodes, or there may be emergence of new tumours, especially in the first 23 years of
treatment of oral cancer, it is of paramount importance that pabiectesely monitored after they

have been treated. The imaging is necessary to determine the condition of cervical lymph nodes,
the presence of residual tumours and whether recurrences or alterations have occurred during
treatment. Monitoring of the cendtlymph nale status, ascertainment of residual lesions, and
differentiation between recurring illness and the ftbstapeutic changes rely on imagib§].

Detecting Recurrence Vs Post-surgical/Radiation Changes

Determining how a tumour has recurredwdrether changes, such as scar tissue, swelling, and
bone damage due to treatment, are present continues to be a complex issue duriagpfollow
treatment. Although CT mapping could show asymmetries of the soft tissues or bony
abnormalities, it is not venyseful in distinguishing scar tissue and the recurrent lesions. Its greater
diagnostic accuracy is attributed to the stronger soft tissue contrast and function sequences that are
specified with functional sequences such as diffusieighted imaging (DWIof MRI [56].

Fibrosis caused by radiatitmoks dark in both T1 and T2 images and diffusion is not restricted in

it, whereas recurrent tumors normally demonstrate contrast enhancement in the early phases and
reduced diffusion in DWI. In addition, the trenth contrast/enhancement could contribute to the
difference between active malignancy and post surgical scarring. MRI is also very helpful in
architecturally difficult or problematic areas: the tongue, buccal mucosa, and soft palate where
small signs ofe@currence could be disregarded [57].

MRI and PET-CT in Post-Treatment Surveillance

Routine followup in patients with surgically treated oral cancer is advised with magnetic
resonance imaging (MRI) because of its 4immzing character, considerable atyilto scan soft

tissue planes, and efficiency in identifying perineural spread or submucosal recurrence. On the
other hand, positron emission tomogragoynputed tomography (PETT) becomes fairly
important in patients with clinical suspicion of recurreaceshen conventional imaging produces
contradictory findingg58]. PET-CT scan specifically detect residual or recurrent disease, nodal
involvement, and distant metastases by means of functional imaging based on metabolic activity
depending on FDG absoipt. The technique is particularly helpful in previously irradiated tissues
since fibrosis can either mimic or hide recurrent illness on anatomical pictures. Moreover, very
helpful for wholebody suveillance in highrisk patientsespecially those with adwncedstage
disease or presenting with systic symptomss PET-CT [59].

Monitoring Lymph Nodes with Ultrasound (USG)
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Ultrasonic (USG) is still a nemvasive, moderately cestynamic imaging tool for the study of
cervical lymph nodes during followp, especially in patients with a past history of head and neck
cancer. USQuided fine needle aspiration cytology (FNAC) increases diagnosis accuracy by
allowing accurate tissue gathering of questionable nodes free from major morbidity. Serial
ultrasonic teshg is very helpful when one investigates changes in nodal size, cortical thickness,
and vascularity over tim@0]. They can quickly identifyecurrence in onetreated necknd point

out cystic or necrotic changes suggestive of malignant transformBtigimn-resolution Doppler
ultrasouncare also very helpful in telling apart harmless swollen lymph nodes from those that are
cancerous, by looking at the shape of the nodes and how blood flows through them. Especially in
cases requiring many samples or sgévaeck dissection, these qualities direct quick clinical
judgmentd61].

EMERGING TRENDS AND F UTURE DIRECTIONS

Under the influence of imaging advancements, artificial intelligence and household diagnostics, it
is likely that the oral oncology market i: ahe verge of a revolutionizing period. During its
development, the combination of the traditional imaging methods and radiogenomics, liquid
biopsy, and machine learning algorithms is broadening the scope of personalized cancer treatment.
Other than thisjt is through these advancements that early intervention, dynamic treatment
planning, reatime monitoring, and improvement of the accuracy of diagnoses are ef@éjled

Artificial Intelligence (Al) in Image Interpretation

Particularly with convolutionaneural networks (CNNs) and deep learning, artificial intelligence
has shown incredible ability to manage demanding imaging data in oral oncology. One of artificial
intelligence's primary applications is automated lesion recognition and segmentation since
artificial intelligence algorithms can correctly identify oral tumors on MRI, CT, or CBCT with
exceptional sensitivity and specificif§3]. Artificial intelligence also aids quantitative analysis

by detecting benign, pmmalignant, or malignant tumors lextracting radiometric characteristics

like texture, shape, and signal intensity patterns. Since algorithms are taught to predict tumor
behavior, lymph node metastases, and survival outcomes dependent on baseline imaging, using
machine learning is also favor of predictive modeling. Since artificial intelligence significantly
improves accuracy in radiography by minimizing differences between different observers and
increasing workflow efficiency, it is a groundbreaking tool for the early detection eaient

of oral cancef64].

Radiogenomics

Radiogenomics is a new area that brings together imaging and tumor genetics, trying to connect
imaging features with different types of tumors, like those related to HPV or with p53 mutations
in oral cancers. By gans of nofAinvasive prediction of tumor aggressiveness, resistance patterns,
and most likely response to treatments, this novel approach offers tailored therapy [6plions

By maybe eliminating the need for repeated biopsies, radiogenomic models'viiferedh biopsy"
capability that could more successfully guide therapy decisions. Particularly in the framework of
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precision oncology, radiogenomics is transforming standard imaging from a merely diagnostic tool
into a complex platform for molecukdgvel decisionmaking[66].

Al-Integrated Decision Support Systems

Next-generation decision support systems represent a big leap in clinical oncology since they
combine advanced artificial intelligence algorithms withteak clinical data to raise diagnosis
accuracy and treatment precision. These devices offer automatic TNM staging by means of cross
sectional imaging; therefore, they optimize the diagnostic procd@uie They also provide
dynamic treatment planning simulations integrating imaging reqathplogy data, and patient
specific risk factors to support even more customized and evidasesl therapy. Additionally,

by regularly checking images over time, these systems can create alerts for small changes, helping
to spot any return or worsening the condition early on. Designed to complement physician
judgment, provide consistency in treatment delivery, and guarantee adherence to best practices
spanning multiple healthcare environments, these creative ideas are supposed to be clinical
copilots[68§].

Liquid Biopsy and Imaging Correlations

Emerging as a less intrusive and successful methordal cancer is liquid biopsy the detection

of circulating tumor DNA (ctDNA), exosomes, or circulating tumor cells (CTCs) in physiological
fluids like blood and saliva. Liquid biopsy enhances diagnostic and prognostic ability when paired
with imaging modalities by early prediction of recurrence or metastasis, usually before radiological
changes become obviol@9]. Likewise, much depends on it for momitg therapy responses and
spotting residual diseases. Furthermore, the correlation of specific genetic modifications, such as
EGFR and TP53 mutations, with radiomic imaging features supports the growing theory ef image
molecular fusion. Combining imagirdata with molecular biomarkers seems to provide a more

full and dynamic knowledge of tumor biology, behavior, and development, therefore opening the
road for more specialized and exact therapeutic choices in oral cancer trg@thent

CONCLUSION

From ealy detection and diagnosis to treatment planning, monitoring, anetdongsurveillance,
imaging is crucial everywhere along the oral cancer spectrum. Using advanced modalities
including CT, MRI, and PE-CT has greatly improved evaluation of cancer algaph node
involvement, and distant metastases from traditional radiography. Individualised insights in the
era of precision oncology derived from radiogenomics, functional imaging, and artificial
intelligenceassisted interpretation enhance therapyphg and diagnosis accuradylaximising

the benefits of advanced imaging requires a multimodal strategy involving pathologists, surgeons,
oncologists, and radiologists. Technology combined with cooperation in demsiking helps
clinicians provide more faused, quick, effective treatment, therefore improving the outcomes for
oral cancer patients.
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CHAPTER 2

ADVANCES IN CLEAR AL |IGNERS: THE FUTURE O F
ORTHODONTIC TREATMEN T

Dr. Akshay RathiPr. Sowjanya Gunukula, Dr. Bhavana Agarwal, Dr. Anirban Banerjee

| NTRODUCTION

Introduced initially, orthodontics has gone through numerous changes since the advent of modern
dentistry. Focused mainly on correcting the malocclusions and improving occlusion to provide
optimal mastication and oral hygiene, conventionddadbntic treatment ranged in terms of metal
bands and wires to the simple equipment such as headgear and extension devices; they were time
consuming, painful, and noticeable [1]. The fixed appliance treatment i.e. braces proved
increasingly complex overrtie as stainless steel braces and nitif@hium archwires and self

ligating systems developed. Traditional Braces have been associated with an unacceptable level of
discomfort, problems of oral hygiene maintenance, speech correction and esthetichdegpite

partly effective. The evolving needs and expectations of patients, especially those of the geriatric
population, called forth the need to develop more compassionate solutions [2].

Under the motivation of these changing norms, the orthodontic maaketpieeded nen
permanent and cosmetic fixes. Clear plastic aligners were first observed during the 1990s
following lingual braces and ceramic braces. These alternatives gave the patients a more socially
accepted method of receiving orthodontic correctesygecially in social and professional places
where appearance is of utmost importance [3]. Available among them was clear aligners, which
have the ability to come off easily because of their comfortability and invisibility. Digital
technologies, includingclear aligner therapy (CAT), have not only simplified overcoming
primitive difficulties, but also made it possible to successfully perform treatment with a high
degree of preciseness and predictability even with the most severe malocclusions. Endorsed by
physicians and patients, CAT is currently a viable and competitive method of the present day
orthodontics [4].

There is a necessity to research the technical possibilities of the clear aligners and their aesthetic
features. Traditional fixed appliances arechanical, which is restricted by replacement, whereas
transparent aligners have a more personalized treatment and apply techniques of digital
diagnostics, computeaided design (CAD), and 3D processing services. They now use artificial
intelligence (Al),simulation devices to design and execute orthodontics coupled with intraoral
scanners [5].

Even though there are several merits of clear aligner treatment, it should be noted that it presents
some challenges that invite scientific debate. In other c#seanovement of the teeth using
aligners may be subject to alternative biomechanical principles than movement of the teeth using
braces, thus additional devices, such as attachments to retainers, elastics, and corrections may be
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needed. Because its theeapic effect is highly contingent on relevance diagnosis, proper
treatment regimen planning, and strict compliance, physicians should be aware of the indications
and limitations of CAT and its evolving horizon. Additionally, the rapid influx of ditect
consumer (DTC) models and aligners is creating management issues related to professional
oversight, patient safety and quality assurance. These are developments that ought to be looked at
critically as the field expands to allow the development of morahwetr that mutates on
evidence [6].

This chapter providethe overall description of the advances in clear aligner technology along
with the implications on orthodontic care. It will discuss the history of clear aligners, and
deconstruct the basics of bechanics, as well as considering the materials and fabrication
processes that define the systems being used in the modern world. Of special concern will be the
digital processes such as scanning, planning and monitoring as well as the role artificial
intelligence and remote technologies play in addressing patient outcome. Clinical problems such
as patient selection, treatment modalities different malocclusion etc, and the possible role of CAT
in the combination of other modalities will be conferred. Othan solving constraints and future
challenges facing the industry, the chapter will examine some of the novel advancements such as
smart aligners, 3D printed trays, andd@Jided treatment plans [7].

The chapter is intended to provide sophisticated utatesg of clear aligner treatment, its
science, application and orientation among dental and orthodontic specialists. Clear aligners form
a dynamic front as they offer art, science, and technology in orthodontics because the market has
continued to growhe demand to have aesthetically pleasing, efficient, and pagtatgred
solutions. To achieve excellent treatment in the coming years, clinics are in a position to take
advantage of this technology to its maximum and stay informed and actively engégedgeing
advances [8].

H ISTORICAL BACKGROUND

Timeline of Orthodontic Appliance Development

People have been applying orthodontics for thousands of years. Archaeological evidence points to
efforts at dental alignment in ancient Egypt and Rome using anatid bands straightening teeth
postmortem. Beginning to appear only in the 18th and 19th centuries, scientific orthodontics
Originally suggesting the Bandeau, a horses$taped tool used to widen the tooth arch in 1728,
French physician Pierre Fauchasdthought to be acknowledged as the inventor of modern
dentistry; he was the first who could design ever more complex permanent tools thanks to
improved metallurgy in the 19th centygj.

Modern orthodontics started in the late 1800s under much infldfemoeEdward H. Angle. He
invented the "Earch”, then the "edgewise appliance", therefore establishing the basis for fixed
orthodontic treatment using the first classification system for maloccl{i0prNew innovations

kept pouring in: in the 1930s stéess steel replaced gold and silver; in the 1970s Lawrence
Andrews developed pradjusted edgewise bracing; and in the 1980sigelfing systems
surfaced. Traditional braces kept metallic and clearly visible even with advances in materials and
processeswhich fuels the search for more graceful substitlitek
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Year

1997

1999

Early
2000s

2006

2009
2011

2012
2015
2017

2019
2020

2020

2021

Milestone

Founding of Align
Technology

Launch of Invisalign
3D Printing & CAD
Integration

Launch of ClearCorrect
Invisalign Teen
Introduced

SmartForce® & |
Smart Tr ac Kk E

Launch of Spark
Aligners by Ormco

Rise ofAl & Remote
Monitoring
In-Office 3D Printed

Aligners

Integration of CBCT &
Al

Details & Significance

Zia Chishti and Kelsey Wirth develop the first digit
clear aligner systeé Invisalign.

First commercial release; marketed directly to
patients; used CAD/CAM to fabricate aligners.

Digital scans and virtual setups replace traditional
impressions; improved precision.

U.S-based aligner company offering a ceffective
alternative with similar digital workflow.

Special features for adolescents: compliance
indicators, eruption tabs, and stage flexibility.

Introduction of optimized attachments and new
aligner material for better force application.

I ntroduces TruGENE mat
comfort, and stain resistance.

Companies integrate Al into treatment planning;
virtual monitoring apps (e.g., DentalMonitoring)
emerge.

Orthodontists begin fabricating aligners chairside
using 3D printers for faster turnaround.

Aligners integrated with CBCT imaging and Al
simulation tools for better outcome prediction.

Table 1: Key Milestones in the Evolution of Clear Aligner Therapy

Mechanism of Tooth Movement in Clear Aligners

Clear alignment treatment (CAT) offers a rather distinct biomechanical approach for tooth
mobility compared to standard fixed orthodontic treatments. Their methods of force delivery,
distribution, and modulation vary significantly, even if they both wauatpply regulated forces to
attain ideal dental alignment. First of all, clinicians who wish to develop appropriate treatment
programs and address difficult situations with clear aligners must grasp these biomdtRanics
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Biomechanics Compared to Fixed Appliances

Usually, fixed appliancesioves teeth under constant force produced by archwires interacting with
braces. Using forces provided straight through the bragket interface, these instruments
provide threedimensional manipulation via torquéting, and physical movement by use of ideas
of force and moment contrfi 3].

Clear aligners, on the other hand, depend on regulafdme treatments. Based on form and
stiffness, every aligner in the next series progressively preprograms foresshtoTthe second

phase of the treatment procedure is tooth movement resulting from the aligner seeking to bring the
teeth back to their optimal shape that is, using the viscoelastic qualities of thermoplastic materials.
Aligners usually shift teeth in inements of 0.2 to 0.3 mm with eatifay; depending on how
quickly material wear and intraoral warmth facilitate movement compared to fixed equ[fidient

Clear aligners make more difficult complex actions, including torque, extrusion, and root control,
since they require more surface area of the teeth for force delivery than braces. Aligners are great
for tipping, small rotations, and intrusion; yet, their ability to generate body movement or root
torque is limited without mechanical suppfdrb].

Attachments, Pressure Points, and Optimized Movement

Many auxiliary design features have been developed to overcome aiggdorce application
limitations. Among the most important features are attachments, which are composite resin forms
that are bonded tcedtain teeth. These attachments give handles that let the aligner more firmly
grab the tooth and guide pressures more precisely to create desired movements [16]

There are several types of attachments used based on the required force system:

Optimized attachments Customdesigned for eactooth and movement type
Rectangular/beveled attachmentsEnhance retention and control for extrusion and root torque.
Ellipsoid attachments Commonly used for anchorage or retention.

Modern aligners use artificial intellgpce algorithms to prepare digital smart staging and optimum
attachments, just like Invisalign does. Through control of when and how teeth migrate, these serve
to reduce undesired tilting or lag and enable more consistent movement patterns [17].

Apart fromattachments, the aligner plastic could feature pressure points to directly apply stresses
to particular tooth surfaces. The manufacturer could include these in the design, or they could be
applied chairside using thermal pliers. Pressure points are usefotations, intrusions, and
distalization if normal aligner contact is insufficient [18].
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Role of Auxiliary Tools

Some challenging movemerdsll call for extra instruments to improve biomechanical control,
even with advances in aligner design. Usually modified from conventional orthodontics, these
instruments are quite helpful in precisely aligning difficult cases:

Elastics Elastics controinterarch relationships that is, Class Il or 1l correction attached between
aligned teeth or bonded buttons. They fix overjet, anteroposterior alignment, or crossbite.
Moreover, quite useful for extrusion is vertical force generated by elfkdics

Buttons: Fixed to teeth, these small composite or metal attachments either fix elastics or allow
specific movements like molar distalisation. But buttons give consistent attachment points when
aligner retention is inadequate for the required force v¢26ir

Bite Ramps and Precision CutsUsually seen on palatal surfaces of upper incisors, biting ramps
disclosethe arches to correct deep bites. Precision cuts made from small notches in aligners allow
elastics to fit without using bonded buttons, thereloyeasing patient comfgi21].

Biomechanical Comparison: Fixed Appliances vs. Clear Aligners [22]

Aspect
Force Delivery
Force Control

Primary Force
Source
Type of

Movement
Attachment
Method
Use of
Auxiliaries
Customization
Level

Biomechanical

Predictability
Material

Influence

Patient Control

Aesthetic Impact

Comfort Level

Fixed Orthodontic Appliances
(Braces)

Clear Aligners

Continuous forces via archwires and Intermittent, lowmagnitude forcesia

brackets

High control over tooth movements i
all planes

Archwire/bracket interface

Efficient for tipping, torque, bodily
movement, rotations
Direct bonding of brackets to teeth

springs, elastics, headgear, etc.

Limited to bracket positioning and
wire bends
High in experienced hands

Stainless steel, NiTi wires control
force delivery

Minimal fixed appliances cannot be
removed

Visible; metallic or ceramibrackets

Often causes soft tissue irritation

Table 2: Biomechanical Comparison
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thermoplastic material

Limited control; enhanced with attachment
and auxiliaries

Preprogrammed aligner shape & fit

Effective for tipping and intrusion; less
predictable for torque

Retention via snug fit; reinforced with
bonded composite attachments

elastics, buttons, bite ramps, precision cuts

Fully digital, toothby-tooth, alignetby-
aligner customization

Improving; depends on planning software
and patient compliance

Thermoplastic stiffness and thickness
influence force magnitude

Highd compliance is essential for success

Virtually invisible, clear thermoplastic
Generally more comfortable; smooth edg



Material Science of Aligners

Mostly in reaction to advances in material science, clear aligner treatment (CAT) has been created
and shown successful. Specialised thermoplastic materials have enabled clear fatigners
cosmetic advantage to be clinically feasible and absolutely conceivable. Knowing their physical,
mechanical, and biological properties helps one to assess the longevity, performance, and patient
comfort of these materials [23].

Evolution of Thermop lastic Materials

Simple polyurethane and polyethylene terephthalate giycalified (PETG) aligners were
developed early on in aligner treatment. These materials were selected for their availability,
transparency, and mouldability; their mechanical priogethat is, weak elasticity and fast force
decay were limited. As the therapeutic demands of aligner treatment developed, more
sophisticated mukiayered higkhperformance thermoplastics evolved. These more contemporary
materials combining elasticityudability, and strength allow more controlled and consistent tooth
movement [24].

One of the key turning moments was Align Technology's 2013 SmartTrack® introduction. This
unique material provided improved aligner fit and increased force delivery urdikeps models.

Many companies have created their own tailored materials since then, each with supposed
advantages in comfort, clarity, and biomechanics [25].

Key Properties of Aligner Materials [26]

An optimal aligner material has to blend aestheticamiony with mechanical performance and
biological safety[26,27] The fundamental characteristics of the compounds affecting clinical
resultsare mentioned in the following table:

Property Importance in Aligner Therapy
Strength Enables sustained forcdelivery without cracking ol
deformation

Flexibility/Elasticity Allows for elastic recovery, better fit, and improved seat
against teeth
Clarity/Transparency = Aesthetic valuepatients prefer nearly invisible appliance

Biocompatibility Must be noroxic, noncarcinogenic, and hypoallergenic

Stress Relaxation Determines how quickly the material loses force wil

Resistance under stress; lower decay = longer efficacy

Stain Resistance Essential for longerm aesthetics, especially for prolong
wear

Moisture and Prevents degradation due to saliva, pH fluctuations,

Chemical Resistance food particles

Formability Ability to be molded with precision during vacuum

pressure thermoforming processes

Table 3: Key Properties of Aligner Materials
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Digital Workflow and Treatment Planning

Depending largely on its seamless engagement with digital technology, the current day clear
aligner therapy (CAT) provides a completely digital process that encourages precision, efficiency
as well as predictabilityn contrast to traditional orthodontics which is reliant on a physical
impression and manual bending of the wires. There is a clear indication of this under development
digital revolution in the field of artificial intelligence (Al) and remote care teamoto provide
reattime monitoring of therapeutic response all the way down to ehidgnosis of these
technologies [2B

3D Intraoral Scanning

The process begins with digital impressions made using 3D intraoral scanners (such as iTero
(Align Technology) Medit i700,and Trios (3Shape)). These advahseanners render relatively
precise digital images patiens t e e t dliminating theeneed to use traditional impression
material§29]. Intraoral scanning results in faster caseugeaind aligner ptuction, better patient
comfort hygiene, accuragyrepeatability, and immediate silay of crowding and occlusion
These digital footprints, once obtained, can then be easily remotely distributed tdbasmati
systems where staging, planning, &meétment simulation are established on that found§gign

Digital Setup and Staging Using Software

After a 3D scan is obtained, it is loaded into aligagecific software where a virtual treatment

plan is generated. Using this digital modethodontists are able to move single teeth around and
simulate these results, but also determine the sequence of movement needed to achieve the target
[31]. Useful software platforms are:

Software Associated Aligner Features
System
ClinCheck® Invisalign Realtime 3D simulations, root visualizatiol
SmartForce® integration
Cl ear Pi | ClearCorrect Userfriendly interface, staging control, ree
time adjustments
Spark Approver  Spark Aligners Al-assi st ed pl anning,
insights
SureSmile SureSmile Aligners Advanced tooth movement control, CBC
Software integration

Table 4: Software platforms
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The digital setup offers precise control over key treatment parameters, including the staging of
movements (determining the order and pacendividual tooth adjustments), strategic use and
placement of attachments, application of interproximal reduction (IPR), and meticulous planning
of anchorage and elastif&2]. It also facilitates midreatment refinements and the establishment

of monitoring points, enabling continuous assessment and adjustments. This high level of
customization empowers clinicians to address increasingly complex malocclusions effectively
using aligner$33].

Role of Al and Machine Learning in Treatment Simulations

Treatnent planning with the improved efficiency and predictability of clear aligner therapy has
already been tremendously enhanced with the integration of artificial intelligence (Al) and
machine learning (ML)34]. There are three primary areas that are appiede Al:

Automatic Tooth Segmentation and Labeling

Al software rapidly detects the presence of individual teeth through scans of 3D images, cutting
costs by minimizing the time spent and the amount of manually inputted data and decreasing the
number & errors caused by human beirjgs].

Predictive Treatment Outcomes

Based on thousands of cases carried out, machine learning models predict the best pathways of the
movements and areas that may cause problems to be tracked. That assists to minimgiagemod
and enhances oectness of initial assistance [36].

Root and Bone Simulation

Complicated systems (e.g., Invisalign ClinCheck Pro with CBCT integration) habaskd
implementations to present the roots movement inside the bone, which makesrteehanics

and behavior of the periodontal better and safer. The ability to automate the treatment plan creation
with help of Al makes orthodontists more of decismakers rather than designers, thus
facilitating faster approvals and improved outconpasticularly in large practicd87].

Virtual Treatment Monitoring and Tele -Orthodontics

The digital landscape of the aligner therapy today has far exceeded the boundaries of the clinic,
virtual monitoring systems and tedethodontic platforms haugecome the central focus of current
orthodontic practice. The innovations were very useful in the context of the GO8/andemic
keeping the orthodontic treatment process afloat with less frequpetson visits on the one hand

and on the other handrsiang as a stepping stone to a new age of patentered orthodontics
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[38]. Notable among them are popular platforms, DiemtalMonitoring®with their Al-enhanced
analyzing of the direct smartphones scanning of the patient to check its fit, progréygiene

in the case of orthodontic systen@&;jn® Remote Monitoring system that uses smartphones to
monitor progress by implementing a special smartphone bracket and drassgup video
communication; and SmileMate, which syncs real time pbated evalation directly with the
clinician advicd39].

Benefits of virtual monitoring

In-office visits are reduced, encouraging patients to get care and convenience with no reduction in
guality. Remote monitoring helps to detect failures or complications sasthat they are treated

early. Constant communication improves patient adherence, and wider accessibility can benefit
patients living in rural communities or those with a limited amount of time to spare, making
treatment more effective, and patiénéndy [40].

Tele-orthodontics

Orthodontic practices can ensure a better reach anabsitglwhen initial assessmegan be
conducted without requiring physical appointments. This plays another role of standardizing
checkins on international patients or those with mobility complaints. Once implemented, these
technologies guarantee that the high clinical quality isepvesl, and it offers the attending
physicians and their patients more convenience and flexipitlty

CLINICAL APPLICATIONS

Clear aligner therapy (CAT) has developed to become an effective instrument in the contemporary
orthodontics with predictable tiomes ira vast variety of malocclusioNevertheless, its efficacy
depends on a thoughtful case selection, a good knowledge of its biomechanical constraints, and
compliance with the clinical protocols. The current secti@s@nts the general indicaticaswell

as contraindicationgnd clinical conditions ideal towards being treated using aligased
regimes.

Treatment of Malocclusions

Class | Malocclusions

More typical orthodontic problems like slight crowding, spacing, overjet or overbite aretperfe
possible to resolve with modern methods of treatment. Interproximal reduction (IPR), staged tooth
movements, and use of attachments are important in making treatment precise, more efficient, and
generally successf{#3].
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Class Il Malocclusions

Dentd camouflage may successfully treat mild to moderate Class Il malocclusion by aligners, and
prior to use of elastics, elastics should be added through cutout holes or buttons to accomplish
molar distalizationNeverthelesswith severe skeletal discrepaesialone, aligner therapy might

not be enough and a combination of orthodontic methods or orthognathic surgery would be needed
in order to present éhbest functional and aesthetssults[44].

Class Il Malocclusions

Anterior-posterior correction is a one difficult task in orthodontic treatment especially with
aligners. Nevertheless, pseu@tass Il malocclusion or dentoalveolar misalignment in some
cases is efficiently controlled with the aid of aligners. These cases usually require adjunctive
treatmet such as use of elastics, minimal interproximal reduction (IPR) or even in more
complicated cases, inclusion of surgical planning in order to create optimal [4Slts

Treating Specific Conditions

Expansion

It has been established that it is posstble@xpand the posterior arch in adults, though up to a
maximum of 2 4 mm on each side especially in patients who have a good bone support. This
growth is more predictable in the premolar region than it is in the molar area which can be limited
by skeletaresistance to the amount of movemigit].

Deep Bite Correction

The aligners also exhibit good anterior intrusion and control of veh&ght hence it is useful

in controlling vertical discrepancy. Bite opening may be attained by the additioneoibarite

ramps, which disclose the posterior teeth and allow atemand alteration of occlusion. Also,
posterior opening extrusion using aligners has the additional benefit of enhancing the vertical
height and allows more accurate correction of selbesproblems and a better overall occlusal
interrelationshig47].

Open Bite Management

Combination of molar intrusion and anterior extrusion will allow efficient management of anterior
open bites to obtain appropriate vertical overlap of anterior tEethcoverage bracket design

with clear aligners delivers a better vertical control as it is possible to achieve fine, segmental tooth
movements that the conventional braces do not necessarily provide. This control makes a more
predictable correction ohe vertical dimension especially with regards to open bite ¢48ks
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Rotations

Smaller to midsized toothrotations that do not exceed 2&e usually easy to cope with during

orthodontic treatment. Cuspids and especially premolars can at times berasigtant to

movement, and more difficult to correct. To achieve fruitful outcomes in this situation, it should
employ optimized attachments to be able to provide greater control options and to include the

overcorrection strategies in the treatment 8.

| NDICATIONS AND CONTRAINDICATIONS

Proper case selection is critical to the success of CAT. While aligners have become increasingly
capable due to enhanced materials and attachments, they are still best suited for specific clinical

profiles[42].

Indications

Contraindications

Mild to moderate crowding or spacing @ mm) Severe skeletal discrepancies (requiring orthognathic

surgery)

Class | malocclusions with minor rotations and Complex Class Ill or asymmetric malocclusions

midline corrections

Relapse cases (pestthodontic treatment) Deep impactions or need for large bodily tooth

movements

Patients seeking aesthetic orthodontic options Poor patient compliance or unrealistic expectations
Mild to moderate overbite or overjet correction Active periodontal disease or poor oral hygiene

Minor posterior crossbites

Mixed dentition cases (unless specifically designed fol
Phase | aligners)

Patients with good oral hygiene and compliance

L IMITATIONS

Despite technological progress, clear aligrstitspresent limitation$50]:

Limitation

Limited torque control

Reduced control of bodily movemen
Inadequatevertical control

Rotations in roundooted teeth
Compliancedependent

Complex skeletal Class II/111

Clinical Implication

Challenging in anterior teeth without customized attachments
Especially for large root movement or molar distalization

Intrusion and extrusion can be difficult in molars

Poor grip and reduced predictability, especially in canines
Non-wear reduces efficacy; treatment tracking becomes unpredicti
May require combination with fixed appliances or orthognathic sur:
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ADVANCES AND |NNOVATIONSIN CLEAR ALIGNER THERAPY

The rapid technological evolution in orthodontics has been especially transformative for clear
aligne therapy (CAT). From artificial intelligence to smart materials and remote monitoring, the
modern aligner landscape is being shaped by cuitilgg innovations that are enhancing
precision, efficiency, and patient engagement. This section outlines éleddizancements and
how they are redefining the future of orthodontic care.

Al-Driven Aligner Designs

Artificial intelligence (Al) now plays an important role in the digital treatment planning process

of clear aligners and increases precision and efiitcgie¢hroughout the entire process. Advanced
machine learning applications can use high volumes of treated cases to estimate where the teeth
will move to, and optimize the staging of highly complex moves e.g. torque, intrusion, and
extrusion[51]. Reattime simulations of the outcomes of treatment can be simulated with high
accuracy and refinements automated by tracking progress and patient response can be performed
using these systems. Severe staging of aligner treatment has also been automated wittheome of
leading platforms such as ClinCheck Pro by Invisalign and Approver Software by Spark which are
now even integrated with Al to automate the staging process leaving very little to be done by
performing clinicians themselv§s2].

3D Printed Aligners

Direct 3D printing is becoming a radical replacement of the old method thermoforming in the
printing of aligners. It drastically minimizes the work required by the human factor because mold
production and thermoforming are eliminated, easing the productimess. The method allows
thickness and flexibility of each aligner, or even separate teeth, to be customised more accurately,
and the treatment result can be more accurate ag58¢lIBiocompatible printable resins have

been developed, like those presehby companies such as Graphy, that are comfortable, durable,
and safe to patients. The method also helps the environment to be sustainable thrdagim cut

of plastic waste. Efficient and flexible, the direct 3D printing paves the way to aligner pooduct

in clinics and mass customized orthodontic provi$s.

Smart Aligners with Embedded Sensors

Aligner therapy has one limitation, which is its strong dependence on the compliance of the patient.
This challenge is being addressed by smart alighatsncorporate micrksensors, tracking wear

time via temperatureor pressuresensitive technology, delivering rei@aine feedback both to

patients and clinicians through connected applications, and facilitating behavioral nudges that will
assist in impreing weartime and clinical outcomefb5]. Most prominently, these would be
TheraMon sensors, which have already been in use with removable orthodontic products to
provide accurate data on wear ti mes, and emer
Al ignero, which aim to integrate sensors into
and allow easier monitoring of wear times, and more effective treatment plan exgsétion
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Augmented Reality (AR) and Virtual Monitoring

Augmented relty (AR) and teleorthodontic platforms are changing the game of engaging
patients and remotely caring. Using AR visualization apps, one can look at possible treatment
effects and overlay them on live facial image, which increases the comprehensiospaadion

[57]. In the meantime, remote orthodontic treatment systems, like the Invisalign Virtual Care and
Dental Monitoring, use smartphot@scan, Ataided analysis of progress, and clinician
consultation on progress. These technologies facilitatedwotitic care by avoiding multiple-in

office visits, thereby making the procedure more convenient, efficient more affordable especially
to busy professionals and patients who live faf%s8i.

Integration with Lingual or Hybrid Appliances

Hybrid treatmentnvolving aligners and adjunctive mechansstould also be used to treat some
complex orthodontic cases. Lingual applianicéscognito or Harmony type can be introduced to
deliver greater torque control orgierior anchorage, whereas minisci@#Ds) orbuttons could

be introduced to exert extrinsic force without impacting on the aestlgéiLsAlso, segmental

fixed appliances may be utilized together with aligners in cases that present less predictable
movements with plastic forces alone including anaxtrusion or canine derotation. The given
integrative approach enables clinicians to increase the rangeeotiptly treatable malocclusion
without losing restorative benefits of aligner treatnjénf.

CHALLENGES AND L IMITATIONS OF CLEAR ALIGNER THERAPY

Despite the growing popularity and technological advancements in clear aligner therapy (CAT),
there remain inherent challenges and clinical limitations that practitioners must recognize.
Understanding these limitations is crucial for effective treatrplanning, patient communication,

and outcome optimizatidiel].

Patient Compliance

Contrary to fixed appliances that cannot be removed, clear aligners are highly dependent on their
requirements to be worn consistently regardless of the patientheitiverall consensus being-20

22 hours each daj62]. Nonetheless, a substantial number of patients, especially teenagers,
commonly fail to comply with this necessity, which translates into a number of consequences that
include uncompleted or unpredictaliooth movements in patients, the inability of aligners to
track, malfitting, and even forming gaps, prolonged treatment time, and refinements, and patient
frustration and disappointment because of their respective expec{éddnFo overcome these
difficulties, new methods of solving them are implemented, such as, smart aligners with the built
in wear time sensors, mobile apps that provide reminders, track progress and reward systems,
extensive patient counseling, and folloyys to motivate the patieto adhere to the treatment to
ensure the best outcoméd].
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Difficulty with Complex Tooth Movements

There are tooth movements that are always more difficult to perform in the aligners than in the
traditional braces. To cite an example, extrusion caveprchallenging because the plastic
substance of aligners has no strong vertical traction capabilities, and dramatic rotations, especially
those applied to those teeth with a round root such as canines and premolars, tend to be
unpredictablg65]. Without the mechanical engagement of brackets and wires, torque control
needs much more precise root movement and therefore is also less reliable. Likewise, with the
additional control afforded by the use of archwires, bodily movements can be controlled in a bette
way and such complex interarch corrections, such as those with a cornechiersagittal plane

or vertical plane, tend to require some form of assistance by using elastics or temporary anchorage
devices (TADs)[66]. These tooth movements are less ptatle even using the benefit of
optimised attachments, overcorrection staging and the use of auxiliaries, and so hybrid treatment
or temporary utilisation of fixed appliances may be needed to deliver optimal [63lits

Refinements and Mid -Course Corrections

Refinements are further sets of aligners, prescribed when the treatment result does not follow the
plan and can occur due to a lack of tracking of one to several teeth, biomechanical constraints of
the aligner, incorrect wear, or biological vaioa. In certain circumstances, it may be required to
make mid course corrections earlier than the original aligner sequence is finished. This clinically
translates to an overall treatment time increase, a greater burden of work on the clinicians in terms
of rescanning, treatment planning, and approvals, and even frustration of the patient due to a lack
of linear, smooth progression. Additionally, the refinements can result in some other laboratory or
reordering expenses that increase the total finan@dldb the treatmeri68].

Pediatric and Adolescent Use of Clear Aligners

DID YOu KNOW?

* Aligners combined with vibration

Although originally used in adult, clear aligner therapy (CA
has become more common in orthodontic when used iN| deices or micro-ostcoperforations
pediatric and adolescent world. As increasing desj e cuttreament ime.
refinements make aligners childendly, and the accuracy off " i developing aigners s
digital technology brings aligners into the eaffervention | .. duwing rcment
picture and comprehensive treatment plans of growing patie| * New aligners integrate micro-sensors
Nevertheless, biological and behavioral factors related to 'k patiencweartimeand

haveto be incorporated into planning [69]. compliance.
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Growth Considerations in Young Patients

Craniofacial growth, dental eruption and skeletal development must be given careful consideration
in offering orthodontic treatment to children and adolescents. Treatpi@mbing needs to
consider growth and development of eruption styles such as mixed dentition, steam roots and
developing permanent teeth when the aligners are used on the growing indiM@lidBecause

active treatment of aligners does not produce tffea skeletal growth to the same extent as
functional appliances then growth modifying treatment, e.g. correction of Class Il malocclusion,
generally needs some additional treatment or Hybrid treatment. Besides, the time of intervention
also matters sind@e aligners are not always suitable during the late mixed dentition phase unless
created particularly addressing this issue, like Invisalign Fifgt

Interceptive Orthodontics with Aligners

Interceptive or Phase | orthodontic therapy emphasizdsstdienent of the malocclusions that are

yet to develop with the intention to make it simpler to intervene and treat them at a later stage.
Clear aligners have become one of the effective implementz this phase that provides specific
solutions to diférent conditions. To give an example, crossbite correction may be done using arch
expansion with the assistance of aligners and elastics whereas minor anterior crowding could be
addressed through space making with interproximal reduction (IPR) or ardbpiaeat[72].

The proclined incisors may be fixed by retraction and bite correction by means of removable
aligners, and thumb sucking can be eliminated with the help of the myofunctional modules
included in the aligners. Correspondingly, asymmetric stpgswell as distalization strategies

can be used to fix the dental midline disparifi€3. Specific orthodontic systems like Invisalign

First and 3M Clarity Junior have more features tailored to the special needs of Phase | orthodontics,
including the Aility to precompensate eruption of unerupted teeth, and short orthodontic
appliances better suited to primary teeth, as well as greater vertical coverage to better allow bite
control and, therefore, greater effect of early orthodontic treativiéht

Myofunctional Integration and Habit Correction

Oral development of jaws and the establishment of the dentition are often disrupted by orofacial
myofunctional disorders related to an abnormal position of the jaws in children, malocclusions.
Common predisposghfactors are a tongue thrust, breath through the mouth in the oral cavity,
improper swallowing manner, and inferior tongue position. The presence of such habits may alter
the alignment of the teeth and jaws due to incorrect curvature of the musclesnoiutiheunless
prevented at an early stag®].

Aligners are capable of a successful synthesis with myofunctional therapy (MFT), which can
improve the results of treatment, as not only dental positioning but also the diseases of functional
habits are corrected during it. By using certain aligner designsiay achieve correct positions

of the tongue by guiding and reinforcing the tongue in the correct position, and with MFT we can
retrain the neuromuscular pathways to develop healthier jaw and facial growth out of phase. Such
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holistic treatment does nohly enable the achievement of more stable outcomes but also decreases
the degree of risk of relapse since the etiologic processes underlying malocclusion are identified
and corrected76].

New orthodontic systems are currently emerging and involving thplementation of
myofunctional modules to improve the results of the treatment. These incorporatetrairggrs

within aligners to encourage good tongue position and bumper or flange appliances that help
prevent bad oral habits, and this can include dditted with Myobrace or other removable
myofunctional appliances to help in the musculagdacation to achieve better oral functionality

[77].

FUTURE DIRECTIONSIN CLEAR ALIGNER THERAPY

As clear aligner therapy (CAT) becomes a mainstream orthodoatiality, ongoing research and
innovation continue to push its boundaries. The future of CAT promises a convergence of
biotechnology, artificial intelligence, and personalized medicine. This section explores upcoming
advancements poised to redefine orthadorare.

Personalized Aligners Using Genetic and Craniofacial Data

The field of precision orthodontics is moving in the direction of using personal biological
blueprints to maximize clinical outcomes. It is also hoped that future aligners will be both
aratomically fitted to the teeth based on dental anatomy, and also genetically marked in relation
to tooth movement speed, bone density, and craniofacial patterns of growth. Combining
cephalometric Al with 3D facial scans will enable the planning of treasrterensure that there

is equilibrium of ensuring functional demands and total facial aesthetics. Further, the integration
of epigenetic information could be used to differentiate patients who have a greater chance of
relapse or unpredictable outcomes #ng truly personalized and dynamic orthodontré.

Smart Biomaterials and Biodegradable Aligners

The field of material science is also converging rather quickly into the creation ajereation
orthodontic aligners that do not simply distribpgssive forces on a patient. Future innovations
work will entail the increasing use of smart polymers that can react to changes in oral pH or
temperature, which can be used to deliver controlled and dynamic releases of forces; Shape
memory materials, whichan provide sustained and consistent pressure across the surface of a
tooth over a period of time; and the use of biodegradable aligners, which not only eliminate plastic
wastage, but also allow the possibility of the singge of what can be termed asexoaligner to

be worn on a daily basis. Collectively, these innovations have the potential to maximize patient
comfort, reduce the necessity of refinements and support orthodontice practice with the overall
sustainability ambitionf79].
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Al-Based Auto-Correction and Predictive Planning

The artificial intelligence will still improve the design and monitoring of treatment by bringing
about the advanced level of automation and prediction. Intraoral scans sent by patients can create
reaktime autecomrection algorithms that help modify the progress of treatment without requiring
any manual work leading to increased precision and efficitijy Predictive analytics based on
dealing with deep learning models on millions of clinical cases will preigchécessity of mid
course correctiy, identify nontracking teeth early enough, and provide recommendations
regarding precise placement of attachments or alterations in the staging. Moreover, workflows
without barriers to integration with robassisted leggner fabrication would allow them to be
produced irclinic on a neareattime basis on the basis of -Apdated prescriptions and
potentially transform the orthodontic care by improving both the accuracy and speed at which it is
administered81].

Remote Orthodontic Care Models

Tele-orthodontics is not only a monitoring solution, but a full remote treatment ecosystem. The
new athome impression kits, Al scans, and virtual consultations to can make it possible to have
an endto-end diagnosigo-delivery g/cle, and portable 3D scanners and intraoral cameras could
soon become devices owned by the patient. New technology like holographic support via AR/VR
will only improve the instructions and consultations with the patients making care more interactive
[82]. Other testing global brands are performing with subscrigiesed models over aligners
utilizing Al to follow virtual versification, cutting down the chdime, and opening accessibility.

As much as this democratization of orthodontic care constitates@mous promise, especially

to the rural populations and other underserved groups, such an approach has to be very much
balanced against the concepts of safety and professional oversight in order to promise the positive
results[83].

Aligners in Prevent ive and Pre-Prosthetic Orthodontics

Aligners have also increasingly been incorporated into the interdisciplinary dentistry as they find
more uses beyond correcting malocclusion. They are used dprgsthetic orthodontics to
generate excellent implantéswn spacing, correct upright molars and straightetimiyiteeth prior

to installing prosthesis[84]. Aligners, in being the practice of preventive orthodontics, may
facilitate small alignments of the teeth in the early stages of mixed dentition stages, t
eliminating a more complicated treatment in the future, or help to shuepiwattion spaces to
prevent orthodontic treatment at a later stage. Due to their esthetics and the removability, aligners
have become preferable by far in case of patiemisiviag restorative, periodontal, or implant
treatment, an aspect that makes it a bilwagkd tool in the contemporary dental pradB&a.
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CONCLUSION

In summary, clear aligner therapy has progressed from a cosmetic adjunct to a scientifically
validated and digitally driven orthodontic solution. This evolution has been propelled by
innovations such as Adssisted treatment planning, 3D printing, smart biomaterials, and virtual
monitoring systems. Together, these advances have made treatmeiprecme, efficient, and
tailored to individual patient needs. The shift toward patentered cafe marked by enhanced
comfort, esthetics, and flexibilidyreflects a broader transformation in healthcare toward
personalization and convenience. As we ltmkhe next decade, clear aligners are expected to
integrate genetic data, biodegradable materials, and fully remote treatment models, making
orthodontic care more accessible and intelligent than ever before. These developments signal not
just an improveme&t in tools but a redefinition of how orthodontic care is conceived and delivered,
positioning aligners at the forefront of modern, minimally invasive dentistry.
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| NTRODUCTION

Periodontal disease is a common oral health problem that happens when the tissues that support
the teeth, like cementum, periodontal ligament (PDL), and alveolar bone, gradually break down.
Although they cover cleaning, roptanning and surgical operatns, conventional periodontal
treatments do not replace the lost periodontal tissues, even though they usually strive to slow down
disease progression and reduce inflammation. Periodontal regeneration thus becomes a useful
therapeutic target, aimed not omllystopping disease but also at restoring the periodontium to its
natural design and functigf].

In the last few years, periodontal regeneration has evolved drastically. At first, the focus was
mainly on using methods like barrier membranes, guidedetissgeneration (GTR), and bone
implants. Although these techniques provided partial regeneration in many therapeutic
environments, the outcomes were variable and largely depended on the patient. With biological
treatments aiming to emulate the complegrattions required in normal tissue development and
regeneration opening themselves, tissue engineering and regenerative medicine have ushered in a
new age in periodontal theraf8].

Applied in periodontology tissue engineering is an interdisciplinargldi combining biology,
engineering, materials science, and clinical sciences to produce successful replacements for
damaged periodontal tissues. Scaffolds, cells,tameblecularsignals, frequently referred to as

the tissue engineering triad, are its #rkasic constituent§3]. Taken collectively, these
components provide a framework allowing cellular infiltration, differentiation, and tissue
development within the defect site. This approach seeks to break free from the limitations of
conventional treatents and enable real regeneration of all periodontal tissues, not repair or fibrous
healing[4].

Particularly the development of biodegradable, biocompatible, and multifunctional materials
encouraging cell adhesion, proliferation, and angiogenesis has sigmficant improvement in
scaffold design in recent years. Among the cutgdge tools applied inustomizedperiodontal
treatment are smart biomaterials, 3D bioprinting, and nanofibrous scaffolds. Researchers are
progressively integrating bioactive teoules, such as growth factors and cytokines that control
cellular activity and promote tissue regeneration, into these scafiplds
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Comparably transformative is the contribution stem cell biology makes to periodontal
regeneration. Mesenchymal stem sgMSCs), taken from dental pulp, periodontal ligament,
alveolar bone marrow, and even gum tissue, have shown a great ability to turn into osteoblasts,
cementoblasts, and fibroblasts, which are the main cell types needed for repairing periodontal
tissue. Nt only can autologous stem cell treatments solve ethical concerns, but they also lower
immunogenic side effects, which qualifies them for clinical translg@pn

The newly discovered knowledge of molecular signalling pathways affecting periodontal tissu
formation and healing adds yet another degree of complexity and opportunity. Key signalling
molecules currently under review include bone morphogenetic proteins (BMPs), platalet!

growth factors (PDGFs), vascular endothelial growth factor (VEG¥g)firoblast growth factors
(FGFs), which aim to increase the efficacy and predictability of clinical outcpfhegoreover,

the invention of controlled release systems combining hydrogels and microspheres enables the
continuous dispersion of these bitae molecules in the target area, thereby improving the
regeneration environmefg].

Still another interesting route is incorporating gene therapy into periodontal regeneration. Gene
therapy seeks to overcome the limitations of direct protein delivedyganerate continuous,
localised production of necessary biomolecules by including genes encoding restoring proteins
directly into the periodontal tissues. Although it is still in the early phases, gene therapy has the
potential to create lonasting biobgical impacts and could significantly advance the field in the
coming year$9].

Recently, the combination of immunomodulatory techniques and alterations imicosbiome
interactions has become particularly intriguing. Apart from a bacterial infetbiostrong a host
immune response causes persistent periodontitis. Thus, for efficient periodontal tissue engineering,
a praregenerative environment and immune response management become basic requirements.
Immunemodulating scaffolds, anthflammatory cytokines, and T cell regulation help define
several approaches already in [E&.

Furthermore,remarkable is the development in clinical translational application of tissue
engineering techniques. Periodontal regeneration stenas#id treatments ampowth factor
distribution methods have proved in clinical studies their safety and efficiency. Still difficult are
legal limitations, expenses, lottgrm consequences, and process standardisation. A predictable,
reproducible, patiengpecific regenerativenedicine gradually becomes a realistic possibility as
scientists keep addressing these constriidis

Shifting from old methods to new ways that support natural healing of the gums, periodontal
regeneration through tissue engineering represents achajoge. In this field, stem cell research,
biomaterials science, molecular biology, and bioengineering taken together have brought rapid
development. These advances clarify periodontal biology and provide the means for inventive
treatments able to restodental health, function, and aesthetics in patients with periodontal
disease. Research lowers the barrier separating bench and bedside; hence, periodontal treatment
seems to be progressively regenerative, tailored, and h¢p2ful
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PERIODONTAL TISSUES AND REGENERATION TARGETS

Comprising four main tissues working together to support and protect the teeth within the jawbone,
the periodontium is a dynamic and sophisticated architecture.

Cementum Cementum is a calcified tissue that shields the toothawdtprovides a home for
periodontal ligaments. Since it is quite avascular and lacks remodelling capacity, its regeneration
poses a biological problem. Two main kinds are acellular extrinsic fibre cementum and cellular
intrinsic fibre cementunfil3].

Periodontal Ligament (PDL): The cementum and alveolar bone are connected by a unique
connective tissue. Rich in mechanical force transmission, PDL controls everything by means of
fibroblasts, progenitor cells, and blood vessels. Since it must precisely raiategoafreshly
created bone and cementum, effective periodontal regeneration mostly relies on ifd4jpres

Alveolar Bone: The sockets in this bone allow tooth roots to settle. It is always changing and
rather prone to mechanical impulses arfthmmatory reactions. Starting with resorbed alveolar

bone, periodontal disease causes teeth movement and loss. Bone regeneration is one of the primary
objectives of regenerative treatmefitS].

Gingiva: Shielding the soft tissue around the alveolardyahe gingiva rings the teeth from
bacterial attack. Not only for looks, but also for maintaining the integrity of the periodontium after
regeneration; a godceratinizedgingivais consequently vitglL6].

Gingiva
Cementum

|
[
|| j’—— poadonol

g \\— Bone
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Healing vs. Regeneration vs. Repair

Healing refers to the natural biological process that restores tissue continuity after injury. It may
involve inflammation, granulation tissue formation, and scar tissue develofiignt

Repair involves the reestablishment of tissue continuity with fibrous tissather than the
original specialized structures. In periodontics, this often results in a long junctional epithelium,
which lacks the biomechanical and functional characteristics of true periodontal attaft8hent

Regeneration the gold standard, is threeconstitution of the original tissue architecture and
function. In periodontium, this means new cementum, functionally aligned PDL fibers, and
alveolar boné precisely integrated as in the natural sfafg.

The distinction is criticalwhile conventioal periodontal therapies often achieve repair,
regenerative therapies aim for true regeneration to restore lost function angtrlongpoth
stability.

Biological Challenges in Regenerating Multiple Tissue Types Simultaneously

The simultaneous and coordied regeneration of many functionally and anatomically different
tissues inside a limited and perhaps inflamed environment is one of the most challenging concerns
in periodontal regeneration. The main difficulties are:

Spatial Orientation and Integration: Cementum, PDL, and alveolar bone must regenerate in
specific spatial relationships. Misalignment or incomplete formation of one tissue compromises
the function of the whole systef20].

Cellular Crosstalk: Multiple cell types such assteoblastsgementobldas, fibroblasts, and stem
cellsmust be recruited and coordinated to differentiate appropriately and deposit the right matrix
in the right placg21].

Selective Cell Repopulation Techniques like guided tissue regeneration (GTR) aim to exclude
epithelial and gingival connective tissue cells while allowing PDL and {omeing cells to
colonize the defect. However, maintaining this selective environment is dif2@jlt

Inflammatory Environment : Chronic periodontitis alters the local microenwineent, with
persistent inflammation, microbial dysbiosis, and tissue destruction. These conditions impair stem
cell function and scaffold integratig@3].

Vascularization: All regenerative tissues require adequate blood supply. However, creating

vascularmetworks within bioengineered constructs, especially in large defects, remains a major
hurdle[24].
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Material Biocompatibility : The ideal scaffold must be biocompatible, degrade at the right rate,
support cellular activity, and integrate with host tissuglsomt causing immune reactiof5].

PRINCIPLES OF TISSUE ENGINEERING IN
PERIODONTOLOGY

In periodontology, tissue engineering is the rapidly growing field combining clinical dentistry,
material science, and biology to rebuild damaged periodontal tiSBuesnain goal is to fix the
structure and function of the periodontium using methods that carefully combine technical and
biological ideas. Underlying, most essentially, tissue engineering are cells, scaffolds, and
signalling molecules. These elements tak@yether control the regeneration of functional tissue
[26].

The Triad of Tissue Engineering: Scaffolds, Cells, and Signaling Molecules

Scaffolds

A basic threadimensional framework for cell attachment, migration, and differentiation defines
most of the process of periodontal regeneration. Scaffolds should be biocompatible and
bioresorbable if we are to sufficiently stimulate this process to guarantee safe integration into host
tissues and gradually disintegrate as natural tissue regeneration proceedenie ligament
(PDL), cementum, and bone all need suitable spatial direction to guide the proper anatomical
alignmentbased regeneration [27]. Furthermore, crucial for perfect scaffolds are enough
mechanical strength and porosity to maintain structuntalgrity, support mobility and allow
vascular penetration. Among other materials, scaffold construction gains from synthetic polymers
like PLGA and PCL, natural polymers like collagen and chitosan, hydrogels, and nanofibrous
matrices. Recent technologiadvances, including 3D printing and electrospinning, now allow
unique, multilayered scaffolds to replicate the intricate architecture of the original periodontium
more precisely and have better regeneration capability [28].

Cells

Cell-based regeneratiarlies on delivering or recruiting cells that can differentiate into tissue
specific lineages. Commonly used cell types in periodontal engineering include:

Periodontal ligament stem cells (PDLSCs)

Gingival mesenchymal stem cells (GMSCs)

Bone marrowderivedmesenchymal stem cells (BMSCs)
Dental follicle stem cells (DFSCs)

= =4 -8 -8

These cells contribute to the regeneration of cementum, alveolar bone, and PDL fibers. Cell
therapy may involve eithatirect transplantatioor the use otell-seeded scaffolddat createa
regenerative microenvironmej29,30]

38



Signaling Molecules (Growth Factors)

These are bioactive proteins that regulate cellular behavior such as proliferation, chemotaxis,
differentiation, and matrix synthesis. Key growth factors in periodontal regemeirsclude:

Plateletderived growth factor (PDGF)
Bone morphogenetic proteins (BMPSs)
Transforming growth factebeta (TGFb )
Fibroblast growth factors (FGFs)

Vascular endothelial growth factor (VEGF)
Enamel matrix derivatives (EMDs)

E R

Advanced delivery systems suchraocarriersmicrospheresandsmartrelease hydrogelselp
ensure sustained and localized release of these mol§@1)82].

@B 4

Platelet-derived Bone morphogenetic  Transforming growth
growth factor (PDGF proteins (BMPs) factor-beta (TGF-§
Fibroblast growth Vascular endothelial Enamel matrix

factors (FGFs growth factor (VEGF derivatives (EMDs

Role of Biomimicry and Bioactivation
Biomimicry

Most of the periodontal regeneration is untlee direction of a thredimensional framework
controlling cell attachment, migration, and differentiation. Safe for the body and able to break
down over time, scaffolds have to naturally fit the surrounding tissues and support the healing
process by viue of their stability. They also need the periodontal strushoee, cementunand
periodontal ligament (PDL}he correct support to enable their regeneration back in the appropriate
places [33]. Moreover, very important for ideal scaffolds are enowgthanical strength and
porosity to preserve structural integrity, support mobility and allow vascular penetration. Among
other materials, synthetic polymers such as PLGA and PCL help scaffold building; natural
polymers include collagen and chitosan, hgels, and nanofibrous mats. Custamade, layered
scaffolds that better mimic the complex structure of natural periodoetilnancesheir ability to
regenerate, thanks to recent advancements in technology like 3D printing and electrospinning [34].
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Bioactiv ation

Bioactivation is the functionalising of materials or scaffolds under active interaction with
biological signals inside host tissues, therefore optimising the benefits of regeneration. Extensive
matrix (ECM) proteins or bioactive peptides coveringffet@ds offer many ways to replicate
natural tissue settings [35]. Furthermore, buried in nanopatrticles are therapeutic genes or growth
factors with localised, lontasting biological action. Advanced techniques also offer tailored and
controlled therapeuti effects through sensitive systems that respond to specific environmental
stimuli, such as pH, temperature, or the presence of enzymes [36].

Together, biomimicry and bioactivation enhance -seliffold interactions and promote more
predictable tissue regeration by closely replicating natural healing pathways.

In Vitro vs In Vivo Considerations

In Vitro Studies

Usually under laboratory supervision, these studies make use of synthetic tissue models or cell
cultures. They offer interesting research covermgcompatibility and cytotoxicity, scaffold
disintegration and mechanical characteristics, stembediavior and differentiation potential.
Although in vitro systems have widespread use, their lack of the complicated biological
background seen in a humarganism could restrict their ability to completely forecast clinical
effects [37].

In Vivo Studies

Examining immunological responses, inflammatory responses, tissue irdegeatd functional
regeneratiorthat is, loaebearing capacities and vasautationrequires in vivo research, i.e.,
animal models or human clinical trials. These findings present significant fresh ideas on the
biological effectiveness of regeneration methods in suitable physiological conditions. Still, they
cause major issueské alterations in immunological profile, individual healing capacity, and
defect size. Big animals like dogs and pigs have closer physical and physiological similarities to
humans, even if their use is connected with high expenses and difficult etlisabgs [38].

Stem Cells and CellBased Therapies

Stem celbased treatments are among the most fascinating approaches in periodontal regeneration.
These methods use the capacity of stem cells teresedfiv and specialise into many cell types
required torebuild periodontal tissues, including cementoblasts, osteoblasts, and fibroblasts.
Clinics and scientists hope to increase the predictability and quality of tissue mending beyond what
is possible with scaffolding or growth factonly treatments by incogpating stem cells into
regenerative therapy [39].
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Types of Stem Cells Used in Periodontal Regeneration

Several stem cell sources have been explored for their potential in regenerating periodontal
structures. These include both dental and-demal origincells:

Periodontal Lig ament Stem Cells (PDLSCs)

Stem celbased treatments are among the most fascinating approaches in periodontal regeneration.
These methods utilise the capacity of stem cells teraedw and specialise in the many cell types
requiredto rebuild periodontal tissues, including cementoblasts, osteoblasts, and fibroblasts.
Clinics and scientists aim to improve the reliability and effectiveness of healing tissue beyond what
can be achieved with just scaffolding or growth factor treatmbpt@dding stem cells to
regenerative theragyO].

Bone Marrow -Derived Mesenchymal Stem Cells (BMSCs)

Packed with osteogenic potential, BMSCs have drawn particular interest in periodontal and
orthopaedic regeneration. Usually cut off the long bonesamr diest, they can split off into fat,
cartilage, and bon@1].

Gingival Mesenchymal Stem Cells (GMSCs)

They have immunosuppressive activity, quick development, and are easy to use, unlike gingival
connective tissue. Even if their osteogenic ability dssl than that of BMSCs, they induce
angiogenesis and support soft tissue hed#iag

Dental Pulp Stem Cells (DPSCs)

DPSCs, discovered in the dental pulp, can differentiate into various cell types, including
odontoblasts and neurons. Rareeriodontics, endodontic and neuroregenerative research finds
them more frequentl43].

Dental Follicle Stem Cells (DFSCahdStem Cells from the Apical Papilla (SCA&E also under
investigation for their potential in regenerating the periodontiunmsanmdunding structurggd4].

Harvesting, Culturing, and Differentiation
Potential

Harvesting Techniques

DID YOU KNOW?
Researchers usually collect stem cells through | : : :
invasive procedures from gingival biOpSieS, bO + PDLSCs were first isolated from extracted third molars in

2004 and have since shown ability to regenerate both

marrav aspirations, or removed teetty., third nelars | o0 o0
for PDLSCs. The resultant tissue is either explant cult == m e i il e

] contain over 200 types of signaling proteins and RNAs
or enzymatic treatment for subsequent stem cell hary 0 T
[45] . * 3D bioprinting can now print scaffold structures with live
cells and multiple layers of growth factors in one step.
+ Platelet-Rich Fibrin (PRF) contains not only platelets but

also leukocytes, fibrin, and growth factors like VEGF and
TGF-p1, making it a complete regenerative matrix.
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Culturing

Stem cells are taken and then cultivated in vitro under regulated conditions to maintain their
multipotency. Maximizingculture conditions requires modeling physiological niches, specific
media compositions, growth hormones (like FGF and EGF), and sometimes low oxygen tension
[46].

Differentiation Potential

Focused stimulation can lead these cells to grow into speciiades, thereby enabling their use

in regenerative medicine. Some of the substan
glycerophosphate, and dexamethasone; enamel matrix derivatives or bone morphogenetic proteins
(BMPs) can encourage the growdh cementum cell$47]. Conversely, usually resulting from
mechanical stimulation and certain matrix proteins is fibrogenic differentiation. The type of tissue
intended for regeneration determines the differentiation strategy to be chosen. Finallynmginta

cellular viability and ensuring appropriate signaling in the transplanted environment define the
efficacy of these regeneration technig[#8].

Cell Sheet Engineering and Spheroid -Based Models

To overcome limitations of traditional scaffeichsed delivery, newer methods sucltels sheet
engineeringand spheroidbased modelare being developed to enhance tissue integration and
regeneration.

Cell Sheet Engineering

Stem cells are grown to confince on temperaturesponsive pans using a new regenerative
technology called cell sheet engineering, therefore permitting the extraction of whole monolayer
"cell sheets" free from enzymatic digestion. Maintaining cellular function and vitality depends on
important celto-cell junctions and extracellular matrix components; hence, our technique protects
them. These cell sheets have several benefits, including better cell survival, more integration with
host tissues, and angiogenesis stimulation, whetkgrate deliberately stacked or wrapped over
defective areas. Preclinical studies have shown encouraging results, particularly in regenerating
periodontal ligament and cementum, highlighting the potential of this technique for creating
periodontal tissu@t9, 50].

Spheroid-Based Models

Threedimensional aggregates of stem cells in spheroid form closely approximate the structure of
native tissues compared with conventional monolayer cultures. They increate cell contact,
differentiation, and reduce paptosis following transplantation. Spheroids integrated with
injectable hydrogels or scaffold matrices provide a minimally invasive approach combining high
regenerative potential with structural support of tissue reconstruction, and are therefore highly
promising in applications in tissue engangg and regenerative mediciftel].
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Scaffold Materials and Fabrication Techniques

Fundamentally, scaffolds in periodontal tissue engineering are temporary structures affecting cell
stick, mobility, growth, and $isue generation. Perfect scaffolds should allow vascularization,
closely mirror the extracellular matrix (ECM) of periodontal tissues, and break down at a rate fit
for tissue regeneration. Modern manufacturing techniques, including 3D bioprinting ardidscaff

design, have altered drastically both the use of natural and synthetic m§etials

Natural vs. Synthetic Scaffolds

Parameter

Examples

Source

Biocompatibility
Bioactivity
Mechanical

Strength
Degradation
Customizability
Batch
Variability
Applications
Limitations

Production
Scale

Natural Scaffolds

Collagen, Chitosan, Gelatin,
Hyaluronic Acid, Alginate,
Fibrin

Derived from biological
organisms (e.g., animals, marir
life)

High

Intrinsically bioactive, mimics
native ECM
Generally poor

Natural degradation without
toxic byproducts
Limited

High (depends on biological
source)

Promotes cell adhesion, wounc
healing, ECMlike environment
Weak mechanics, inconsistent
quality, fast/variable degradatic

Difficult to standardize, limited
scalability

Table 1: Natural vs. Synthetic Scaffolds

Synthetic Scaffolds

PLGA, PCL, PEG, PLA

Chemically synthesized polymer

Moderate to high (may need
surface modification)
Lacksbioactivity unless modified

Good to excellent, can be tailore

Controlled degradation, but som
acidic byproducts possible
Highly customzable (structure,
degradation rate, mechanical
properties)

Low (standardized
manufacturing)

Structural support, drug delivery
tailored scaffolding

Foreign body reactions, nen
bioactive, acidic degradation
products

Easy to scale up for mass
production



Nanostructured and Bioactive Scaffolds

Greater biomimicry and functional integration in nanotechnology have greatly improved
periodontal scaffold design. Designed mostlyelsctro spinningnanofibrous scaffolds faithfully
reproduce the fibrous architecture of the natural extracellular matrix (ECM), therefore enhancing
cell adhesion, direction, and proliferation. Collagen, PLGA, or their composites can be used to
generate these nanofibers,mdmning mechanical strength with bioactivity [53]. Moreover,
bioactive scaffolds are designed to actively interact with host tissues by including bioactive
compounds such as growth factors or restorative peptides. Among the prominent examples are
enamel maix derivatives (EMDSs) incorporated into collagen scaffolds to assist cementum and
periodontal ligament (PDL) synthesis and hydroxyapatite (HA) or bioactive lpgeesl scaffolds

for bone regeneration. Moreover, functionalized nanoscaffolds combiningceudhemical
alterations with nanotopographical signals have shown remarkable capacity to affect stem cell
activity, improve osteoconduction, and stimulate angiogenesis, so facilitating more successful
periodontal regeneration [54].

3D Printing and Biopri nting in Periodontal Scaffolds

3D printing has revolutionized periodontal regeneration by enabling the fabrication of patient
specific scaffolds derived from imaging data such as-teaen computed tomography (CBCT).
This technology allows for the creatimf compartmentalized scaffolds that closely mimic the
natural architecture of periodontal tissues, including bone, periodontal ligament (PDL), and
cementum. Commonly used materials in these applications include pohgagfigcolic acid
(PLGA), polycapolactone (PCL), and various composite blends, which offer tailored mechanical
properties and biocompatibility for effective tissue regenergibn

Bioprinting is an emerging technique that involves the use ofagiin bioinks to fabricate

living scafolds with high precision. This technology enables th@ioting of cells, biomaterial
scaffolds, and growth factors in spatially controlled patterns, closely mimicking the architecture
of natural tissues. One of its most promising aspects is the pbtenteplicate vascularized and
functional tissue constructs, opening new avenues for complex defect reconstruction and
personalized regenerative therapies. Despite its transformative potential, the clinical translation
of bioprinting remains in its eartages, requiring further research to overcome challenges
related to scalability, integration, and regulatory appr{Heél.
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Biodegradability and Mechanical Properties

An appropriate scaffold for periodontal regeneration must match tissue grotatictifisal support

till the newly produced tissue can fulfill functional needs. The primary determinant is
biodegradability, so degradation products should betoxic and either absorbed by the body or
eliminated there. The speed of degradation dependsw@ral parameters: surrounding ambient

pH, crosslinking density, and scaffold material composition. Important mechanical characteristics
of the scaffold also include its strength adequate to support in vivo physiological pressures, notably
in loadbearirg locations such as alveolar bone defects and surgical handling. Scaffolds that are
flexible enough should also allow the periodontal ligament (PDL) to grow, thereby emphasizing
the importance of a compliant, elastic matrix. Often composite or multilageadiblding designs
enable a suitable compromise between controlled degradability and biomechanical ifgéprity

Growth Factors and Signaling Molecules

All the things needed for periodontal tissue regeneration, like growth factors and signaling
molecules, are important biological substances that manage key cell activities such as moving,
growing, changing, and forming the extracellular matrix (ECM). By arranging the complicated
interactions between cells and scaffolds, these molecules genevaterbical signals that
improve the predictability and effectiveness of regeneration treatj®&jts

Key Growth Factors in Periodontal Regeneration

Several growth factors have been identified as pivotal in periodontal tissue development and
repair:

Platelet derived growth factors (PDGF)

Among the most researched growth factors in periodontology, ptdiieed growth factor
(PDGF) is clearly necessary for tissue regeneration. Key events in periodontal healing are PDGF's
stimulation of fibroblast and ogiblast proliferation, angiogenesis, and collagen production. The
recombinant form, rhPDGBB, is found in products like GEM 21S and has proven to be very
helpful in treating deep bone and gum issues, making it a good choice for advanced periodontal
healingtreatment$59].

Bone Morphogenetic Proteins (BMPs)

Strong osteoinductive chemicals, especially BMBnd BMR7, enable mesenchymal stem cells

to grow into osteoblasts and cementoblasts, stimulating bone and cementum production. Although
these proteinkave therapeutic value, their use has to be tightly regulated since incorrect dosage
or delivery could lead to unwanted calcification and inflammatory reactions, therefore
compromising adjacent tissues and general therapy efejts
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Transforming Growth Factor-Beta (TGFy Q

It regulates immunomodulation, matrix development, and cell growth. Usually working in
conjunction with other growth factors, it serves to improve periodontal ligament and alveolar bone
regeneration61l].

Fibroblast Growth Factors (FGFSs)

Sometimes referred to as basic FGF, fibroblast growth f2c{6iGF2) is rather important for

tissue regeneration because of its various biological actions. It actively encourages angiogenesis,
which is necessary to increase blood vessel formatioscaffolds and ensure the supply of
nutrients and oxygen needed for tissue repair. Apart from its angiogenic propertiezjitGEes
periodontal ligament (PDL) fibroblast development and epithelial proliferation, which makes it
indispensable for strategi®f periodontal and oral tissue regenerat&#j.

Vascular Endothelial Growth Factor (VEGF)

Usually under control of neovascularization, Vascular Endothelial Growth Factor (VEGF) is
essential to promote endothelial cell migration and proliferafbmtering the development of new

blood vessels in regenerated tissues. This angiogenic effect, especially in big or poorly
vascularized wounds, affects the survival and integration capacity of intended grafts. Usually co
delivered with osteogenic medicai®to raise scaffold vascularization and enable effective bone
mending, VEGF thus promises a synergistic increase of both angiogenesis and osteogenesis
[63,64].

Enamel Matrix Derivatives (EMDS)

Emdogain®, which comes from pig tooth buds, is a type oprahat mimics the natural process

of cement formation. EMDs stimulate the activity of cementoblasts and periodontal ligament
(PDL) fibroblasts, therefore promoting the creation of new cementum and cellular fiber
attachment. Clinically, they have showgrsficant success in guided tissue regeneration (GTR)
and are commonly utilized in tandem with flap surgeries to improve periodontal regeneration
results[65].

Controlled Release Systems and Gene Delivery

Growth factors are inherently unstable and pronapid degradation. Hence, theantrolled and
localized delivery is crucial for clinical success.

Controlled Release Systems
These complicated delivery systems make treatments more effective by steadily releasing active
chemicals right where they areeu®d, which lowers overall exposure to the body. Some of the
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many delivery methods include microspheres, which are often made from PLGA hydrogels using
materials like alginate or gelatin, and multilayer scaffolds designed to release substances at specific
times. Moreover, potential carriers for targeted dispersion include liposomes and nanoparticles.
These systems can be carefully created to release one or more medicines in a controlled manner,
closely mimicking the natural stages of tissue healing [66].

Gene Delivery

Reaching longerm, customized synthesis of therapeutic proteins in periodontal regeneration calls

for a new approach presented by gene therapy. This method uses viral vectors such as adenoviruses
and lentiviruses, which have outstanding tcartsion effectiveness; it also uses noral systems

including plasmid DNA, lipoplexes, and nanoparticles, which allow greater safety and design
freedom. Using genes, it's possible to directly inject important healing substances like- platelet
derived grovth factor (PDGF), bone morphogenetic proteins (BMPs), and vascular endothelial
growth factor (VEGF) into areas where periodontal tissue is missing or to include them in scaffolds

or stem cells. This strategy generates constant endogenous productiontbffgotaovs at the site

of damage, therefore fostering effective tissue regenef@rn

PRF, PRP, and Other Autologous Preparations

Autologous blooederived productsare increasingly favored for their regenerative potential,
biocompatibility, and easd ase.

Platelet-Rich Plasma (PRP)

Reaching longerm, customized synthesis of therapeutic proteins in periodontal regeneration calls
for a new approach presented by gene therapy. This method uses viruses like adenoviruses and
lentiviruses, which are vegood at delivering genes; it also uses safer options like plasmid DNA,
lipoplexes, and nanoparticles, which offer more flexibility in design. By using genes, we can
directly inject important healing substances like plateéttved growth factor (PDGF), he
morphogenetic proteins (BMPs), and vascular endothelial growth factor (VEGF) into areas where
periodontal tissue is missing or mix them into scaffolds or stem cells. This strategy generates
constant endogenous production of growth factors at the sitarmohge, therefore fostering
effective tissue regenerati§®s, 69].

Platelet-Rich Fibrin (PRF)

Secondgrade readiness Platelath fibrin (PRF) efficiently traps leukocytes and platelets in a
fibrin matrix, thereby enhancing their regeneration abilitylike plateletrich plasma (PRP), PRF

has various benefits, including the absence of chemical additions, simplicity of preparation and
handling, and continual release of growth factors over a period1df days. Its several forms
Advanced PRF (APRF), Inectable PRF ¢(PRF), and TitaniuaPRF (TFPRF) show different
characteristics that fit a broad spectrum of soft and hard tissue use in clinical pr&jtice
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Concentrated Growth Factor (CGRnd Autologous Conditioned Serum (ACSYe newer
autologous formalations also explored in periodontal and implant therdpyese autologous
preparations are particularly useful in flap surgeries, ridge preservation, sinus augmentation, and
periimplantitis treatment, offering biologically active, patiepiecific regearative suppor71].

ADVANCED REGENERATIVE STRATEGIES

Periodontal regeneration is fadtanging as new biotechnologies beyond conventional tissue
engineering grow. Exosontesed treatments, gene therapy, epigenetic modification, and gene
editing technolgies such as CRISPR are creating exciting possibilities for exact, tailored, long
lasting periodontal tissue regeneration. These new techniques seek to solve the molecular causes
of periodontal degeneration, therefore improving the biological possibifiliesvhole tissue
regeneratiof72].

Strategy Mechanism Key Agents Applications Advantages Challenges
Gene Delivery of PDGF, BMR2, Enhances Sustained local Safety, vector
Therapy specific genes to = VEGF, Runx2, @ osteogenesis, = proteinproduction; | delivery, risk of

stimulate IL-10; Viral angiogenesis, @ precise targeting off-target effects
production of (adenovirus, and immune
regenerative lentivirus) & modulation
proteins Nonrviral vectors
Epigenetic | Regulation of HDAC Reactivates Non-genotoxic, Specificity,
Modulation | gene expression | inhibitors, regenerative reversible effects delivery systems,
without altering DNMT genes; reverses long-term
DNA sequence | inhibitors, inflammation outcomes
microRNAs induced
(e.g., miR21, repression
miR-29b)
Exosome Use of Exosomes from = Enhances Cell-free, low Isolation
Therapy extracellular PDLSCs, angiogenesis, = immunogenicity, standardization
vesicles to BMSCs, osteogenesis, @ stable and scalable dosage control
transfer GMSCs, iPSCs  and immune
regenerative regulation
signals
CRISPR Precise CRISPRCas9, Upregulation of | High specificity, Ethical concerns,
Gene Editing | modification of base editors, bone genes; long-lastingeffects, | off-target risks,
host genome for | prime editors silencing patient regulatory
regenerative inflammatory customization hurdles
enhancement genes;
correcting
mutations

Table 2: Advanced Regenerative Strategies in Periodontal Regeneration
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CLINICAL APPLICATIONS

Recent progress in tissue engineering has opened up many addaptivels for treating
periodontal regeneration. This has made it easier to forecast what would happen when you treat
gum disease and has made the treatments more biologically sound. Engineered scaffolds,
especially those that have growth factors like pédtgérived growth factor (PDGF), bone
morphogenetic proteins (BMPs), and enamel matrix derivatives (EMD), have shown promise in
rebuilding alveolar bone, cementum, and periodontal ligament in both intrabony and furcation
defects. Researchers are beginmmvestigate stem cellased medicines in clinical studies that

are still in their early stages. These treatments involve mesenchymal stem cells from the
periodontal ligament, bone marrow, or gum3]. It seems that these treatments will work and be
sak. Smart biomaterials that can respond to local inflammatory or enzymatic signals can let you
transfer drugs or growth factors to specific locations in a regulated fashion. This helps tissues
recover and fit better. Customization of flaws and clinicalipre are growing better all the time.

There are many ways this is happening, such as making scaffolds that fit each patient and 3D
printing. These innovative ideas are steadily changing the way we think about getting implants and
taking care of our gum3hey are transforming how we heal from passive biological regeneration

to active biological regeneration. In the long term, this will make things go bétier

Parameter Conventional Regeneration (GTR, Tissue Engineered Approaches
Bone Grafts)

Mechanism Passive guidance of tissue growt Active regeneration using cells,

using membranes/grafts scaffolds, and bioactive molecule
Materials Used | Resorbable/nonesorbable Customized scaffolds, stem cells
membranes, autografts, allografts growth factors, genanodified
matrices
Outcome Moderate; limited by defect High potential; depends on
Variability anatomy and healing capacity  integration and biofunctionality
Clinical Well-established protocols; Technicallydemanding; requires
Complexity moderate technical demand specialized handling and facilities
Long-Term Data Extensive Limited but growing
Regulatory Widely accepted Under regulatory scrutiny in mosit
Approval countries

Table 3: Comparison with Conventional Regenerative Procedures

49



Category Key Issues Clinical Implications

Immunological - Host immune rejection of allogeneic or | - Potentialgraft failure
Responses & Safety | synthetic materials - Postoperative complications
Concerns - Inflammatory responses - Need for careful material selection
- Viral vector risks in gene therapy and immune monitoring
- Off-target effects in CRISPR
Cost-Effectiveness & | - High costs of biomaterials and stem cel - Limited accessibility in routine
Standardization culture practice
- Lack of uniform protocols for PRF/PRP| - Inconsistent clinical outcomes
scaffolds, cell expaisn - Need for lowcost, reproducible
alternatives
Regulatory & Ethical - Stringent approval processes for - Legal liability and restricted clinical
Issues biologics and gene therapy use
- Ethical debates over embryonic steall | - Importance of informed consent an
use transparent patient education
- Misuse of unregulated stem cell therapi
Long-Term - Limited longterm data on tissue stability - Hesitation in widespread adoption
Predictability & andfunction - Necessity for longitudinal clinical
Integration - Biomechanical mismatch between nati\ trials and followup systems

and regenerated tissues
- Uncertain relapse risks

Table 4: Challenges and Limitations in Periodontasue Engineering

FUTURE DIRECTIONS AND | NNOVATIONS

As new biology and technology come together, the field of periodontal regeneration is going to
change a lot. Regenerative medications should get better, work better with other treatments, and
be more prsonalized for each patient during the next ten years. Some of these are smart
biomaterials that change depending on their surroundings, digital planning, personalized therapy,
and organoid mode[35].

Smart Biomaterials and Stimuli-Responsive Scaffolds

Most of the time, the materials used for scaffolding don't alter significantly when the periodontal
area does. On the other hand, smart biomaterials are a big step forward since they change when
the pH, temperature, enzyme activity, or mechanical stressgels. These novel scaffolds have
systems that release amflammatory medications when the area is irritated and the pH is low.
They also have hydrogels that break down enzymes. This functionality enables them to manage
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how fast and how much medicine sapplied. Lastly, they have shapemory polymers that
change shape to fit the defect when they are uébin These smart scaffolds are amazing because
they can let out antibiotics or growth nutrients when they are needed. This means that fewer
medicaltreatments are needed, and they work better than the body's natural healing mechanism.
In the end, they permit periodontal regeneration to happen at different phases by changing to fit
the needs of the tissue as it grows and chafggs

Al and Digital Planning in Regenerative Therapies

Al is becoming more and more important in regenerative dentistry, especially when it comes to
generating treatment plans and figuring out what will happen next. Al algorithms can employ cone
beam computed tomography (CBGINd intraoral imaging data to help make scaffolds that fit the
contour of each patientsal cavity You can also use Alased predictive modeling to guess what

will happen during regeneration based on what you know about each patient's strengths and
wegknesses. This process helps people get the best care fdi78jel is also helping to make

it easier to see how well tissue is recovering in clinical trials by automatically looking at pictures
of histology. Digital tools, such as 3inted scaffoldsmade from scans of some patients, are
already being used in early therapy settings. They help with things like getting better results from
surgery, spending less time in the operating room, and identifying the best way to solve problems.
Al-powered desigtools might one day be able to plan scaffolds and cell therapy completely on
their own, making it different for each patient. Such capabilities would make dental work that
restores teeth more accurate, helpful, and religiSle

Personalized Regenerativ®entistry

The age of precision medicine is having a bigger and bigger impact on periodontics. This means
that each patient can get a treatment that is made particularly for them. This individualized method
takes into account factors like genetic markerscl(iding IL-1 genotype and MMP
polymorphisms), systemic health conditions (such as diabetes and osteoporosis), the types of
bacteria in theral cavity and how well stem cells respond. With this much knowledge, you may
choose the best scaffet#ll-growth factor combinations for each patief@0]. You can also
choose personalized pharmacogengtied treatments like gene delivery that are dependent on
how each person's inflammatory genes are expressed. The goal is to get the best results for
regenerationvhile keeping the bad effects to a minimum. Genomic profiling, salivary biomarkers,
and predictive analytics are just a few of the emerging tools that are helping doctors make more
tailored and datariven choices about how to treat periodontal disggiHe

Organoid Models and Lab-Grown Periodontal Tissues

Organoids are groups of cells that come together to form-timeensional forms that look and

work like genuine tissues. We are currently working on organoid models, which could help us
learn more abduwum problems and identify ways to treat them in the future. These models strive
to depict how cementoblasts, periodontal ligament (PDL) cells, and osteoblasts work together, as
well as how the immune system and tissues work together when you have mérsoddere are

many reasons why they might be used, such as to learn more about how periodontitis gets worse
and how the body recovers itself by replicating diseases in a lab. You might be able to use a 3D
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system that acts like the body to try out nemgs$, biomaterials, and gene therapies. These
organoids could help create customade periodontal tissue that can be used for grafts or even to
help regenerate tissue at a larger scale. This would greatly assist individuals who have lost
significant amourg of gum tissu¢82].

CONCLUSION

Periodontal regeneration is developing from traditional healing approaches to sophisticated tissue
engineering techniques aimed at real restoration of shape and function. By mixing new concepts
like smart biomaterials, gerediting, and exosomes with stem cell therapies, bioactive scaffolds,
and signaling molecules, regenerative periodontics can create customized and reliable outcomes.
Clinical translation is defined by cost, standardization, and regulatory challenges,ggetoid

models, artificial intelligenceériven planning, and precisidrased treatments seem to brighten

the future. By means of continuous multidisciplinary interaction and clinical validation, bring these
discoveries from laboratory to bedside.
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CHAPTER 4

SMART MATERIALS IN D  ENTISTRY: RESPONDING TO
ENVIRONMENTAL STIMUL I FOR IMPROVED
LONGEVITY

Dr Athira M, Dr. Satwik Chatterjee, Prof. Mohammed Mustafa, Dr. Cidda Sindhuja

| NTRODUCTION

Dentistry has changed a lot in the last few dech@esuse of new materials and technologies.
These changes not only fix difficulties, but they also make the biological and aesthetic effects of
dental surgery better. Smart materials are one of the most important new things in the field of
dental biomateria sciencdl]. Intelligent or sensitive materials, often known as smart materials,
can change their properties when they come into contact with factors like light, electric or magnetic
fields, temperature, moisture, pH, or stress. These changes in hple peat each other are
starting a new era in restorative and preventive dentistry. Now, materials may change, react, and
interact with their surroundings to make dental restorations last longer, work better, and be better
for the body2].

People don't se dental products very often. Amalgam, resin composites, and ceramics have been
around for a long time, but they don't change shape irorhlecavityand only provide static
mechanical suppof8]. Smart materials, on the other hand, make dental treanuea interactive
because they can cure themselves, eliminate bacteria, release meditimeralising learn
shapes, and lower stre3$ie oral cavitys continually changing, and things like altering pH levels,
bacteria, temperature changes, and maichh forces like chewing and grinding can make it
harmful. These factors are extremely important for oral h¢#jth

One of the most talkedbout types of smart matesai dentistry is pHesponsiveBacteria in

theoral cavitythat produce acid areteh responsible for causing cavities and wearing down teeth.
This action breaks down the minerals that build up dentin and enamel. Smart materials that can
sense when the pH is too low and release remineralizing agents like calcium, phosphate, or fluoride
ions can help keep dental tissues healthy by managing the pH and letting them recover on their
own. These materials not only help restorations stay longer, but they also help keep cavities from
coming back at the borders of restorations. This type of decajled secondary carigs.

"Shape memory alloys" (SMAs) and "shape memory polymers" (SMPs) are two more things that
are already utilized in braces. When heated to a certain point, some materials can return to their
former shape. Nickeitanium (NiTi) wires used in orthodontics, for example, can change shape
and stay that waf6]. This helps them place mild, constant pressure on the teeth, which makes
them move faster and with less pain. In addition to orthodontics, researchers are also looking into
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how to apply shapenemory technology in endodontics, implantology, and prosthodontics. When
the body warms up, it causes the materials to change or activate, which improves their performance
and fit[7].

Two forms of bieresponsive smart materials that hahewn a lot of promise in both restorative

and endodontic treatments are bioactive glass and bioceramics. These things can help create
hydroxyapatite, a mineral that is in teeth and bones. This process makes the tissues in the dentin
and periodontium growagain. Mineral trioxide aggregate (MTA) and newer calcium silibated

cements are now the best materials for protecting the pulp, filling the end of the root, and helping
with tissue regeneration because they seal well, are safe for living thingprandte tissue
growth([8].

Selfrepairing materials are also progressing rapidly. Their purpose is to address common issues
that arise during restorations, including microcracks and fatigue failure. These smart composites
contain small capsules that holédtiing agents. When a fracture happens, the chemicals are
released, which starts polymerization or precipitation that fixes the damage. Restorations last
longer since they can fix themselves. They may even need to be replaced or retreated less often as
time goes orf9].

Smart materials that destroy bacteria have also been produced to stop biofilm from forming.
Biofilm is a significant cause of why dental problems and implant failures occur. These materials
either contain silver ions, quaternary ammonium goumds, or lightactivated nanoparticles, or

they release chemicals that kill germs upon contact. The antimicrobial activity on demand keeps
your oral cavityhealthy and reduces your exposure to antibiotics. This action is one aspect of the
bigger goal ofantibiotic stewardshifl0].

Researchers in prosthodontics and implantology are looking at piezoelectric materials to determine
if they can change mechanical stress into electrical charges. This approach could help
osseointegration by making bone developuad the implants. These materials work like bone
does in nature, which makes dental implants endure longer and be sfidiger

Nanotechnology makes smart materials even more useful and responsive when they are used
together. Nanoparticles have thbility to enhance the strength of dental materials, regulate the
distribution of medications, and transport medicinal chemicals to specific locations. For instance,
nanoparticlebased smart sealers in endodontics can release antibacterial compounddsehile
making the seal stronger. This feature gives them two ways to stay Héalthy

We need to closely examine the numerous problems and constraints associated with smart
materials. Biocompatibility, longerm stability, possible cytotoxicity, and castectiveness are

still highly important. Doctors also need to complete many tests, get permission from the
government, and learn how to employ new ideas from the lab in the[&[8jic

In conclusion, smart materials are a huge step forward in moderstdesitnce they allow us new

ways to solve old problems. These eratls perform well in the oral cavitywhich makes
treatments more effective, lowers the probability of failure, and makes restorations last longer. The
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future of dental care will move aw&ym restoring broken things and toward using materials that
fill cavities and assist in keeping teeth healthyj.

HISTORICAL EVOLUTION AND D EVELOPMENT
Dental materials have come a long way. They used to be just simple, nonreactive chemicals, but
now they are smart materials that can change and react to their surroundings. By looking at how

biomimetic and intelligent materials in dentistry have changed throughout time, we may better
understand the new technologies and ways of thinking about{ifeh®).

ERA MILESTONE DESCRIPTION

ANCIENT  Use of natural Egyptians and Etruscans used gold wil

TIMES materials ivory, and shells for dental replacemen
19TH Introduction of Silver amalgam became widely accep
CENTURY | dental amalgam despite initialcontroversy.

EARLY Acrylic resins for Polymethyl methacrylate (PMMA
20TH dentures improved prosthodontic outcomes.
CENTURY

1950370S | Development oBowends resin rev
composite resins | dentistry with aesthetic alternatives.

1980S Glass ionomel Offered chemical adhesion and fluori
cements (GIC) release, laying  groundwork  fc
bioactivity.
19908 Resinmodified Combined physical and chemical bene
GICs of composites and GICs.
2000S Introduction of Calcium silicates and bioactive glass

bioactive materials became mainstream in endodontics
restorative care.

2010S Rise of| Nanoscale fillers and coatings enhant
nanomaterials mechanical and antimicrobial propertie
20208 Smart and stimuli Materials that react to pH, temperatu

PRESENT  responsivenaterials bacterial presence, and stress introdu
into clinical practice.



Table 1: Timeline of biomaterials in dentistry

CLASSIFICATION OF SMA  RT MATERIALS IN DENT  ISTRY

There are many differekinds of smart dental materials. Each one is made up of diverse parts and
reacts to changes in the environment in its own way. Researchers and doctors can learn more about
how these new materials work and where they can be useful by using tiparvabessification

[17,18]

STIMULUS MATERIAL EXAMPLE CLINICAL
TYPE CLASS APPLICATION
THERMO - Shape Memory NiTi orthodontic Orthodontic tooth
RESPONSIVE | Alloy (NiTi) archwires movement

PH-SENSITIVE | Glass ionomer, Fluoridereleasing | Anti-caries

Polymer GICs restorations
MOISTURE-  Hydrogels, Bioceramic sealers Enhanced canal
RESPONSIVE  Endodontic sealing in endodontics
sealers
STRESS Composite Smart composite | Restorative materials
RESPONSIVE | regins with viscoelastic with adaptive stiffness
changes
BIOFILM - Composite, Antibacterial Prevention of
SENSITIVE  Coatings composites with secondary caries and
silver ions biofilm control
THERMO - Polymer Smart aligner Clear aligner therapy
RESPONSIVE | (shape materials
memory)
PH-SENSITIVE  Bioactive Calcium phosphate Pulp capping,
ceramics releasing materials remineralization
MOISTURE- | Hydrogel PEGhbased hydroge Periodontal
RESPONSIVE | gcaffolds for drug delivery regeneration, local

drug delivery

Table 2: Classification of smart materials dtentistry



pH-Responsive Temperature-
Materials Responsive Materials
* Giomers * Thermoviscuos
« Bioactive glass gutta-percha
+ Resin-modified glass * Shape memory alloys
ionomers

Magnetically or Light-Responsive

Electrically Classification of Materials
Lesponsive Smart Materials [ * Smart composites
Materials in Dentist + Stress-deforming
+ Magpnetically In Dentistry orthodontic wires
guided nanoparti-

cules for drug

Enzyme or Inflammation-

Responsive
Materials
* Responsive
metribranes in GTR

Light-Responsive
Materials

« Light-cured composites
and adhesives

Figure 1: Classification of Smart Materials in Dentistry

M ECHANISM OF ACTION OF SMART M ATERIALSIN DENTISTRY

Smart materialsra made to change when teevironmentf oral cavitychanges, such as when

the pH, temperature, moisture, bacterial activity, or mechanical stress changes. The way they work
depends on the natural structures of their molecules or the functional agents they have that make
things happeipl9].

Material Behavior in Response to Environmental Triggers

Dental smart materials have a stimutasponse relationship, which means that when they are in

a certain condition, they respond in a way that is beneficial for them. These reactions might be are
illustrated in figire 2 [20]
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-

Response to
Environmental
Triggers

Release of therapeutic ions
(e.g., fluoride, calcium,

phosphate)

Figure 2. Responses to environemental triggers

Molecular or PhysicalLevel Changes

Smart dental materials can undergo several typesarbscopic or macroscopic transformations

These includ¢21]:

TYPE OF CHANGE

MECHANISM

OUTCOME

ION RELEASE Triggered by pH or enzymatic Promotes remineralization,
activity antibacterial action
VOLUME Hygroscopic swelling in moisi Improves sealing ability in
EXPANSION environments endodontics
PHASE Heatinduced shape recovery Shapememory behavior in
TRANSFORMATION orthodontic wires

POLYMER MATRIX
REARRANGEMENT

Stress or pH sensitivity

Changes elasticity or stiffness
during function

COLOR CHANGE

Thermochromic or pH
sensitive dyes

Visual feedback for patients or
clinicians

DEGRADATION/ER
OSION

Controlled breakdown in
response to pH or enzymes

Localized drug delivery or tissu:
regeneration

Table 3: Molecular or physicalevel changes in dental materials
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APPLICATIONS OF SMART MATERIALSIN CLINICAL DENTISTRY

Smart materials arehanging the way dentists work by making their tools more functional,
flexible, and longasting. They are useful in many areas because they can respond to things that
happen in the oral cavi{2?2].

Restorative Dentistry

Smart Composites

Smart compositeare new kinds of dental materials that may change shape wheratteavity

does. When they come into contact with acidicle¥ls, which happean lot during cariogenic
attacks, they release fluoride, calcium, and phosphate ions. This is how they ishalle. This
targeted ion release not only helps bring minerals back to enamel and dentin that have lost them,
but it also makes the acidic conditions less acidic, which protects/customizes the tooth structure
surrounding it. Two examples of these kiredsnaterials are giomers and bioactive composites.
They look and work like regular composites, but they also have the mending characteristics of
glass ionomer par{&3, 24]

Self-Healing Materials

High-tech selfhealing dental materials can mend smalndge on their own, which makes
restorations last longer. When small cracks form in the resin matrix, these materials release
microcapsules rich in healing monomers. When the monomers are free, they join together to fill in
the little fractures. This keepisem from getting worse and makes it less likely that the restoration
will fail. Resinbased composites with séiéaling agents built in are a w#hown example.

These are a new and promising approach to getting dental care that doesn't hurt too tasth and

a long timg25, 26]

Endodontics

Moisture -Responsive Sealers

Moisturesensitive sealers, such as bioceramic sealers (BA3®Rd and calcium silicate
formulations), get a little bigger when they are used in wet root canals because they absorb water
Due to their mechanism of action, these sealers may absorb moisture from the surrounding air.
Their size makes it easier to keep track of how they are growing and helps them fit better in the
canal. These sealers improve apical sealing, which stogE® leakageand makes endodontic
treatments work better over tirfi&g7, 28]
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PH-Activated Disinfecting Agents

Disinfectants that work when the pH is low kill more bacteria in acidic areas, where bacteria are
more active. These things don't do much wherpttés neutral, which protects healthy periapical
tissues from getting damagg9]. Their antibacterial characteristics kick in when they come into
contact with an acidic pH, which is frequent in inflammatory tissues or infected root canals. This
makes claning more concentrated and useful. This selective action not only makes the medication
work better, but it also keeps neighboring healthy tissues safe. Such an approach could be a big
step forward in how we treat ted80].

Prosthodontics

Adaptive Denture Base Materials

Polymers that react to heat are employed in materials for adaptive denture bases. When the
temperature in theral cavityvaries, these polymers can vary in how well they fit. The denture
may change shape to match better with tlssugs in theoral cavity This makes it more
comfortable for the patient and helps it stay in place better. Some people refer to these materials
as "smart acrylics" or "thermadaptive resins.” They are a big step forward in prosthodontics
because they helremovable dentures work better and feel better for the person who wears them
[31].

Stress-Absorbing Liners

Liners made of viscoelastic polymers absorb tension. When you chew these polymers, they may
change shape, which helps them deal with stress. Thateials act as a cushion between the
base of the denture and the tissues imthecavity This helps to spread the occlusal stresses more
evenly. This is why they help keep the other ridges from getting absorbed and make it less painful
or uncomfortale for those who wear dentures. Soft liners with clever cushioning are great
examples since they help prostheses fit batterprovide patient comfort [32]

Orthodontics :

Shape-Memory Alloys (NiTi Wires)

Nickel-titanium (NiTi) wires are a kind of shaymeemory alloy that changes its shape when the
temperature changes. This peculiar property allows the wires to reorganize their crystal structure.
This feature helps them go back to their original shape after being bent. Because of this,
superelastic NiTichwires may place light, constant stress on items for a long time. This feature
is helpful for moving teeth in orthodontics. Patients feel better, and therapy goes faster since they
can keep the same amount of foj&2].

Biofilm -Resistant Coatings

Biofilm-resistant coatings are special alterations applied to the surface of orthodontic brackets to
keep bacteria from clinging to them and developing. These coatings function by creating a barrier
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that keeps germs from attaching to the surface in the fasepllhis approach makes it less likely

that biofilms will build in theoral cavity[34]. This keeps plaques from building up so much around
the brackets. This makes it easier to keep yoal cavityclean when you wear braces. One such
example is silvenanoparticles on brackets, which kill many microorganisms. Another prominent
example is quaternary ammonium compounds, which break down the walls of bacterial cells and
hinder them from developing5].

Periodontics

Drug-Delivering Scaffolds

Drug-delivering scaffolds, a new type of biomaterial, aim to provide individualized care for
patients with gum disease and other oral health issues. These scaffolds often have hydrogels in
them. When they come into contact with the acidic or enayoheenvironment operiodontal
pockets, they alter forr{B6]. Hydrogels release chemicals that combat inflammation or germs
right where the iliness is when they come into contact with things like a lower pH or greater
enzyme activity. This method makes sure that the medieaehes the right area without any
issues. This makes the treatment operate better, minimizes the danger of side effects in the overall
body, and speeds up the repair of the periodonfdrh

Responsive Membranes for Guided Tissue Regeneration (GTR)

Responsive membranes for Guided Tissue Regeneration (GTR) are innovative biomaterials that
function as adaptive barriers, altering their properties in response to the surrounding tissue
environment. When these membranes come into contact with certaigitéblsignals, including
inflammation, they break down or turn on. This approach makes it easier to use and more personal
for each person. They assist control when barrier function starts and ceases by responding to signs
of inflammation in the area. Theqress keeps the area in good shape and helps the tissue grow
back. This moving feature helps tissue heal faster and better than regular static mef@8fanes

Implantology

Antimicrobial Smart Coatings

Smart coatings that kill germs are advanced den&érials designed to prevent germ growth by
releasing substances upon contact with bacteria. These coatings let out silver, zinc ions, or
antibacterial peptides when they come into contact with dangerous pathogens. These items Kill
bacteria right away bgttacking them. This adaptive reaction keeps biofilm from building and
makes it less likely that you will have an infection. Because of this, they are especially useful for
braces, implants, and anything else that fixes &&th40]
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Osseointegrative Coatings

Osseointegrative coatings make it simpler for implants to interact with the bone tissue around them
by altering the surface of the implant with bioactive peptides or calcium phosphate compounds.
This alteration to the surface makes cells behaweaiys that are needed for osseointegration to
work. These coatings help osteoblasts, which are cells that produce bone, connect, grow, and get
stronger. This makes it easier for the implant to stick to the bone. This is why they make dental
and orthopedi@mplants far more stable and successful over f#ig

ADVANTAGES AND LIMITATIONS OF SMART MATERIALS IN DENTISTRY

There are many benefits to using smart materials in dentistry. They endure longer, can cure
themselves, and help people feel better. Somemaks, such shap@memory alloys and bio
responsive composites, can change shape to fit the mouth. This means they heal faster and don't
need to be fixed as often. But they do have some problems. For instance, they can be hard to get
because they cost atland you don't know how effectively they'll work in the mouth over time.

They also need unique abilities, which can make dental work harder and more expensive. There
aren't many smart materials that can be used for dental reasons either [42, 43].

ASPECT ADVANTAGES LIMITATIONS
CLINICAL A Targeted ion/dr A Unpr ed i-termn behavier
PERFORMANCE A shedlirfg capability A Li mi-woeldiperfornankce
A I mproved seal i n validation
TREATMENT A | n crestomtior liflespan A Risk of degr ac
LONGEVITY A Resistance to w|overtime
PATIENT A  Enhanced comfor A Higher cost t«¢
BENEFITS A Re du ctend and Visisi r A Possible adver
A Higher satisfac
PREVENTIVE A Caries inhibiti|A Variable respc¢
POTENTIAL A Antibacteri al a | environments
A Remineralizatio
MATERIAL A Adapts to pH, t A Complex materi
RESPONSIVENESS moisture, bacteria behavior prediction difficult
INNOVATION IN A Applicable in o|lA Need for especifici
SPECIALTIES prostho, and implants trials
BIOLOGICAL A Promotes healin A Biocompatibili
INTERACTION A Biocompat i ddses i established
A Possible i mmui
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REGULATORY & A Encourages mini|A Lack of stand:

PRACTICAL dentistry A Regul atory cl ¢
CONCERNS A Supports per son|chalenges
FABRICATION A Integration wit A Expensive mani
AND smart alloys A Limited avail ¢
ACCESSIBILITY regions

Table 4: Advantages and Limitations of Smart Materials

FUTURE PERSPECTIVES AND |NNOVATIONSIN SMART DENTAL M ATERIALS

The next generation of clinical equipment is being influenced by interdisciplinary advancements
in the rapidly developing field of smart dental materials. With the use of precision, intelligence,
and personalisation, these development& seemove dentistry away from reactive care and
towards predictive and preventative care [44].

Nanotechnology Integration

Fillers, fibres, and surface coatings added through meticulous nanoscale engineering have made
dental materials much more sensitivesponsive, and bioactive. Nanotechnology can help
remineralise early cavities by using calcium phosphate or-fhande particles. Furthermore, by
encouraging the development of bone and cell connections on implant surfaces with nanotextures,
it can pomote osseointegration [45]. Antimicrobial nanocoatings such as copper or nanosilver also
lower the risk of infection by inhibiting the growth of biofilm. Future drug delivery to targeted
regions, especially hatt-reach places like periodontal pocketsroot canals, may be greatly

aided by nanocarriers. As a result, treatment will become more focused and efficient [46].

Al -Assisted Responsive Materials

Smart dental materials are a cuttedge and intriguing advancement in restorative therapy and
orthodbntics. Reatime temperature, pH, and bacterial count monitoring is made possible by the
sensors and artificial intelligence (Al) algorithms found in these materials. These materials may
react differently depending on the information. These traits inetbasapy precision and improve
patients’ recovery47]. For instance, depending on the state of the teeth, the pressure that
orthodontic aligners apply can now be changed. These therapeutic materials can even change
colour or wirelessly alert medical persel when something goes wrong. Future restorations and
prostheses will be able to monitor themselves and notify patients and dentists when they begin to
show signs of disease or failure. With the aid of such technology, we can treat patients more rapidly
while maintaining their dental healf#8].
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Personalized Smart Dental Materials

Genomebased customisation is leading to more individualised dental operations. This suggests
that the materials are customised based on the specific genetic makeypatititethe properties

of their saliva, or the kinds of oral bactgd8]. These cuttinggdge biomaterials frequently include
polymers that chnge withsaliva pH or enzyme activity. This flexibility enhances therapy's
efficacy and attention. For examps$gpecialised antibacterial medications may be administered to
people who are more likely to get cavities, and tailored scaffolds may be used in treatments that
encourage the body's natural healing profe@}s

Potential for Diagnostic Capabilities

In dertistry, smart diagnostic interfaces are a new type of material that can determine the type of
therapy required or the severity of an issue. These materials are made to adjust to modifications in
the oral cavity's chemical or biological environment. Fotainee, certain resin composites may

lose minerals or alter colour when exposed to bacterial fEcifisThese changes may enable users

to identify issues earlier. Similarly, implant coatings that illuminate when they come into contact
with an ill individud facilitate the prompt detection and treatment of infections. These intelligent
materials will eventually be paired with wearable technology or intraoral scanners to produce
hybrid diagnostic instruments. It is possible to examine the temperature, ihéoconf the

tissues, and the forces holding them together at any time. Each patient can receive quick,
individualised dental care because to this capabi[fi2k

CONCLUSION

The use of smart materials is an important advancement in dentistry. Thefgrirathe industry

from passive restoratives to active, responsive treatments by engaging with the oral cavity.
Furthermore, these materials respond differently to changes in pH, temperature, and mechanical
stress. As a result, restorations stay longeiepts feel better, and treatments are more successful.
They can be used to improve individualised and preventative care in a number of disciplines, such
as periodontics, endodontics, prosthodontics, orthodontics, and implantology. There are still
issuesnevertheless, such as exorbitant prices, biocompatibility issues, and a dearthtefriong
clinical data. However, advancements in Al, nanotechnology, and diagnostics make the future
appear bright. To reach their full potential and establish evideasel smart dentistry as the

norm, more investigation and thorough clinical validation are required.
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CHAPTER 5

ORAL HEALTH OF UNDER  SERVED AND VULNERABL E
POPULATIONS

Dr. Nishant Visvas DumonBr. Rohit Pasari, Dr. Kochikar Reshma Pai, Dr. Boris Saha

| NTRODUCTION

Oral health is a crucial part of general wedling as it has an influence on functioning capacity to
eat food, communicate, interact with different people, and have a high standard of living. Although
the level of dental care has increased mndividuals have a greater awareness of the importance
of adhering to preventative oral care, significant oral health disparities continue to exist between
different demographic and socioeconomic groups in regard to the distribution of oral health
services [1]. These gaps have the disproportionate effattundeserved and vulnerable
populations and are frequently characterized by low income, racial or ethnic minority person, age,
disability, remote location, or other unstable living or housing. To sedmduals, quality dental

care is not juslimited; they sometimes lack it altogethej.

The issues surrounding the oral health of the underprivileged and the impoverished groups can be
understood only when their various complications are undersidmde are structural, cultural

and economic forms of obstructions due to the historical inequality and institutional inj{&jtices

Poor dental health of th@opulations is caused llyelack of knowledgeand careand the overall

societal inability to ppvide a fair approach to healthcare. This failure can be evidenced by the fact
that underprivileged groups have more dental caries, periodontal disease, loss of teeth and the
occurrence of oral infections and cancers compared to the general poddlation

The socioeconomic determinant of oral health can be considered one of the most evident elements
of this problem. Income and education are substantially linked to oral health. Individuals with low
incomes are more likely to possess dental insuranceypaodiside in regions that have minimal
availability of dental care providers and delay or do not receive absolutely necessary dental care
on account of codb]. The World Health Organization and various epidemiological data have
concluded that children i low income households are much more likely to experience untreated
dental decay. Children that live in lewcome families in the United States were found to be twice

as likely to develop cavities &lsose living in higheincome families at the agestiveen 5 and

19 years as stated by the Centers for Disease Control and Preventionf6CDC)
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Further, oral health disorders are more prevalent among racial and ethnic minorities. These
inequalities are rooted in historical uncertainty of medical systemguage and culture barriers

and unrecognized prejudices by healthcare workers on top of financial burdens. Neglect can be
worsened by cultural stigmas regarding dental care or misuadeénsgs about its importance
Moreover, the linguistic and culturasgects of reaching minority groups often are overlooked in
dental education and awareness campdigns

Another source of disparity is geographical location since there is gross inadequacy of dental
specialists in the rural areas. Even in rich natianis geveral regions across the globe, gaining

the most basic dental treatment is a long trip when it is even available to the rurg8jfolksese
problems are worsened by public transport, water with added fluorine and deficiency of health
knowledge. Te determination of certain neighborhoods, often characterized by low income
groups, as Dental Health Professional Shortage Places (DHPSAS), especially those that are urban,
illustrates geographic disparities in the provision of dental[@re

Individuals with disabilities represent a significant yet often overlooked segment of society.
Disabilities relating to physical, mental and developmental factors can greatly affect difficulty in
obtaining dental care and being able to maintain proper oral hy[di@h& here is a great lack of
technology in a huge number of dental offices that would serve this group, and few dentists are
properly educated to serve such patients with special needs. Moreover, oral health management of
such individuals is dispersed aimgffective because of the integration of dental care and other
medical treatment, which is often lackifid.].

The aged are another susceptible grpapticularly lonely @mes on fixed incomes or in logrm

care centers. Complications of health, drthwat lead to xerostomia (dry mouth), and poor dexterity
leading tcaninability to practice appropriate dental care are some of the common effects of aging
[12]. Dental procedures are not usually accepted as covered services anuldslit insurances

such as Medicare in the U&yen though the older an individual tise more dental care becomes

a necessity. Due to this fact, the older people often lack insurance cover of essential surgeries.
Mismanagement of oral hellin the group can lead &ystenic health consequenc, including
diabetes, cardiovascular disease, aspiration pneumonia, and inadequate nutritional intake due to
chewing proldms due to periodontal diseases [13]

Health disparities have serious impacts on inmates, the homeless andamsnand refugees.

The precarious housing conditions of these individuals contribute to their dental health problems
because of the lack of insurance and the inaccessibility of basic medical care. Oral infections, pain
among the homeless is a regular goence that can result in an ER visit. In these circumstances,
care provided is usually palliative as opposed to curative and preventijé4jare

Evidencebased, comprehensive plan is needed in ensuring the management of the oral health
needs of disacantaged and underrepresented communities. Among treatments to be adopted are
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introduction of targeted health campaigns related to population, expansion of the coverage to
dental care by reforming legislations, increasing investment in community healtlampsognd
incorporation of dental care in the mainstream health cghfgr Culturally sensitive care,
workforce diversity and improved training on the dentists to meet special needs groups are also
very important. Access can equally be increased by tmencmity-based programmes like dentist
school programme, mobile clinics and the teledentistry prograihéhe

Dental health is a major health issue and cannot be underscored as a public health concern. Chronic
illness and general health are related to disg¢ases, which are not localized only to the mouth
cavity. Accordingly, enhancement of the oral health of the disadvantaged and marginalized
populations is not solely a dental concern but it is critical in human rights and fairness of health
[17].

Conceptual Understanding of Vulnerability in Oral Health

To understand oral health vulnerability, a thorough analysis of the manner in which systemic,
social, and economic factors interact to affect oral health outcomes is required. Rather than being
just theproduct of personal behavior or heredity, vulnerability arises from larger systemic factors
that prevent certain individuals from achieving and sustaining optimal oral [E&jlth

Social Determinants of Oral Health

Social determinants of health are thvmedical ones that affect health. These involve social
status; the people with low incomes will likely have untreated cases of oral illness and tooth caries
as they have to pay and do not have sufficient access to dental care. Education is an &egitional
factor because low levels of edtion are associated with pooral hygiene and practices, low
levels of oral health literacy, and an unawareness of preventative tfiE9ayeographic location

is also a critical determinant; people living in rysidces and small towns tend to have no access

to dental providers and healthcare services, and this will slow down the process of diagnosis and
therapy Ethnicity and racelsoplay a role Language or cultural differences, a mistrust of medical
workers ad an unconscious bias among providers can worsen inequities in oral health between
ethnic minoritieg[20]. Disability status is also a factor that can affect oral conditions because
patients with physical or cognitive disabilities are often underserveeriernce barriers during
communication and rely on the assistanE&aregivers to maintain oralygiene. Such factors
interact to affect oral health behavior, diet, access to services and the lifestyle which have their
effect on the risk and outcomes bétdiseasg1].

HEALTH INEQUITIESVS . HEALTH |INEQUALITIES

There is a need to differentiate between health disparities and health inequalities. Health disparities
refer to measurable differences in population groups in the distribution health charesterist
health status. As an illustration, children in rural areas had more prevalence of dental caries when
compared to children in the urban ar¢22]. Health inequalities however differ but are unjust,
unfair and avoidable. It is unfair when childrenlaw-income communities have poor dental
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health because of not accessing community fluoridation or preventive treatments. Negligence,
regulatory deficiencies and unequal resources are frequently causes in the genesis of oral health
disparities, which creas a vicious cycle of deprivati¢a3].

Intersectionality and Compounded Vulnerabilities

The intersectionality paradigm examines the multiple ways iclwérious identity factorsuch

as poverty, gender, ethnicity, disability, and geography, interpidyadd to the health risks faced

by individuals as well as the life circumstances of those individuals themselves. As an example, a
disabled elderly lady in a distant tribal area may experience financial dependency, poor
communications, and gender ignorindhealthcare choices, physical hindrances to go to the clinic,
and poor available transportatif$4].

CATEGORIES OF UNDERSER VED AND VULNERABLE POPULATIONS

Low-Income Family Children

These children have a large probability of suffering early childrearees by receiving little
preventive works into the dental care and exposure to poor dietary foods. They require the
caregivers to perform daily oral hygiene and in most cases they are only taken to the dentist during
dental emergency cases. Poor exposurféioride and lack of schoddased oral health program

in poor regions add to how vulnerable they bec{bg

Older Adults in long -Term Care

This audience also has high rates of periodontal illness, loss of teeth and xerostomia which are
usually a sié effect of medication. Oral health requirements are not addressed in most institutional
arrangements because of the unavailability of trained care providers and oral health policies.
Others are also unable to take care of their oral hygiene by themskigeto functional
impairmentq26].

Rural and Tribal Populations

The communities that are flung and have poor infrastructure have difficulty in accessing dental
clinics. Limited care is also due to a lack of dental professionals and specialty seBéskles,
cultural beliefs, low health literacy, and insufficient oral health education have an impact on their
willingness and possibility to reach treatm§zi].

ORAL HEALTH FORALL

A

HEALTHY SMILES FOR ALL
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Figure 1: lllustration showing oral health for all

Migrants and Refugees

These peopleisually face the inconvenience of discontinuous dental care on migration status,
documentation issues and instability of residence. The fear of discrimination, language barrier, and
cultural differences may deter one to utilize the available serviced. dfltisem are seen with
untreated cavities, traumatic injury in the mouth, and malnutf#8h

Homeless Individuals

The level of access to oral hygiene products and preventive dental care in the populations of
homeless is minimal so the levels of irtfens and tooth loss as well as chronic pain are high. Oral
health care tends to be neglected with the basic needs of life such as food and shelter being of first
priority [29].

The Disabled

Natural or physiological (impairments that one cannot overcpmesical, sensory, or cognitive)
barriers may impede access to dental care and its provision. Such a group of people is more likely
to achieve poor oral hygiene and unaddressed dental problems. Some of them need special clinical
settings and support of eayivers, as well as an individual plan of treatnjdfy.

Racial / Ethnic minorities

There might be systemic discrimination and culturally incompetent care in the context of dental
care by these population groups. Their oral health outcomes are affgatisetdyy habits and
conventional health beliefs as well as poor access to the provision of effective services. They are
also lacking as the researched group on oral health and outreach pri@&ffams

Incarcerated Populations

Dental needs of people in pois are high and they have limited access to treatment, which are
usually stopgap services in case of an emergency. The interruption of continuous care and
preventive care services by incarceration enhances oral health outcomeg3aither

People living with HIV/AIDs or Chronic Conditions

Various oral diseases which a person is more vulnerable to in presence of chronic diseases are
candidiasis, ulcers, xerostomia. The stigma in the dental environments may result in care
avoidance. Efficient managemenindae achieved by merging oral health services and systemic
disease treatment management in order to make it comprehEB#ive

BURDEN OF ORAL DISEASES IN UNDERSERVED AND V ULNERABLE
POPULATIONS

Oral disease burden is disproportionately experienced by underserved and vulnerable populations
having a set combination of biological, social, and systemic disadvantages. The oral health needs
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of these populations are undiagnosed, underreported andreatkdtand remain a part of the
wheel of poor health and povef84].

Common oral diseases like dental caries are highly prevalent and are among the most common
chronic diseases that affect the children and adults in thedsaurce communities. High ake

of sugar diets, poor fluoride exposure, and inadequate availability of the preventive services
exacerbate the condition. Periodontal disease is also prevalent with inadequate oral care, lack of
access to medical treatment, tobacco use and systemaselsesuch as diabetes contributing to

the risk and severity of periodontal disease in more susceptible popul@in3obacco use
(smoked and smokeless), alcohol use, and late diagnosis increase the oral cancer rates with more
disease and deaths bemagjistered. The problem of such advanced uncured dental disease is that
tooth loss can affect both functions, nutrition and appearance and this occurs especially in the
elderly and in those affected by social and economic deprivi@&jn

Reaching preveative and curative services is also a top issue. Most members of poor populations
lack access to regular dental treatment, fluoridated weater dentalnsurance and even simple
teeth cleanliness. In underserved areas, a dearth of primary and prevarmisergices yields to
intense extractiodased emergency care because of a-c@aplete lack of preventive care
services, e.g., sealants, fluoride varnishes, oral health edufStion

Slowing of diagnosis and treatment is usual. Conditions like oraleteor periodontal disease

cannot be diagnosed until they reach the advanced stage thus chances of success of such treatments
are diminished. Cost, travel, fear, and the absence of health literacy are some of the barriers which
contribute to regular or nachieved dental visit. Among other things, this delay makes the overall
process of treatment more complex and costly, and leads to poor prognoses as well as unnecessary
suffering[38].

Inadequate oral health has severe effects on quality of life iroretatoral health. It may intervene

in eating, speech and social gathering of an individual and alter daily functioning aestseth.

The oral conditions might cause even children to have problems with concentration at school, and
adults might become employable, or unable to even get integrated into the society. The
combination of chronic pain, infection, and aesthetic issues all contribute negatively to quality of
life and are particularly bracing when people are already managing other types oéuliagdv

[39].

ORAL HEALTH OF UNDERSERVED
. AND VULNERABLE POPULATlONS v
# \» ”‘-\
ACCESS PREVENTIVE  [EIM POLICY
TO CARE EDUCATION = ADVOCACY

Figure 2: lllustration showing oral health for vuninerable population
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BARRIERS TO ORAL HEALTH CARE

The vulnerable and underserved populations are faced with various intertwined obstacles that do
not allow appropriate, affordable, and timelsal care to occur. These obstacles are based on
structured, economical, cultural, and systemic aspects and play a vital role in causing oral health
disparity[40].

Structural Obstacles

The challenge of geographic inaccessibility also constitutes aisagiforoblem as most rural,

tribal, and remote communities do not have dental clinics nearby. Access is also restricted by the
inadequacy of providers; hence most of them are based in the urban areas. The clinic is even less
accessible due to transportatj whether through public transport or individual car ownership.
Lack of dental insurance, especially low income groups, limits the dentist access to even the
simplest dental caid1].

Economic Barriers

Dental care is unaffordable to a large numberesihis not a priority in the public sphere of health
financing due to its high owdf-pocket expenditures. Unemployment and underemployment
compel the individuals to focus on the basic needs including food and shelter to the exclusion of
oral care. Patidn are also not likely to seek treatment because of fear of losing the daily wages by
spending the time visiting a clinjd2].

Barriers in Culture and Linguistics

The lack of historic care or even discrimination causes mistrust in the healthcare systggn am
the marginalized people, which results in the avoidance of the form of dental care. Generally, low
oral healthliteracy decreases the needspoéventative care and restricts the knowledge of the
disease development. The existence of language issghkg]ing in migrants, may prevent the
guality communication between customers and clinicid8k

Barriers in the System

Oral health systems tend to be underfunded as general health systems are concerned more with
providing general medical care and neglegthe oral health field. The inequalities are contributed

to by policy gaps, including lack of integrated oral health strategies, lack of incentives to expand
rural practice as well as undiemded school dental programs. The inability to coordinatéthea

care systems is also hampered by the fragmented health systems that are separated by oral health
and general health care services, particularly in patients with chronic illfjié4kes

CURRENT PuBLIC HEALTH STRATEGIES AND PROGRAMS

Various additionalnitiatives have been introduced on a local, national, and global scale to support
the oml health requirements thmpulations who are undeserved and those that are in need. The
goal of such programs is the development of the access, preventive caneogaparation of oral
health into general health systes].
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Government Initiatives

Integrated and comprehensive oral health services are to be provided under National Oral Health
Program (NOHRIndia) implemented by the Ministry of Health and Family Vaedf It dwells on
preventive, promotive and curative care at the primary health care level and the activities include
oral health camps, awareness, and training of healthcare workers. Ayushmarn Bleatth and
Wellness Centersnitiative further integates oral health taonrcommunicable disease (NCD)
prevention and management with screening, counseling, and increased grassroot services of
wellness centers and digital health technol@i$y.

School Based Dental Programs

Such programs provide preventieare such as use of fluoride varnish, dental sealants, and
teaching children about oral hygiene. They are especially useful to the disadvantaged social
economic groups without frequent access to dentists. The early adoption of positive health habits
and thus the activities and actions of these programs lead to the overall alleviation of the burden
of the oral ailments in the long ri47].

Mobile Dental Units

Mobile dental units are fully equipped with dental chairsta}( equipment and sterilization
equipment, and traverse to remote locations, tribal populations and migrants to bring care to their
places where they live. They provide preventive, diagnostic and primary curative services straight
to underserved communities. They are flexible and thesuugn natural disasters, the rural
environment, and also to persons facing mobility isf4&}s

Participating in Agencies as Community Health Workers

Local trained health workers such as ASHA (Accredited Social HAalikist) and Anganwadi

also play a wonderful role in teaching oral hygiene, educating families and case referrals. This
familiarity with their culture, language, and social lives helps them to evade the trust obstacle so
that they connect the rural and marginaizemmunities with formal health cge9].

Global Frameworks and Strategic Guidance

There is advocacy to mainstream oral health as part of primary health care and universal health
coverage by global organizations like the World Health Organization (WHI@ir attention
involves dealing with social factors and integrating oral health into the NCD approach. FDI World
Dental Federation also helps to promote equity and culturally sensitive oral health promotion
across the globe through the support of glolditp development, best practice frameworks and
creation and dissemination of awareness programs such as the World Oral Hedi0] Day

ROLE OF DENTAL PROFESSIO NALS AND PUBLIC HEALTH SYSTEMS

Empathy and Cultural Competence

Cultural competence refers the capacity of the dental professionals to give considerate and
responsive cultural regarding the beliefs, practices, and needs of the diverse patients. This
necessitates empathy and sense of sensitivity towards people, especially those with marginalized
backgrounds that might feel fearful, stigmatized, or traumatized regarding healtfbthre
Inclusive communication training, the availability of language services, and knowledge of the
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social context of the patient are the important factors to estdhlisthand enhance adherence to
treatmen{52].

The Community Based Dental Education and Outreach

These kinds of activities like school screening, mobile dental clinics, health camps, and raising
awareness of oral health can help in enhancing communitgemgamt. The involvement in the
communitybased participatory research helps to provide services that will be tied to the real needs
of the population[53]. Dental schools ought to include serviearning models within its
curriculum so that it makes thaudents do a rotation program in underserved or rural setting to
have first hand experien¢g4].

Incorporation of oral health in primary care

Primary healthcare systems should incorporate oral health so that they are not set aside as
standalone health saces. Dentists can partner with medicine, nursing, and ally health
professionals to treat the oral status that accompanies systemic diseases such as diabetes and
cardiopulmonary disorders. Initial provision of basic information about oral health camybe ve
broad through training of nedental personnel like ASHA workers to do t[55].

Advocacy and Intersectoral Collaboration

Another significant aspect of dentists is their ability to promote policy changes, more budget, and
the introduction of oral hedtinto health insurance plans. Oral health promotion would also be
effective when there is egperation with other sectors e.g. education, water and sanitation, social
justice and disability rights to resolve broader issues of social determinants. Wrenersf
engage directly in designing oral health policy, conducting research in the area of public health,
and conducting program evaluations their efforts can lead to more systemic solutions regarding
the solution of disparitiel$6].

PoLicy AND LEGISLATI VE FRAMEWORK

An effective policy and legislative framework can facilitate the eradication of oral health
disparities and the provision of equitable care to the underserved and vulnerable population. Oral
health should also not be viewed as only a clinpcablem but as a human right and a national

and global health concermAt policy level, the national and international level, there are
highlighted efforts through national oral health policy like national oral health policy (India),
which focus on preveitn and promotive oral health service at community |EvE].

This policy can be used to enhance oral health that should be integrated in the current national
health missions and this policy involves activities such as awareness campaigns, mobile,outreac
and school dental programs. The WHO Global Oral Health Action Plan-2T&3 would aim

at lessening the burden of oral illnesses with the help of prevention, incorporated consideration,
and incorporation in Universal Health Coverage (UHES). It pramotes the focus on oral health

in the strategies of countries on NCD and health system. In the meantime, FDI Vision 2030:
Delivering Optimal Oral Health to All advocates a peegentered, prevention, and integrated

care system around the world, emphamgjzihe need to prioritize both workforce outcomes and
digital innovation to achieve equitiRights based approach to healthcare views oral health as a
basic human right and not a privilege. This practice is driven by thedisorimination,
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accountability,participation, and transparency of delivering health services. It urges states and
governments to deal with inequality based on poverty, gender, disability and minority statuses
[59].

There are key implications of Universal Health Coverage (UHC), as taahhealth is concerned.

UHC will make sure that everyone can access the health services that they require without
incurring financial destitutiof60]. Yet, the oral health is often not included in the UHC packages,

but when it is, it is underfinance@ral health inclusion in UHC would enhance preventive care,
decrease direct financial outlays, as well as guarantee the better health outcomes at a population
level. In addition, it also falls with the sustainable development goal 3 (Good Health and Well
Being)[61].

It is becoming vital that more encompassing dental benefit programs exist. Comprehensive dental
care and not only the emergency cahasto feature in public insurance or governmamntded
programs. The Indn Ayushman Bharat prograi@ctorsin routine and preventive dental services

in their current health benefit planBental insurance pilot programs in schools can also be
considered Benefit programs should be personalized to benefit children, the old, disabled
individuals, the populationin rural and faiflung areas and those with chronic and
immunocompromised conditio&2].

I NNO VATIVE M ODELS OF CARE DELIVERY

Creative, communitpased, and technologically assisted care models are necessary to help offset
the disparity between oral caservices and the underserved segments of the community. These
models question the traditional method of clinical delivery since they emphasize accessibility,
prevention, and proper utilization of resourf&3).

The newer modalities of teledentistry andbite health (mHealth) are becoming very effective in
remote and underprivileged areas. Teledentistry uses the power of digital technology to deliver
distan@ consultations, remote diagmgstreatmentplanning and patient edation. nHealth
involves theuse of mobile phones and apps to provide oral health advigesmtd andmonitor

patient behavior[64]. Cases of usage of such technologies are video consultations of
schoolchildren in rural locations, remote video surveillance of oral lesions thraugptian of
community health workers with smartphone images, and virtual fallpsvin the extraction
process or chronic disease management. The strategies minimize geographic and financial
impediments and allow continuity of dental care in areas withematl clinics and specialist
reference where necessafg5].

Scalable solutions also exist in the form of tabiting and community dental health workers. In
this model, certain preventive or education oral health activities by dentists-alecetedto
trained nordental health providers (community health workers, school teachers, Anganwadi
workers or auxiliary dental staff). These functions may also comprise the provision of oral
education, simple screening and referrals, fluoride varnish apphicatnal referral coordination
[66].
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Preventiveoriented approaches, such as Minimal InterventiomtiBey (MID), changethe
paradigm of oral disease in that surgical management of disease is replaced by preventive and
conservave care. These models sse=arly detection, remineralization methpdad education

with afocus on the patierf67]. The most central strategies include #pplication of atraumatic
restorative techniques (ART), fluoride varnish and seéslaand behavior change alomgth
assesments of the caries risk. Such an approach will curb the disease progression, minimise
invasive proceduresand better sustain oral health over the long run with fewsources,
especiallyfor children, geriatrigatientsand anxious patien{68].

RESEARCH GAPS AND FUTURE DIRECTIONS

Addressing the oral health needs of underserved and vulnerable populations requires a strong
evidence base that reflects their realities. However, several research gaps remain, limiting effective
policy development, progranesign, and healthcare delivery.

Filling the Gap in Disaggregated data

One of the greatest issues that impact oral health equity is the absence of disaggregated data.
Numerous national health surveys and records fail to record any demographic deteitduttiat

those for subgroups, including caste, disability status, migrant background, and incarceration
history[69]. These nuances cannot be identified without such detailed data and, as such, they leave
disparities in the shadows, leading to interventiaihat are not well targeted and
underrepresentation. Making improvements in the health information systems to capture both the
social determinants as well as the oral health indicators and even to make sure that the voices of
the marginalized groups arepresented in both the surveillance and reporting should be done as

a priority[70].

Advocating Community -Engaged Research

Traditional research methodologies fail to capture the nature on how marginalized groups of
people live, beliefs they have and inditnalize impediments. Communiased Participatory
Research (CBPR) would fill this gap and supports the banking of communities and communities
in defining research priorities, @esigning the research to interpret research results. Such an
inclusive salition increases the relevance, acceptability, and overall sustaynaf oral health
interventiong71].
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Figure 3: Infographic of Research Gaps and Future Directions

Expanding longitudinal research

Crosssectional or shoiterm research gives lingitl frames of snapshots of oral health patterns.
Longitudinal research, however, allows following the course of oral diseases and can be used to
determine the measures of the ldagn effectiveness of the intervention throughout the life span.

It is also mssible to have more -depth details on the influence of behavioral factors,
environmental factors and systemic factors among others, and the sustainability of the public
health models with timgr2].

Culturally Appropriate Interventions Design

Generic,oneprogramfits-all oral health programs are likely to fail if they ignore the needs of
various communities. Effective programs should be both langaadeculturespecific and geared
toward local standards. This includes utilizing traditional healtiefsednd practices in program
design, involving community leaders in the outreach, and reaching out through the use of visual,
oral, or folk media in contexts of low literacy leyéB].

CONCLUSION

Oral health vulnerability is minutely associated withtial, economic, cultural, and systemic
determinants. The number of marginal groups it impacts is very broad, including children living
in poverty, elderly residents of care homes, migrants, ethnic minorities and individuals with
disabilities. These dispaiie groups need a comprehensive approach to ensure their oral health is
improved; this should comprise systemic change, commbagd active outreach, novel service
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delivery forms, and culturally competent care. Oral health should be accepted assio miman

right and should be inclusive in universal health coverage and become one of the national and
global health priorities. However, the task of developing an inclusive and equitable oral health
environment needs to be done by dental professiopalslic health systems, researchers,
policymakers, and communities. We can and must work together and be culturally competent in
all aspects to optimize oral health and wmding of everyone including geography, income,
identity, and ability.
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CHAPTER 6

ADVANCED REGENERATIV E STRATEGIES &
MATERIAL SCIENCE

Dr. P. Nihar, Dr. Vibha SamriDr. Shweta Sharma, Dr. Ajimol Theresa Jose

| NTRODUCTION

Dentsitryis a discipline that has been transformed over the past few decades where it has shifted
in recent times more to a science that is less biological than before. The inherent contribution of
the innovative regeneration strategies and material scienceossluias been significant to
accelerate the evolution into the basis of the new techniques in therapy. Due to the increasingly
greater demands on oral surgeries, especially in the field of implantology, periodontal surgery,
maxillofacial reconstruction anthe treatment of traumas, which refer more and more to the
functional and esthetic reconstruction of teeth or patients, those requirements work on techniques
that must be capable of repairing and not merely restoring native tj4$ukss also possiblé&

utilize such developments to not only restore structure but also biological functionality, and the
development of regenerative oral surgery has now become a most exciting and promising area
within the scope of modern dental medicjgg

The nature ofts restorative surgery, oral regenerative surgery is open surgery in the field of
dentistry and its aim is the recreation of oral and maxillofacial functions and strutherakveolar
bone,the periodontaligaments, gingival tissues as well th® ord mucosamust be recreated
Conventional surgical practice focused on autogenous grafting and guided tissue regeneration
(GTR), although this approach is burdened by the issue of donor site morbidity, limited availability
of graft material and limitations long-term outcome predictig3]. In contrast, new regenerative
strategies are focused on mimicking the complexity of the native tissue in alitissioemat that

is equally both biologically inspired and patieptecific in solutions. These strategiEmploy the
philosophies of developmental biology, tissue engineering and signalling pathways to fill the void
of the egeneration process by oriargia specific cellular response towards regeney #tia tissue

by natural remodeig of the local enviroment[4].

The pillars of the regenerative surgery and scaffolds, cells and signaling molecules have all
received a boost in the advancement of material science. In the last decade biomaterials initially
passively as inert supports have been surmountedi#imdctive participation in tissue repair has
been made possible by engineering. The advanced scaffolds haveewelaped an ability to
regulaterelease of bioactive molecules and host stem cell attraction as well as copying with the
change in the phydiogical conditiond5]. Examples include bioresorbable nanofiber scaffold of
extracellular matrix (ECM) templates, osteoinductivity, and hydrogel systems, all with controlled
rates of degradation, and have calciphosfhatebased bieceramics. Thealevelopnent of 3D
bioprinting and additive manufacturing techniques has allowed creating patient specific scaffold
thus adding reliability and efficiency to the regeneration proced@fes
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Biologically, stem cells, growth factors and the gene thefapse taken enter stage in the
reshaping of the face of regeneration. The dental and in general the MSCs possess multilineage
potential and immunomodulatory properties with intraoral applications being the ideal condition
[7]. Autologous PRF and derivatives have emdrgas angiogenesis stimulating, collagen
synthesizing and cell proliferating bioaeti matrices as well. Meanwhilegcombinant growth

factors, such as bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs) and
vascular endothelial growth fme (VEGF) have introduced novelties in obtaining credible bone
regeneration along with soft tissue regenergi@jn

Nanotechnology has been revolutionary in regards to using it in the design of material. The
relevance of the nanostructured surfaces plamts membranes amd grafting materialsaffects

the adsorption of proteins, adhesion and differentiation of cells. As an example, nanotopography
of implant titanium surfaces can enhance integration of bones due to stimulation of the activity of
osteoblats and inhibition of the colonisation of bacteria. There is also a new frontier; with smart
materialssmart pH responsive hydrogels, piezoelectric polymers, antibacterial ceadings
merely materials that help heal the body, but directly shape the dnpatices$9].

The methods of site preservation using bioactive substances applied in the branch of implantology
can be helpful, as the modes of implant success were thédonguse of biomaterials, which
provide high volume and quality of bo[#0]. In periodontal surgery, regenerative approaches are
relevant to reconstruct the complex periodontal structure by relying on biologically dynamic
membranes and cghopulated scaffolds. Similarly, tisse®agineered constructs alternative to
traditional autologus bone grafting, potential reduced morbidity to patients, and the promise to
reconstruct diffuse three dimensional defects on a routine basis in maxillofacial trauma and
oncologic reconstructiofi1].

The advances are still faced with huge hurdles. THadlanges are multifactorial due to the
heterogeneity and hardly predictable behavior of oral tissues, high microbial burden in the oral
milieu, and other poor health markers of individuals, including smoking, the complexity of health
care as a system, genal oral health, ef@ 2]. More importantly, the growth of the stem cells and

gene therapy, in medical establishments, occurs with regulatory issues when it comes to the
applicability of the therapy as well as the cost aspect and the logistics. Thiechspenals is also

a consideration and this is even more so as far as ethic considerations on application of embryonic
stem cells or even the genetic engineered organEshs

Future trends would involve the introduction of the multidisciplinary appreath clinicians,
materialscientists, molecular biologisind bioengieers to overcome such downfdtlis worth
emphasizing that the design of modular and flexible therapeutic platforms that are inexpensive,
scalable and comfortable to th@mlogy shoutl be developefll4]. The combination of genomic
profiling and the application of Al in regenerative planning would help regenerative interventions
to become more predictable and personalized with the application of personalized medicine. In
addition, the dvelopment of good clinical trials with significant years of research are necessary in
order to come up with evidence based procedures that would be utilized in making choices under
different clinical context§l5].

In summary, the regenerative methododsgtoupled with the recent material science are rendering
to the oral surgery a new era. These range of treatment may not only ceatdigsues to a

79



structural level but also finally to a functional and an aesthetic level, as smartness of biological
naure combines with the genius of engineering inger{aéy.

FUNDAMENTALS OF REGENERATION IN ENDODONTICS

Endodontics, a branch of dentistry that focuses on the diagnosis and treatment of diseases and
injuries of the dental pulp and surrounding tissuéienanvolves the regeneration of tissues that
have been compromised due to infection or trauma. A solid understanding of the biological
principles that govern tissue regeneration is crucial for effectively implementing regenerative
treatments in the puldentin complex and surrounding tissues [17].

Wound Healing: Regeneration vs Repair in Endodontics

Wound healing in endodontics is a dynamic, multistep process, significantly influenced by the
environment within the root canal and the surrounding periobtiisgaes. In clinical

endodontics, achieving true tissue regeneration over repair is the goal, especially in procedures
such as pulpal regeneration, apical periodontitis treatment, and the management of periapical
defects. These processes occur via twmmeechanisms:

Repair

Repair in endodontics refers to the restorati
returning it to its original function. This typically results in the formation of scar tissue, such as
the healing of periapical lesiomsthout restoring the original pulp or dentin structure [18].

Regeneration

Regeneration in endodontics is the complete restoration of the original tissue structure and
function, ideally involving the restoration of the dental pulp, dentin, and suppassogs. True
regenerative procedures aim to replace the damaged pulp with a functiorktetigsue
capable of sustaining the vitality of the tooth [19].

Osteogenesis, Osteoinduction, and Osteoconduction in Endodontics

The principles of osteogenesist@oinduction, and osteoconduction also apply to endodontic
regeneration, particularly when bone involvement, such as periapical lesions or cysts, is present.
Understanding these principles helps in selecting the right regenerative materials and techniques

Osteogenesis

Osteogenesis refers to the formation of new bone through osteoblasts derived from either the
graft material or surrounding tissue. This process is especially relevant in cases involving
periapical bone defects [20].

Osteoinduction

Osteoindution involves the stimulation of undifferentiated mesenchymal cells to become
osteoblasts, which form new bone. In endodontics, this process can be facilitated by bioactive
molecules such as Bone Morphogenetic Proteins (BMPs), which play a significant role
regenerating periapical bone tissue and supporting the vitality of the tooth [21].
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Osteoconduction

Osteoconduction is the ability of a scaffold to support new bone growth by providing a structural
framework. In endodontics, osteoconductive materikéshiydroxyapatite and tricalcium

phosphate are often used to fill bone defects, allowing for the infiltration of cells and blood
vessels from surrounding tissues [21].

The Regenerative Triad in Endodontics
Successful tissue regeneration in endodonticsrabpen the synergistic interaction of three key
elements:

Cells

Stem cells derived from the dental pulp and periodontal ligament are central to regenerative
therapies in endodontics. These cells have the ability to differentiate into various cell types,
which is critical for the repair and regeneration of dental tissues. They can generate odentoblast
like cells for dentin formation, endothelial cells for angiogenesis, and fibroblasts for soft tissue
healing [22].

Scaffolds

Scaffolds in endodontic regenemtiprovide the necessary structural support for new tissue
growth. These can be derived from natural sources, such as collagen or decellularized matrices,
or from synthetic materials like polylactic acid (PLA) and hydroxyapatite. Scaffolds should be
bioconpatible, have an appropriate degradation rate, and be porous enough to allow for cellular
infiltration and angiogenesis [23].

Signaling Molecules

Growth factors such as BMPs, Vascular Endothelial Growth Factor (VEGF), and Platelet
Derived Growth Factor (PGF) are crucial in regulating the cellular responses required for
regeneration in endodontics. These signaling molecules help control cell migration, proliferation,
differentiation, and the production of extracellular matrix, all of which contribute &dicgea

healthy regenerative environment for the pulp and surrounding tissues [24].

Incorporating these elements into regenerative endodontic procedures allows for the potential to
restore not only the structural integrity but also the functional capaioitymaged teeth,
contributing to longterm dental health.

BIOMATERIALS IN ORAL SURGERY

Application of biomateria has transformed the science of oral and maxillofacial surgery by
realizing reconstruction, regeneratiaad functional reconstruction difoth the hard and soft
tissues. The choice of proper biomaterials is determined by their source, their degradation pattern,
mechanical, and biological performari2é].

81



Classification of Biomaterials

Natural vs Synthetic Biomaterials

Natural biomaterialgan be termed as xenogenic, allogenic or autogenic. Typical examples are
collagen, chitosan, algitmand gelatin. Thegan be employed due to the value of their biological
compatibility and bioactivity, attachment of cells and thus regenerative and dicaine
application. Nevertheless, they do have some limitations that include their mechanical strength,
which may vary and may be prone to immune react[2i6y.

Synthetic biomaterials are mamade specifically designed with the biomedical in mind sineg th

can be tested in their composition and properties, which can be tailored toward the clinical
requirements. Well known are hydroxyapatite (HA}ri2alcium phosphate (ZCP), polylactic

acid (PLA), polyglycolic acid (PGA), and polyetheretherketone (PEBKOresorbable materials

are appreciated in their low infection risk, as well as the possibility to modify them in order to
adapt their mechanical and chemical properties. Nevertheless, they also have limited bioactivity
of their own and in most cases ynaot be easily incorporated long term in native tis§Rép

Biodegradable vs NoiBiodegradable Biomaterials

The biodegradable materials gradually get reabsorbed and replaced with the native tissue thereby
helping in regenerative processes. Typical epées are resorbablenembrane and bone
replacemen(i.e. Beta tricalcium phosphate, b&t@€P). Their key strength is that they minimize

the number of procedures required to remove them, thus contribatlegs patient discomfort

and clinical sequelae. Natheless, obtaining a rate of resorption that coincides with that of
production of new tissues is essential to achieve optimal healing and functional intd@&jtion

Non-biodegradable materials e.g. titanium mesh and PTFE membranes are left in the body
indefinitely or must be removed by a surgical intervention even after performing their useful role.
The strength and working conditions of these materials offer mechanical stability artérimng
structural support, and hence they are useful to maintaire 9paenable tissue regeneration.
Nevertheless, they also have certain risks to their use, infection and exposure of the membranes
being the most common of them and deteriorate the process of healing and lead to the further
clinical intervention29].
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It must withstand occlusal forces
and surgical handling without
deformation or failure, particularly
in load-bearing areas.

The material must not evoke chronic
inflammation, immune rejection, or
toxicity. It should integrate
seamlessly with surrounding tissues.

Ideal
Properties
of
Biomaterials

The ability to serve as a scaffold
for new bone formation is vital,
especially in bone regeneration

procedures.

The degradation rate should align
with the rate of tissue
regeneration to ensure adequate
support during healing.

The material should allow for long-
term storage and sterilization
without compromising structure or
function.

It should be easy to trim, adapt,
and place in the surgical site,
especially in minimally invasive
approaches.

Figure 1: Ideal Properties of Biomaterials

COMMONLY USED BIOMATE  RIALS IN ORAL SURGER Y

Collagen

Collagen is natural protein derived in Biovine or Bioporc. It finds it an excellent use as hemostatic
agent during oral surgery, an addition to barrier mendwand soft tissue graft substitute. Its
strongest features include extreme biocompatibility, resorbability, and angiogenic, and cell
migration capabilities with optimum characteristics to resolve wound healing and tissue
regeneration. However, collagerliigited in the mechanical strength and carries the potential risk
of antigenicity that is likely to limit its use in some pati€i3g].

Hydroxyapatite (HA)

Hydroxyapatite is a ceramic which can hathetically made or can be harvested froatural
bone. It is used extensiyeh the filling of bones andoating of dental implants. The outstanding
features are the osteoconductive propartg the similarity in chemical composition witatural
bone that helps in the deeper anchoring of the&t tissues. Yet HA resorbs slowly and is brittle
and therefore not suitable in a dynamic or a highly loadedatéa

Beta-Tricalcium Phosphate

Betatricalcium phosphate synthetic calcium phosphate ceramic usually applied in bone grafts
(in extracton sockets, internal sinus lifts, and around -paplant defects). It is bioactive and
resorbable and the porous nature helps it achieve tissue ingrowth. Besides these advantages it is
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k nown -TCPR & ttoo eakmechanically and isesorbed too fast to be used as standalone
material, however it has been claimed that its mechanical strength can be improved by mixing with
other, e.g. stableesorbing, material32].

Bioactive Glass

Bioglass is a silicate material with phosphate aaftium components making the material
applicable in periodontal defects and ridge prevention. It is being valued in ity stro
osteostimulatioreffects and in its natural arfiacteriostatic outcomes, which assist in blocking
infection. However, like otkr ceramics, it is easily broken, and thus it cannot be used elsewhere
where mechanical stress or load bearing takes ¢#8[t

Titanium

The metallic element, titanium, is onktloee common and widespread used materiatal surgery,
including dentalimplants, dental fixation plates, titanium meshes in guided bone regeneration
(GBR). It presents an excellent biocompatibility, good mechanic characteristics, and important
characteristics that can be exploited in the osseointegration prDesgste itsstrength, titanium

is nonresorbable and its exposure to the oral environment can present additional risk of the
infection. Also its radiopaque character can interfere with some of the imaging j@éHes

Polyetheretherketone (PEEK)

PEEK is an excellenthermoplastic polymer used in surgical implants as implant abutments,
craniofacial implants and customized surgical guides. The main strengths of it are high mechanical
performance, radiolucency, and the ability to be customized by-CAB. The problem wth

PEEK however is that it inherently is bio inert and may require a change in surface characteristics
to be more bio inertable, and long term clinical data on its use in oral surgery is still [88ing

Polymers (Nanoplastics PLA, PGA)

Polyglycolic aid (PGA) and polylactic acid (PLA) are mamade aliphatic resorbable polyesters

and are used in resorbable sutures, membranes, and scaffolds. They are equally stable in their rates
of resorption, and they can tolerate different values according to tlireed. Nevertheless, the

fact that they can produce adig-products during degradation is likely to make the surrounding

site pH lower due to which it may limit the healing and tissue response within the surgical area
[36].
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Guided Bone Regeneration (GBR)

The Guided Bone Regenerationagrocedure where thealrier membranes are usedthe
promotion of favorable repopulation of exposed bone defects in the presence of osteogenic cells
without the ingrowth of undesired soft tissues.

M EMBRANES : NON-RESORBABLE VS RESORBA BLE

It is common to find resorbable materials; which include collagen, polylactic acid (PLA) and
polyglycolic acid (PGA) because they are bio compatible and ensure there is tissue incorporation
without a second surgery. These mialsrare slowly depleted in the patient body, eliminating
patient pain and enhancing healing process. However, they can be restricted by unpredictable rates
of resorption and lack of mechanical strength relative to alternatives (mainisesarbable),

which can potentially reduce loatgrm stability in some clinical casg3/].

Expanded PTFE (ePTFE) and dense PTFE (dPTFE) membranes and titainianced meshes

are nonresorbable membranes that can be widely used in regenerative procedures because of the
superior space maintenance and high mechanical strength. They offer an anchorage where tissue
regeneration is optimally stable and have advantages of inhibiting the contraction of the soft tissue
into the defect area. Nonetheless, their applicatioinked to some of the disadvantages such as

the second surgical procedure to remove them and the increased possibility of an exposed
membrane that can play a deterring role in the healing pr{#ss

Principles and Techniques

The exclusion of cells is iportant to ensure the soft tissue cells cannot infiltrate the defect location
hence ensuring that only the osteogenic cells are involved in the regeneration. Space maintenance
is also very crucial, since the membrane has to maintain isolated ambiancegfaer
development of new bone. To reduce micromovement that may impair healing, both the graft and
the membrane must be stabilized. Lastly, the aim of the surgical procedure is the primary closure
with a flap having no tension because of protectingistkeof the surgical area of an infection, and

the regenerative outcomes improvema&si.

Clinical Uses
1 Alveolar ridge augmentation
91 Dehiscence or fenestration defects around implants
9 Postextraction socket preservation

BONE GRAFTS AND SUBSTITUTES

Bone gafting materials can be characterized into three categories, which includes nonautologous,
biologically used materials, depending on the source and pathophysiology of action (osteogenesis,
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osteoinduction, osteoconduction). A perfect graft is a scaffolue lttractio, and it should also
haveosteogenic cells.

Autograft (Autogenous Bone)

Autografts refer to bone grafts that have been harvested in the patient with the use of healthy bone
tissue, which is more frequently than not harvested at the mandgyumgorhysis oiliac crest.

These grafts constitute the gold standard in bone regeneration thigyeare osteogenic
osteoinductive and osteo conductiveature However, the number of limitations associated with
autografts is also very high, boevertheless, they are more superior regarding their biological
foundation. Adding to the time required and complicating the risk of donor site morbidity, the
necessity of maintaining a second surgical site often allows only as much bone as can be harveste
[40].

Allografts

Allografts, the most frequently used human allografts are frdged bone allograft (FDBA) or
demineralized freezdried bone allograft (DFDBA), usually derived through the cadaver bone.
The first strongest merit of such grafts istttieey are easily accessible, and one does not have to
go through surgery when seeking a donor site; therefore, it is not so invasive. Specifically, DFDBA
possesses certain osteoinductive action as it also freezas d®he morphogenetic proteins
Furthermore, the grafts may vary in their biological activity depending on the method of processing
their preparations and uniqueness of a d¢hby.

Xenografts

Xenografts are bone grafts derived from animals that typically are either bovine or porcine. The
most widely used one is deproteinized bovine bone mineral, e.gO&0These grafts provide
excellent osteoconductive scaffold wherein bone grows and their resorption has been slow
therefore it is used to maintain space. However, xenografts lack vialde a@d exhibit no
osteoinductivity in contrast to the autografts. In addition, their usage may bring about ethical,
cultural or religious challenges to some patients in relation to the source animal and personal belief
[42].

Artificial replacements (allop lasts)

Alloplasts represent synthetic artificial bone materials which are fabricated to possess the same
structureas a natural bone. Soréthe commonly used materials are hydroxyapatite and-beta
tricalcium phosphate (Beta) TCP (betaicalcium Phosphate), and bioactive glass. The grafts are
advantageous due to their safety level since there is no threat of transmission of a disease and they
arecustomizable, depending on porosity @edradatiomate. However, many alloplastic possess

the characteristic of being unable to promote bone formation (i.e. bioinert), and they are more
likely to exhibit inferior integration compared to biologically ided grafts. Therefore, they could

be employed more optimally in certain clinically related outputs into which they could be
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implicated in the requirements of mechanical integrity without the enhancement of biological
stimulationg43].

Growth Factors and Biologics

Biologics maximize bonéealing by inculcating cellular activity to encompass differentiation,
cellular migration, and angiogenesis. They represent a successful step in participation in
regenerative processes in oral surgery.

Platelet -rich fibrin (PRF)

The secondjeneration concentrates is a Plat®eath Fibrin (PRF), the platelets fused with
platelets and leukocytes, and cytokines in fibrin. It is a bioldlgieative scaffold anglays a

critical role in angiogenesisvound healing regeeration,andmaturation of the soft tissues. One

of the most significant advantages of PRF is the possibility to inducéhessdlhg without
anticoagulantand supplements. Its application however has a drawback as it does not offer a great
deal when it omes to the mechanical suppattcan not be used as a stand alone material in
grafting[44].

Platelet - rich - plasma (PRP)

PlateletRich Plasma (PRP) is a firgeneration concentrate th& significantly rich in growth

factors and contains Plateleerved Growth Factor (PDGF), Transforming Growth Fadieta

(TGFb) and Vascular Endothelial Growth Factor (VEGF). These are pivotal in stimulating the
tissues regeneration when graft materials are used together with the use of PRP to promote healing.
Despte its potential in therapyPRP must be supplemented with anticoagulants during the
preparation and the release of the growth fadttsh

Bone Morphogenetic Proteins (BMPS)

Bond morphogenetic proteins (BMPs) specifically the BRMRnd BMR7 possess atreng
osteoinductive property and can be used in regenerative medicine. Such proteins may induce
growth of new bone because they initiate differentiation of the mesenchymal cells into osteoblasts.
The clinical use of BMPs is most frequently found in timeisilift procedure and large bone defect

repair processes and spinal fusion procedures. There are however disadvantages to their use in that
it is expensive and it has the risk of unwanted side effects such as inflamnneaiction as well

as ectopiboneformation[46].

Enamel Matrix Derivative (EMD)
Enamel Matrx Derivative (EMD) is a biologic productomprised of pigs tooth germ proteins.
This is achieved through induction of cementoblasts, osteoblasts and periodontal ligament cells

which comprise major agents involved in the renewal process of periodontal tissues. Major uses
of EMD include the treatent of periodontal flaws and EMD has been reported to effectively
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stabilize cementum, alveolar bones and periodontal ligament regeneration. However, it has limited
application and can be utilized on a periodontal level, and not large bone @g€fgcts

Application Preferred Strategies Limitations
Alveolar ridge preservation = Xenograft + collagen membrane Slow resorption; potential
exposure
Sinus augmentation b-TCP, PRF, autograft mix Sinus membrane perforation risk
Peri-implant defects GBR with alloplast- membrane = Membrane stabilization issues
Periodontal intrabony EMD, PRF, DFDBA Techniquesensitive; variable
defects results
Segmental bone defects = BMPs + scaffold Cost, regulatory approval,

unpredictable outcomes

Table 1: Applications of Growth Factors

STEM CELL -BASED THERAPIESIN ORAL SURGERY

One of these advancing fields in regenerative medicine in oral medicine is stetrecagby.
Through theselfrenewal and multipotent differentiation ability of mesenchymal soefis
(MSCs), clinicians have the hope to handle complex craniofacial defects, regenerate bone and
periodontal tissues and even regenerate-gatgin complex48].

Mesenchymal Stem Cells (MSCs): Sources Relevant to Oral Surgery

MSCs can differentiate intosteoblasts, chondro®gd, adipocytes, and fibroblasteking them

ideal for both hard and soft tissue regeneration. Multiple oral and extraoral sources of MSCs have
been identified49]:

MSC Type Source Tissue Regeneration Advantages
Potential

DPSC Pulp tissue of Dentin-pulp complex, | Easy access, high

(Dental Pulp Stem Cells) permanent or bone, neural tissue proliferation
deciduous teeth
PDLSC Periodontal ligament | Cementum, High potential for
(Periodontal Ligament Stem | of extracted teeth periodontal ligament, | periodontal regeneratio

Cells) alveolar bone

SCAP Immature root apex of Root dentin, pulp Immature cells, highly
(Stem Cells from Apical developing teeth regeneration proliferative

Papilla)

BMSC lliac cresttibia, Bone, cartilage Gold standard for bone

(Bone Marrow-derived MSCs) | mandible regeneration
GMSC Gingival connective | Soft tissue repair, Minimally invasive
(Gingival MSCs) tissue immunomodulation harvest

ADSC Buccal fat pad, Bone, carlage, soft Abundant, easy harvest

(Adipose-derived MSCs) subcutaneous fat tissue immunomodulatory

Table 2: Sources of Mesenchymal Stem Cells
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Techniques for Harvesting and Transplantation

Harvesting

Mesenchymal stem cells (MSCs) have different sources and the method of harvest vaties.
derived MSCs are relatively nanvasive and readily available source, especially when
performing dental work, because they can be isolated under sterile conditions following extraction
or naturally exfoliated teeth. Bone marrow is aspirated usuwdflythe iliac crest, and the
centrifugation process results in the stem cells being isolated in bone marrow agpittiBaen

though this can be a good method, it is more invasive. Another common method is the extraction
of fat tissue using liposuctiofiom adipose tissudt is followed by enzymatic digestion and
filtering to get MSCs. The other possible source of stem cell, which can be used to restore the cells,
is adiposederived stem cells and they are abundant and usually quite simple to[6f{ain

Processing and Exportation

After harvesting, stem cells are subjected to an isolation and expansion procedure that carries out
very stringent in vitro conditions to preserve the viability and multipotency of the cells. The cells
can be grown as morster in conventional flasks or into thrdanensional (3D) scaffold like
hydrogel or collagen matrix to better resemble a natural extracellular-emgimmnment. These
scaffolds are supportive both mechanically and also add@&éltommunication leadintp high
successful tissue regeneration. It is the application that will determine which culture technique will
be used, as well as the desired pathto differentiation [52]

Transplantation Techniques

MSC transplantation consists of various methbds can be used to transplant the cells in a target
tissue. One method is the direct injection in which stem cells in most cases along with bioactive
growth factors are injected directly into the defect area. Such an approach is straightforward and
can povide minimal control of cell distribution and retention. A second approach is scaffold based
delivery, whereby MSCs are adherent to the biodegradable scaffolds that provide three
dimensional tissue growth and lead to strengthened structural coupl#jg The most
sophisticated method is the use of tissue engineering constructs whereby MSCs in the form of
complex with biomaterials and bioactive molecules are formed to achieve a highly specific
regenerative environment. As another example, in the caseeofal bone regeneration the dental

pulp stem cells (DPSCs) incorporated on hydroxyapattgfoldshave shown an encouraging
socket preservation complying with the promising clinical potential of the demonstrated system
[54].
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Clinical Trials and Translational Challenges

Current Clinical Applications

Periodontal regeneration has been extensively explored through clinical trials utilizing periodontal
ligament stem cells (PDLSCs), which show promising potential in restoring lost periodontal
structures Similarly, alveolar bone augmentation strategies have advanced with bone marrow
derived mesenchymal stem cell (BMSRgsed studies, demonstrating enhanced bone formation
and integration§55]. In the field of endodontics, pulp regeneration protocols incatpg dental

pulp stem cells (DPSCs) combined with biocompatible scaffolds in revascularization approaches
have yielded encouraging outcomes, highlighting the regenerative pote#nsitdm cellbased
therapies across various dental applicat{56$.

Ongoing Clinical Trials

Phase | and Il clinical trials have been conducted to evaluate the safety and efficacy of regenerative
approaches in treating bone and periodontal defects. These studies explore innovative strategies
such as steroell loaded membranethat enhance guided tissue regeneration, injectable
mesenchymal stem cells (MSCs) that promote-sptific healing and tissue formation, and
bioengineered roots designed to mimic natural tooth structures and restore function. Collectively,
these earhphase trials highlight the promising potential of stemitelsed and bioengineered
therapies in advancing periodontal and bone regenefafin

REGULATORY HURDLES

Stem cell-based products require
stringent GMP standards and
approval for human use

ETHICAL CONSIDERATIONS

Source consent, donor variability,
and long-term effects must be
addressed

CELL STANDARDIZATION

Heterogeneity in stem cell populations
leads to inconsistent outcomes

COST AND INFRASTRUCTURE

Isolation, expansion, and storage of
cells are expensive and technically
demanding

IMMUNE COMPATIBILITY

Even autologous MSCs can face
immunogenic reactions post-culture

Q00O O

Figure 2: Translational Challenges

GENE THERAPY AND M OLECULAR APPROACHES IN ORAL SURGERY

Gene therapy is a novel frontier in regenerative oral surgery because it can more precisely control
cellular activities, enhance tissue repair, and can overcomghtreeomingf simple grafting
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and use biologics. Such a plan suggests placing specifieti@e in host cells to augment
regenerative paths or minimize inhibition fact{s8].

Gene Delivery Systems

A successful gene therapy system must ensfli@ent transfectiontarget specificitycontrolled
expressionand minimal cytotoxicity Delivery systems are categorized inical and non-viral
vectors[59]:

Type Features Advantages Limitations

Adenoviruses Transient gene expression, | Suitable for hard tissues | Immunogenic, transient
high transduction efficiency | like bone effect

Lentiviruses Integrate into host genome, | Effective for stable tissue| Risk of insertional
long-term expression regeneration mutagenesis

Adeno-associated Non-pathogenic, low Safe and efficient delivery Limited gene payload

viruses (AAVSs) immunogenicity

Table 3: Viral Vectors

Non-Viral Vectors

The nonviral gene delivery systems that include plasmid DNA, liposomes, polymeric
nanoparticles, hydrogels, and electroporabhased delivery platforms have a variety of
advantages such as enhanced sasatyplification of the production steps, and the elimination of
the certain risks that come with the viral genome integration. Yet, they cannot be applied clinically
as easily because they have relatively less transfection efficiency and do not prodaedust
gene expression, like the viral vectd69]. Very recent developments are overcoming these
limitations by incorporating CRISRRas9 gene editing and RN#ased therapies, including
siRNA and miRNA delivery to determinately and targeted enhance ggmession within oral
tissues in which siRNA and miRNA delivery options are optimizing the therapeutic potential of
such nonviral therapieg61].

Genes Involved in Osteogenesis and Angiogenesis

The regenerative process in oral and maxillofacial tissegsines coordination absteogenic
differentiationand angiogenesisTarget genes are selected based on their ability to upregulate
these pathwayf$2].

Gene Function
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BMP-2, BMP-7 Induce osteoblast differentiation; key regulators of bone forme
RUNX2 Master transcription factor for osteogenic lineage commitmen
Osterix (SP7) Promotes maturation of paesteoblasts

VEGF-A (indirectly related) | Enhances osteogenesis via improved blood supply

Table 4 Genes for Osteogenesis

Gene Function

VEGF (Vascular Endothelial Growth Factor) = Stimulates endothelial cell proliferation and migrati
FGF-2 (Fibroblast Growth Factor-2) Promotes angiogenesis and soft tissue regeneratic
ANGPT1 (Angiopoietin-1) Stabilizes newly formed blood vessels

HIF -1 WHypoxia-Inducible Factor 1-alpha) | Activates angiogenesis under hypoxic conditions

Table 5. Genes for Angiogenesis

Combined Gene Delivery

The dual gendased expression of BMPand VEGF was superior in terms of alveolar grafting
and regeneratiorof periodontium because it may positively influence the regeneration of
periodonal diseases because of osteoiction and angiogenesis. These effects are further
optimized through the development of intelligent scaffolds that have been developeddly activ
liberate gene vectors to tissue in a sp&imporal manner, resulting in the controlled and
sequential delivery of growth factors as natural healing as pofs#}le

Smart and Responsive Materials in Oral Surgery

Intelligent responsive materials are thiefinition of paradigm in oral surgery; as emerging
domains of study in bio materials they are attempting to cause the biological environment within
which the material is embedded to intermingle with it. Unlike passive sdaffalich materials are
stimuli-sensitive e.g. responding to pH, temperature, enzymes, or inflammation markers etc. They
offer certain functions, e.g., withheld drug conveyance,-fssdling, and dynamic, which
happened in redalme, hence, amplify the pedissected outcome and reduce complicatj6dg

Stimuli -Responsive Materials: Mechanism and Triggers

The Smart materials demonstrate the change of their physical, chemical or biological behaviour as
the response to the environmental stimuli:
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PH-Responsive materials

PH responsive materials are designed such that they can respond to the environment of local pH
changes, in particular the acidic environment that is usual at sites of inflammation or infection.
The lower PH causes these materials to swellemome a wreck hence enabling the controlled

and specific therapies rea¢6®]. When incorporated into a clinical application, such as infection
control an antimicrobial agent may only be released when and where there is need, in the form of
periodontal pckets/surgical wounds where infection is occurring. They also come as resorbable
dressings that have a quicker reaction time to hot areas thereby transferring healing agents into the
damaged tissues promoting a much quicker and local rec[B&ry

Temperature -Responsive Materials

The temperaturgensitive elements respond to the circulation of the body temperature that rises
and drops to an average of 37C. One of the most common transformatiegel, sahsition,

makes these materials wsllited as minimally invasive applications. As an example,
thermoresponsive injectable hydrogel will be formulated so that when injected into the body as
liquids they crosdink and form a stable scaffold or drug reservair contact [67]. The smart
scaffolds maybe used as wound sealing and drug delivery system where the therapeutics are
deposited in the target site and released in the body system overspéimence the presence is
exposed to the natural body temperature through the same mgédjals

Enzyme- Sensitive or Inflammation -Sensitive Materials

These biomaterials will subsequently be selectively trained to interact with biological triggers that
can be related to inflammation or tissue remodeling e.g. enzymes such as e.g. matrix
metalloproteinase$MPs) or even cytokines such as interleukibeta (Il-1b). When these cues

are detected the materials may self degrade or cause the release of therapeutic agents in a site
specific fashiorf69]. Such directed response means that treatment localizatiogspns restricted

to the localized area where a problem being treated is found and enables the treatment to become
more specific and side effects to reduce. Specifically, the materabdaantageous in a setting

where therapeutiscaffold degradatiorsnecessary to stimulate tissir@].

Self-Healing and Drug -Releasing Materials
Such materials can be sék¢aling after experiencing minor damage and can controlled or stimuli

responsively release bioactive molecules.

SelfHealing Materials
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Self-healing polymers and hydrogels are modelled on a similar healing process in the human body,
which seltheals when damaged by microcrack or pressure. They depend on mechanisms like
reversible cros$inking, hydrogen bonding or lay in alloys that inckuchicrocapsules that can
relieve healing solutions when attacked. It is the potential of the vast majority of these new
materials to the field of oral surgery; to offer coatings to implants, scaffolds that can resist the
mechanical loading present in aale@nvironment, and wound dressings that not only can maintain

a barrier function, but can also promote the most desirable healing pitess

Controlled Drug Delivery Systems (CDD$9

New oral surgery functions of innovative maaterials are becomingadreasingly developed;

these functions are designed to interact with a particular physiological response in order to be
precise or focusing and therefore possess a very specific action in therapy. Antibiotics contained
in PH-sensitive hydrogel have the atyilto target infection site in an acidic microenvironment at

the targeted site. The response to activity rendered due to nano loaded membranes responds to
enzyme activity, or characterizes an inflammation and secretion in a controlled manner. The uses
of such shapenemory polymers that respond to the change in temperature to release drugs in a
particular order depending on the different stages of the curing, improve the general treatment rate
[72].

Role in Post-Surgical Care and Infection Control

Post-Surgical Applications

Smart oral surgery sutures will respond to signals in the body such as pH levels or temperature
changes and can be programmed to either deliver analgesics or growth factors to the site of surgery
to maximize healing and enharamanfort. A similar consideration could be applied to the presence

of resorbable membranes involved in guided bone regeneration (GBR) procedures, which could
be programmed to detect local inflammation of tissues being treated and in turn produce bioactive
molecules (e.g. bone morphogenetic proteins (BMPs), components of pietelgbrin (PRF))

and hence facilitate desired tissue regeneration. Smart hemostatic dressings are also &elping th
postoperative process #sey release ingredients or they stiatalthe skin wound to seal together

in event of active bleeding, hence support surgery results and the general patiefii 3afety

Infection Control

New proactive antimicrobiakeleasing film and graft material coatings are being developed to
combat bacterial foothold to prevent biofilm formation and pemplantitis or surgical site
infection. The potential of smart systems optimised with zinc oxide, silver nanopatrticle or chitosan
has been noteworthy in the provisioning of sl@lease antimicrobiaprobing devoid of
biocompatibility effects. These patents do not only affect infection control duridg ear
postoperative period, but also contributéhe long term implant stability and succelggt].
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Soft tissue Regeneration

Innovative wound dressisgare developed based on oxygeleasing/Reactive oxygen species
(ROS)scavenging dressing to encourage faster epithelial wound healing in oral and mucosal
surgery. They are smart dressings that can enhance the regeneration of soft tissues, lower the rati
of oxidative stress level, slow down the degree of inflammation, and raise the overall recovery
rates among patients who have undergone comprehensive surgical procedures, by offering the
controlled dressing environmes].

CLINICAL APPLICATIONS IN ORALAND M AXILLOFACIAL SURGERY

A combination of regenerative approaches and development oftdeghbiomaterials has
revolutionized the domain of oral and maxillofacial surgery and provided customized solutions to
complex defects, improving both functionaldaesthetic results. These new products can help
guide the restoration of bones and soft tissues across a diverse clinical-donkeding regular
implantology to reconstructive and regenerative nerve surgeries.
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Sinus Lift and Maxillary Sinus Augmentati on

The main aim of this procedure is to add the vertical bone height in posterior maxilla to place the
implants in the cases when the sinus floor has already pneumatized. In the regenerative approach,
grafting materials (autografts, xenografts such asn@olbne, and bioactive glass) are applied in
combination with resorbable membranes to preserve space and direct development of bone. They
use adjunctive procedures such as plateletfiimin (PRF) or bone morphogenetic prot&n
(BMP-2) to prompt fastegraft incorporation and bone healing. Some of the newer methods
involve using patienspecific 3D printed scaffolds that complement the individual sinus anatomy

of a patient and also entail smart hydrogels to locally inject growth factors and endagtdet

sinus lift which allows greater surgical precis{@g].

Alveolar Ridge Augmentation

It is competent to overcome horizontal/vertical deficiencies through trauma, and atrophy or
pathology before the implant therapy using a variety of materialseahdiques. These are block
grafts, particulate grafts or composite grafting, usually guided by resorbable membranes including
collagen during guided bone regeneration (GBR). In complicated defects, titanium meshes, or 3D
scaffolds designed by CAD/CAM, prole the accurate structural support. More recent
developments have pushed the results even further with growth-li@atted scaffolds like that of
enamel matrix derivatives (EMD) or platelgth plasma (PRP) faster healing time, or 3D
bioprinted scaffals in which the precise volume in the maximum time possible can be restored,
among other improvements. Also, there is the development of osteoinductive biomaterials that
facilitate endogenous bone growth to make regenerative process more predictabtzessfldu

[77].

Cystic cavity Reconstruction

Comprehensive removal of cysts with a huge body can lead to a large osseous defect in oral
surgery that needs regeneration during surgery to avoid the collapse of the structure or its
deformation. In order to mitigate this, space fillers made out of resorbable biomaterials e.g.
hydroxyapatite or 8-tricalcium phosphate (8TCP) and absorbable forms of collagen
matrices have been widely used. There is also the use of autologous plasma products such as
platelet rich fibrin (PRF) or platelet rich plasma (PRP) to augment healing. Enhanced
regenerative therapies involve injectable bone graft substituents, scaffoldased drug
delivery systems to deliver desired antibiotic or anttinflammatory treatment of in situ tissue
engineering such as mesenchymal stem cell (MSC) seeding on a porous matrix to facilitate
functional regeneration of bone[78].

96



Repair of Mandibular Defects

Segmental resection of bone due to the injury or removal of a tumor and osteomyelitis pose
widespreadeconstructive difficulties in oral and maxillofacial surgery. The alternatives in the
currentreconstruction are free fibulgith or without osseointegration, 3@rinted patient specific
titanium samples, scaffolds made of bioceramics augmented withnborpdogenetic proteins
(BMPs) or stem cells. The emerging strategies are stretching the limits of regenerative medicine,
which involves bioengineered composite grafts with bone, muscle, and vascular tissues made to
work together; strategies to custom megi@ate scaffolds that could support loads to restore lost
loads; and gene therapy and direct delivery of specific growth factors to stimulate augmented
angiogenesis and osteogengg.

Orofacial nerve regeneration

During Monoaugmental procedures, nerve injury including the inferior alveolar nerve can happen
in surgery cases, traumatic cases or a pathological situation, which normally results in a sensory
and functional loss. Existing approaches to treat this typajwdy involve filling the nerve gap

using collagerbased nerve guidance conduits (NGCs), nerve growth factor (NGF) and brain
derived neurotrophic factor (BDNF) as neurotrophic factors to help elicit axonal regeneration, and
stem cell therapy, particulgrthe type known as Dental pulp stem cells (DPSCs) to induce the
neural differentiation requiregepairingnerves. Technological developments are also improving
results and include technologies like electroconductive biomaterials, like polypyrrole casposit
that encourage axonal growth, geawivated scaffolds, and scaffolds engineered to trigger
neuroregenerative signaling and-8printed nerve templates containing aligned microchannel
scaffolding that guides regenerating axons with greater precistawccesf0].

Peri-Implant Tissue Regeneration

This is mainly to restore both hard and soft tissue around the implants of the teeth to achieve long
term stability and an excellent esthetic. The treatment of hard tissue is commonly guided bone
regeneratn (GBR) applications in most cases with bone grafts alongside the barrier membranes
whereas soft tissues are managed by the use of collagen matrices, connective tissue grafts and
restoration of the soft tissues by augmentation kinds of scaffolds. Mer# research has focused

on creating intelligent coatings on implants that can release antimicrobials or growth facters, laser
based methods of bioagtion to increase interactidretween the biomatergdnd cell, and two

layer scaffold structures thedn facilitate the simultaneous regeneration of both bone and gingival
tissueq81].
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SINUS LIFT RIDGE AUGMENTATION CYSTIC RECONSTRUCTION

MANDIBULAR REPAIR NERVE REGENERATION PERI-IMPLANT
REGENERATION

Figure 3: Clinical Applications

Clinical Indication Common Materials Used Advanced Technologies
Sinus Lift b-TCP, PRF, collagen membran 3D-printed scaffolds, BMPs
Ridge Augmentation Allografts, titanium mesh Bioprinting, CAD/CAM guides
Cystic Reconstruction HA, PRP, collagen foam Injectable biomaterials
Mandibular Repair Autografts, PEEK, titanium mesl Bioengineered composite grafts
Nerve Regeneration NGCs, DPSCs Conductive scaffolds, gene therapy
Peri-Implant Regeneration | Grafts, collagen matrix Drug-eluting implants, laser bioactivatia

Table 6: Summary of clinical Applications & Materials

CHALLENGES AND L IMITATIONS IN REGENERATIVE ORAL SURGERY

Despite highpromise, advanced materials, and regenerative technologies all have significant
potential impact on oral and maxillofacial surgery in the future; many obstacles exist to their
acceptance in routine surgery. These are issues that transcend biologicalateebonomic and
regulatory issues. Such awareness of such limitations is vital to the clinicians, researchers, and the
industry partners to guarantee equity and safe and successful practices.

Biocompatibility, Immunological Response

Biomaterials useth bone grafting include xenogradihd synthetic scaffolds and have been shown

to initiate local immune reaction from mild inflammation up to severe graft rejection, frequently
resulting in the deposition of fibrous tissue or chronic reactions that ithygahrealing process.
Although in vitro cytotoxicity assays are critical in evaluating biomategafety, they do not
reproduce the complexity of in vivo because variables such asdomgdegradation and by
products can contribute to tissue healing. SEhehortcomings underscore the responsibility to
conduct longer animal studies in the determination of the genuine biocompatibility and ultimate
safety of bone graft materidi82].
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Standardization and Reproducibility

Regenerative outcomes are subjectvémiability of material properties of course, biological
factors, manufacturing problems, all the various aspects of that. The variation in degradation rates,
porosity and bioactivity between materials can have serious implications on healing and tissue
integration whilst patierspecific factors (age, systemic health and vascularity), all contribute to
unpredictable outcomes. In addition, the absence of uniform guidelines is a hindrance to comparing
studies, and the complex production of smart or bioasiadfold increases cost and scales of
production and wastage, hindering widespread clinical@g&e

Cost and Accessibility in Clinical Practice

The high cost of individualized or intelligent biomaterials should be considered one of their critical
issues, because the work involves very expensive raw materials, special technology, and research
3D printing, as well as forced testing of materials on a controlled basis. Such monetary
requirements pose challenges to clinical applications ones espetially-budget centers due to

the high prices of grafts, their failure to be reimbursed or insured, posing a barrier to
comprehensive applications. As a result, these limitations further increase the disparity in access
to regenerative materials globallyhereby the disadvantaged populations can be found in rural
and lowincome communities with no benefits to the upgraded urban c¢ddérs

Regulatory Approvals and Ethical Issues

Regenerative medicine combination products, characterized by combinataifofds, cells and
therapeutics, are subject to extremely dense regulatory frameworks and authorities (FDA, EMA,
CDSCO), with distinct safety, efficacy and quality company considerations. These issues are
exacerbated by the ethical arguments regardiegitie of stem cells and, in particular, stem cells
derived from embryonic material or fetuses, which require public, transparent informed consent, a
long-term tracking and social acceptability. Moreover, an element of uncertainty regarding
responsibility $ also brought up by integrating-fbwered, individualized implants, and raising
guestions of liability, as implying that a manufacturer, developers, and clinicians can each share
liability, necessitating the reformulation of current legal frameworkgrikesa balance between
scientific freedom, patient safety, and public hef8].

Clinical Note: %6OAT AT T i T 71U OOAA ITAEMUSEAIT O
evaluated for patientspecific responses, particularly in immunocompromised
individuals.
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FUTU RE DIRECTIONS

The future of advanced regenerative research and material science in oral surgery is quickly
maturing with various revolutionary trends that are changing clinical practice. Individualized
regeneration wit genomiedirected therapeutic anautologous stem cell usage is increasing
computerizing treatment predictability decreasing complications. This type of combination of Al
and predictive models will enabldatadriven clinical decisiormaking through precise risk
analysis and scaffold optization. In the interim, CAD/CAM, virtual surgical planning (VSP),

and augmented reality (AR) tools are augmentingattwairacy and efficiency within the surgical
process through digital workflow integration. Also, advances in the nanotechnologicas fietdl a

as exosonwpased regimens are causing the discovery of improved scaffolds and acellular
biologics, which have the potential to ensure better healing and minimal risks to the immune
response. All these developments together mark a paradigm shifir¢opersonalized, efficient

and biologically compatible in oral and maxillofacial regenerative sulgéily

CONCLUSION

Modern regenerative medicine and materials science in the field of oral surgery comes in as one
of the paradigm shifts in the way oralinicians treat complicated defects and functional
rehabilitation. These innovations, through combination of stem cell therapy, growth factors,
nanotechnology and bioactive scaffolds have not only increased the predictability of the outcomes
but also ledo actual tissue regeneration as opposed to repair. Precision and efficiency in clinical
practice is being tested and advanced by smart biomaterials that may respond to biological cues
and by growth factor delivery systems that provide controlled rel@asktionally, it is possible

to foresee an enhanced tendency to introduce a p#ditared solution based on the synergy of

3D bioprinting and tissue engineering to decrease complications and enhant@iostability.
Although this is being embraceiihere are the issues of high cost, regulatory barriers;temngy

safety worthiness, and ethical issues about stem cells and genetic modification that need to be
keenly handled. To make these strategies the regular chairside practice, clinical tnalsalini
protocols, and international acceptance is needed. Such collaboration among material scientists,
biomedical engineers, clinicians and policymakers under an interdisciplinary approach will be key
in filling this gap. The future of oral surgery isa@gplore these regenerative and material science
innovations to provide therapies not only advanced but also affordable, safer, and personalized to
each patients new age of precision oral healthcare.
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CHAPTER 7

PERSONALISED PROSTHO DONTICS

Dr. Alok Dwivedi, Dr Athira M, Dr. Kanak Pareebr. Shaiq Gajdhar

| NTRODUCTION

The prosthodontists fabricate and install the artificial teeth and other-rédatibd parts.
Previously, the discipline aided patients that required oral reconstruction througtraditanal
procedures. Thingshowever are beginning to change as more and more people are getting
prosthodontics that are customized to each person or their nee@isiflovel wayncreases the
accuracy,functionality, and aesthetia¥ prosthodont practices due to the use of the specific
patient data regarding their anatomy, physiology, genetics, and habits. Customization is becoming
attractive in the medical and healthcare domain. This does not mean that there will be a blanket
treatment prograrf onesizefits-all, but rather an individualized treatment program in relation

to the patients [2].

The concept of prosthodontics is very old. Archaeologists have found ancient dentures made out
of bone or ivory. Through research on dental anatomy, lbbarécs and materialspany
advances in dental prosthebmvebeen realized over the time. Allebe innovations arose in the

20th century,dental implants that fuse with bone, porcelaisedto-metal crowns, and acrylic
resins. These developments madatitry look and operate better [3].

Although these new concepts had been introduced, most of the early prosthodontic treatments did
not consider small personal differences. Denture basing was done using standard molders, broad
anatomical shapes were dda making crowns and bridges and on simplayxinformation the
implants were fitted. Even thouglich approaches helped to improlve appearance, occlusion,

and biomechaws of each patient to a degree thay lacked the accuracy [4].

Custom prosthazhtics is a recent speciality that places an emphasis on patient demands with the
application of the latest technology advancement. The personalised development of prostheses has
been made possible through artificial intelligence, biomaterials, CAD/CANIcion, digital

dentistry and 3D imaging. Some of the topics of discussion include psychological comfort,
occlusion pattern, muscular activiggmmetry systemic dise&s, and even genetjaghichmake

the individual prone to ilinesses or tissue sevigit{5].

Personalised prosthodontics is a catalogue of all latest diagnosis techniques, suckbaaroone
computed tomogrdyy (CBCT), intraoral scanningeems to improve the way of analysing
occlusion and a digital 3D model of the craniofacial struct@itbepatient. This is not normally

the way things work. With software, you are able to modify these models so as to depict the
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workings of occlusion, facial expressions and prosthetic functions in reality. The simigdtion
plan treatment and ensureaththe prosthetic devices are const't ed t o f it t he
biomechanical requirements [6].

Digital workflow is of utmost significance to personalised prosthodontics. There is nothing you
could not go wrong with using CAD/CAM (Computarded Design ad Manufacturing) tools to
combine precision in a virtual world [7]. The 3D printing and machining of these ideas follow so
that the end result is a properly fitting and functioning prosthetic. Digitization of impression
techniques not only makes patiefgsl good but also increases the accuracy of the process and
accelerates the treatment. The scanning of the face and the design of smiles also help surgeons
create a prosthesis that suits the shape of the patient face and their desire regarding cesmetics a
this allows them to view aesthetic flaws in a more convenient way [8].

More and more biological technologies also find their use in this sphere. Examples of areas in
which scientists are investigating bioactive materials and tissue engineering inchettepihe
prosthetics that not only replace the missing part, but also helps tissues around it to repair and
become incorporated into the body [9]. Prosthetic devices may one day have biosensors that
monitor the status of the health of your teeth at ale#. This would allow the doctor and the
patient to get informed on what is happening and provide them with an opportunity to act on it
before it is too late [10].

Genomics and proteomics are having their effect on prosthodontic care as well. The grocess o
genetic profiling might someday assist physicians in determining how prone a person may be to
developing perimplantitis or identifying individuals whosenplants are most prone to fdile to

the immune system complications or other cond#idiith ths, doctors might plan treatmement
beforehand and select the most effective materials that would operate with the body of the patient
[11].

The magnitude of the effect of personalised prosthodontics on treatment of the patients by the
doctors cannot be oxestimated. Propditting and positioning of prosthetic patients produce
easier, steady, and successful chewing. Prostheses may save individuals against acquiring the
temporomandibular joint diseases, occlusal trauma and complications with considerahien t
specific occlusion of the patient and the neuromuscular lines of motions. Prosthesis invented from
modem tooth is able to rectify the teeth and restore balance to the fagmag®f and social
existence [12].

The perspective of personalised prostbntics is wonderful, yet it has some problems. It is not
easy to find such expensive diagnostic equipment, digital infrastructure, and training in the regions
that lack a substantial amount of money. Understanding the way that digital workflows could be
used in a medical setting also would take time. Professionals should also ensure compliance with
the norms and standards when they gather genetic information, preserve the privacy of individuals,
and invoke the help of Al to frame their diagnosis [13].

A combination of the use of Al and big data analytics andtmeed health monitoring may bring
predictive posthodontics in the future. The procedwid entail detecting and mending issues
before they destroy the structufidiis change would not only alteow we treat dental issues, but
also how we view oral café4].
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RATIONALE FOR PERSONALISATION

Individual patients always differ in anatomical, functional, and psychodeeitaires and thus the
personalisegrosthodontics was created. Individualized treatment is concerned with tailoring each
of these prostheses on individual characteristics, enhancing the level of functionality, comfort, and
satisfaction, whereas generic prosthodontics attempted to finthpramise on average needs.

The rational use of a personalized strategy is outlined in the subsections presented below [15].

Oral anatomy and physiology variance

The oral architecture is different in each patient amsl thries intongueplacementmuscular
attachments, ridge formation, and the thickness of the soft tissues. Individual differences in bone
density, mucosal resilience and salivary flow affect prosthesistition and prolonged ufks].

These variations must becagnized and acstomed to in orddo ensure maximum prosthodan

effects. In modern practice, these anatomical features can be properly captured with the help of
digital imaging and intraral scanning allowing for the creation ofistomized prostheses to
prepare peopleéowardgreater tissue elasticity amadealthy condition [17].

Practical and Appealing Requirements

In order to make prosthodontics a success, restoration of function and reaching the aesthetic aims
of patients are required. The type of diet, phonetic adeisicand preexisting occlusal systems are
influencing factors of the functional needs. There are those who might benefit by improving the
clarity of their voices when observing fiber digtgen as there are those who would need improved
masticatory efficay [18]. The unilateral preferences about how teeth are presented, the support of
the lips, and the smile line could affect aesthetic choice. Personalizing prosthodontics enables
occlusion, articulation and aesthetics to be refined using a blend of ssidg doftware, virtual
articulators and digital mock ups to show patient choices [19].

Psychosocial and Expectations of Patients

The mental and emotional effect of edentulism or the deformities on the face are indeed
inestimable. Selperceptions, confiehce level, and social networks insert a significant influence

on the way patients accept and are satisfied with the treatment [20]. One of the determinants of
patientcentered treatment is adjustment of the prosthesis to bring back functionality and self
esteem. Engaging the patient in the decisi@king process, giving him drer a foretaste of

virtual outcomes, and considering the circumstances of his or her residence may contribute to the
development of the trusting relationship and stimulate com@igftxwowledge of motivation and
psychological preparation of patients is an important aspect of individualized Prosthodontics [21].

Age- Gender- Ethnicity Influence

Prosthetics have to be designed and made out of a variety of materials to consider ttladnges
come with agdoss of tissue flexibility, reduced salivary flow and resorption of alveolar bone.
Gender disparities on occlusal dynamics, the esthetic of the smile and facial morphology also affect
prosthodontic planning [22]. Cultural glances at fpaaportions, tooth color and beauty are also
influenced by ethnicity. Having the ability to accommodate the differences in geometpiasdig

factors that are caused by demographic factors with the use of digital design and by incorporation
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of anthropomeic information, personalized prosthodontics in effect, recognizes these differences
and offers more cosmeticalgppeeling and culturtgensitive restorations [23].

Patient -Specific Pathologies

Special problems and unique needs of patients in the difjistystemic conditions and oral
pathologies require unique solutions. Such conditions as xerostomia, parafunctional habits,
burning oral cavity syndrome, diabetes, or mucosal disorders influence the process of choice of
materials, type of prosthesis, andintenance procedures. Resiliency between tissues is different
too, so changes are required to pressure areas and how pressure loads are applied. Individualized
treatment planning to support such pathologies makes the procedure safe and productive in the
long run. Digital technologies and patient health data can have a considerable potential to make
such counseling more accurate [24,25].

Factor Clinical Consideration Implications for Personalisation

Oral Variations in ridge form, mucosal Custom impression techniques, digi

Anatomy & thickness, salivary flow, bone density = scanning, selective pressure design

Physiology

Functional Diverse occlusal needs, phonetic pattel Use of digital articulators, smiléesign

& Aesthetic and esthetic preferences tools, patierfguided esthetic planning

Demands

Psychosocial Selfimage, anxiety, motivation, socic Shared decisiomaking, mockups,

& Patient factors counseling, increased patie

Expectations satisfaction

Age, Gender Age-related resorption genderspecific Demographiebased prosthesis desig

& Ethnicity facial esthetics, ethnic tooth/morpholo( personalized shade and shape selecti
norms

Patient- Xerostomia, parafunction, diabete Adjusted materials, loadnanagement

Specific mucosal fragility specialized maintenance and follay

Pathologies strategies

Table 1: Rationale of personalized prosthodontics

DIAGNOSTIC AND PLANNING TOOLS

Proper analysis and thorough, detailed diagnosis constitute the key to individual prosthodontic
treatment. Although the traditional models are credible, they often make certain assumptions about
homogenous anatomical and functional characteristics [26]. P@sgntcustomized
prosthodontics utilizes the patier@ported data and digital technologyetthance the diagnostics
accuracy and construct prostheses that are personalized according to the needs of a specific patient.
The following are the necessary resources in this shift towards precision dentistry [27].

3D Impressions and 3D Scanning

Digital intraoral scanners have totally changed the way impressions are taken. Compared to older
materials, digital scanning can producedaltime imaging, better accordance on the outlines of
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the dentoalveolar structures, and a more comfortable experiene part of the patient. These
digital impressions can be easily used in CAD programs that allowed cpsbsthetic
components to be created to within micron precision [28].

3D images of soft tissues and anatomical markers are used to make complees dentaplant

guides on edentulous persons. The ability to archive, transfer, and overlay these scans will allow
patient safety and clinical effectiveness to be vastly improved as it comes to progress monitoring
and remakes [29].

CBCT and Facial ScanningCombined

Cone Beam Computed Tomography (CBCT) offers figgolution3-dimensionimage of the
craniofacial features of minimal radiation. In personalized prosthodontics, the data of CBCT
makes it possible to accurately judge the thickness of the bordedhym of the implant, and the
anatomical asymmetry [30].

Compound digitally networked fagkental form is a format concerned with overlaying facial scan
with CBCT and intra oral scans to ensure development of prostheses in association with peaceful
facial symmetry, interplay of muscles, and beauty. It is of particular importance to the
rehabilitation of the mouth cavity and the maxillofacial prosthesis [31].

Dynamic occlusion and Virtual Articulators

Mandibular movement can only be reproduced in a partial manner by conventional articulators.
On the other hand, virtual articulators simulate the movement of a jaw of a patient by intraoral
scan data and javaxs monitors. Using these methods, occluséibwarizan be made before the
manufacture of prosthesis through the use of condylar channels, envelope of motion, as well as
functional occlusion [32].

Virtual planning is especially handy when dealing with such conditions as TMD, worn dentitions,
or occlwsal disharmony as it minimizes chairside adjustments, enhances patient comfort in the long
run, and maximizes the severity of the prosthesis [33].

Patients Reported Measures (PROMs)

Personalization needs to be enhanced when the opinion of the patirtisem into account. At
pre-intervention and poshtervention, the perceptions of patients regarding the functions,
comfort, appearance, and quality of life are assessed with the help of standardized instruments
referred to as PROMs [34]. By using thessjective inputs, the clinicians would have a better
understanding of the priorities of the patient and change expectations and can evaluate expected
performance with the eyes of the patient. One of the important elements of individualized care,
PROMs utlization promotes a shared decisioraking model that finds a balance between
treatment goals and patient satisfaction [35].

Salivary Biomarkers and Genetic Biomarkers
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This is evident in recent research findings which proved how salivary diagnosticgeaeiic
profiling has an effect on prosthodontic outcome and dental health. An example is that hereditary
inclinations to inflammation, bone loss, or the failure of the prosthetic would influence the
materials and design of the prosthetic. Also, theagigssibility of using salivary signs to discover
systemic factors or mucosal issues that impair the efficacies of the prostheses.

Even though currently they are in their infancy, these methods of biomolecular modification can
ultimately result in fully &ilored prosthodontics through grasping the degree of variation among
patients by appreciating the morphological picture at a molecular level instead of simply the
morphological level [36].

TECHNOLOGICAL ADVANCEMENTS ENABLING PERSONALISATION

Current trend in rapid technological advancements in prosthodontics are quickly pushing the field
of prosthodontics into being a patiasgntered discipline. Such technologies can also increase the
accuracy of diagnosis, workflow, and it is possible to create cusatioat fit anatomical,
functional, and esthetic peculiarities of an individual patient. In this section, the most common
technological tools that accelerate the development of personalised prosthodontics are identified
[37].

Prosthodontics CAD/CAM Technol ogy

Computer aided design and computer aided manufacture (CAD/CAM) has transformed the
manufacturing of dental prostheses by improving the clinical activities via precision, functionality,
and personalization. With digital impressions and sophisticatethui@raided design (CAD)
software, clinicians can now manufacture restorations with proper size, structure, occlusal
structure, and aesthetics based on information about the patient. These replacements can be
manufactured or 3D printed properly using edyi of biocompatible materials and CAM
technology [38]. Standardized outcomes and provisions of customization, the possibility of
chairside restorations that can be finished in one sitting, enhanced fit and fit of the margin,
enhanced endurance as the teméends, simplified reproduction, and computerized management

of records are some of the numerous key advantages of this computerized method. With respect to
the personalized treatment, CAD/CAM contributes enormously in streamlining the techniques of
cusbmization and enhancing satisfaction among patients through prototyping and in situ
modifications depending on functionality or aesthetic feedback [39].
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3D Printing and milling in Custom Prosthesis manufacturing

Due to its high accuracy and versatility, subtractive milling and additive manufacturing (3D
printing) have become indispensable steps when performing the customisation of dental
prostheses. All hollow objects, interiors scaffolds, or complex geometaesppear virtually
identical to those of surgery templates or even soft tissue design are potentially 3D printed.
Nonetheless, higepeed milling is already developed to create reliable and strikingly precise
repaired parts by using durable materials saclPMMA and zirconia [40]. Application of these
technologies encompasses the production of surgery guides, temporary prostheses, denture bases
conforming to the contours of the mucosa, individualized implant abutment, and focus prosthesis
with fidelity in anatomical form. The accuracy and versatility of both type of addition and
subtraction allow doctors to tailor solutions to the patient maximizing the effectiveness and
predictability of treatment results [41].

Treatment Planning with the Artificial Intel  ligence and Machine Learning

Artificial intelligence (Al) and machine learning (ML) have already been changing the way
prosthodontic care is delivered by improving diagnostic work, clinical reasoning, and outcome
prediction based on analysis of huge antswh multidimensional data. Such technologies are able

to recognize trends and provide personalised suggestions according to the individual
characteristics like age, bone density, teeth health, and aesthetic desires [42]. Practical applications
in dentisty include the fully automated design of crowns and dentures based solely off a digital
scan, occlusal studies based off of data obtained through a jaw tracker, predictive modeling to
predict the probability of implant failure or prosthetic success, tualinesthetic simulations that

can be adjust in redime. A reduction of subjectivity and clinical variability means a more
personalized approach to the treatment planning, which is optimized through data instead of a
process that will ultimately enhancgrecision, effectiveness, and patient satisfaction in
prosthodontics [43].

The Responsive Smart Materials to the Oral Conditions

The innovative sphere of customized prosthodontics, intelligent materials offer active reaction to
the changeable conditioirsthe oral cavity such as temperature, pH, mechanical loading, enzyme
concentrations, etc. These materials can modify their chemical or physical properties in real time
to change stress levels, better distributions or specific therapeutic releases teabetter
performance of the prosthetic [44]. The most significant ones are thsemsitive and
thermosensitive polymer liners that are able to liberate fluoride and adapt gradually to the oral
tissues respectively in case the acidic episodes occur carfil better respectively. Also,
antibacterial polymers help in preserving healthy gums by responding in incidences when there is
a heightened bacterium onslaught and shapmory alloys are incorporated in fining
attachment saips in order to genamconstant flexibility and retention. With the prostheses now
being active members of the oral environment of patients rather than the mere passive replacements
as before, all these intelligent materials can be seen as the beginning of a revolution in
Prosthodontics [45].
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Regenerativity and Bio printing

In their present stage of testing, bioprinting and tissue engineering could provide a revolution in
terms of dental work in a future. In the future, stem cells that were left out in patients may be used
by 3D bioprinters to produce living tissues such as gingiva, bone, or even-peimticomplexes

which can be attached easily to the design of the prosthetics [46]. Currently, there is also progress
in areas of key importance, like the production of bionticrteydrogels to use as scaffold, the use

of customised grafting templates in ridge augmentation and the development of hybrid prostheses
which combine living cells with synthetic support. This combination of regenerative medicine and
prosthodontics createthe beginning of a new era in kpersonalised rehabilitation where the
prosthetics put shape and function back in place and enable the tissues to regenerate [47].

CLINICAL APPLICATIONS

Many prosthetic modes extensively rely on the laws of personafimesthodontics. Patient
specific customization of planning, selection of material and design alteration towards anatomical,
functional, and cosmetic standards is advantageous to all prostheses, including full dentures and
craniofacial prosthesis [48].

Complete Dentures

Mapping and Load Distribution

Our contemporary intra oral scanners with pressure mapping technology can determine the
compressibility and resilience capabilities of multiple regions of the mucosa with the help of a
clinician. To achieve # adequate distribution of loads, the main and secondary points of stress
can be found related to the prosthesis. This will reduce uncomfortable points and add comfort to
patients [49].

Polished surface and Flange design Customised

When using digital frameworks, the flange contour and rubbed surfaces can be very precisely
carved with regards to the oral anatomy and muscle activities. Such features enhance both stability
and retention as well as contribute to naturally holding the lips and cheeks; &siseisally
applicable in older patients with weak muscles around their mouths [50].

Digital Try -ins and Patient-feedback System Integration

The 3D printed try in can be utilized by the patient to access phonetics and aesthetics before the
final manufactung. This makes it possible to make adjustments intneed and make it more
acceptable through involvement by the patient in designing their smile relative to therapeutic
limitations [51].
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Removable Partial Dentures (RPDs)

Major Connectors Adapted Anatomically

Digital impression can be accurately fit to the lingual topography, or palate of the patient, which
may be more tissue tolerant, and comfortable with major connectors. Fewer clinical chairside
adjustments need to be made because during design, theuondescuts would automatically be
avoided [52].

Individualized retention and support design

The location, mobility and occlusal forces of abutment tooth can be altered to alter the kind, site
and rigidity of the clasps and rests. Digital RPD planning lesaaccurate positioning; this
decreases the stress levels and increases cosmetic effects [53].

Fixed Partial Denture and Crowns

Personalized Tooth Form and Bite

It is possible to reproduce the natural dentition of the patient with retention of the asithpe
appearance of occlusion due to artificial intelligence algorithms and digital libraries. Certain
functional movements can be simulated that can help in designing a prosthesis to fit in with the
dynamic occlusion [54].

Esthetic Design Aided by Al

Facid symmetry and official smile lines and tooth proportions can be opposed by artificial
intelligence platforms to provide more customized beauty advice. These resources make more
reliable and scientifically supported aesthetic planning [55].

Periodontal Bio type Based Margin Design

The risk of gingival recession and the health prospects of the periodontal tissue in the long term
can be reduced by matching the prosthetic margin to the square of the gingival thickness and
biotype. One reason is that, thinnestippes might have an advantage with supragingival margins
and thicker biotypes might not have detrimental effects with subgingival implantation [56].

Implant -Supported Prostheses

Patient Specific Abutments and Structures

Individualized CAD/CAM abutmentwill permit gingival profile, emergence profile and implant
to-implant spacing. This increases the aesthetic, sanitary access and the biomechanical integration,
especially in the frontal areas [57].
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Digital occlusion and load distribution

In the case ofmplantsupported prosthesis, the occlusal systems involving the bone density,
implant site, and parafunctional behaviors are useful. Optimal load distribution may be achieved
together with prevention of peimplant stress through a dynamic occlusion niagppacilitated

by virtual articulators [58].

Templates and surgical guides Personalised Grafting Templates

Patients requiring ridge augmentation are implanted with autograft or bone replacements using 3D
printed grafting templates developed out of CB&ars Likewise, digitally produced surgical
suggestions reduce risks and improve prosthetics outcomes by increasing the correctness of
implant installed [59].

Maxillofacial As well As Craniofacial Prostheses

Individually made Orbital, Auricular, Nasal Prost heses

Patients who have facial deformation as a result of trauma, cancer or congenital causes can benefit
where custoniit prostheses may be created with 3D scans of the patients face and the creation of
a mirrorside using the good side of the faceslalso possible to restore shape and functioning

with striking precision [60].

Facial Scans and silicone pigmentation

After a facial image has been scanned digitally, the contour data is used to design the prostheses.
Also, reatlife appearances are guateed since medicgrade silicone materials have the natural
pigmentation and skin color. Certain color schemes are used in order to imitate the texture and see
through quality of skin [61].

Personalized Prosthodontics

Digital Customiztion, Al Patiient and Intrelscipllinary Collaboration

1
Dental Scans

3D Printing Intedsicllinary
Artidicial Collaboration
Design

Figure 1: Applications of personalised prosthodontics
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M ATERIAL SELECTION AND CUSTOMIZATION

In custom prosthodontics, one has to take due consideration in terms of material used and their
application. Another factor is that the materials available today are dubabldes being able to

be tailored to the individual requirements of each patient. They do not pose danger to living
organisms and come in a wideayof beautiful designs. Thetéstdevelopments of material and
technology which enable more personalipeasthetic denturare discussed itis section [62].

Adaptive Bioinspired Materials

Bio-inspired materials reproducleet feel and appearance of denisdues including the mucosa,
dentin, and enamel. This simplifies their collaboration, accomplishafehities and addressing

the needs of all the patients. The values of the modulus of resin composites, which are almost
similar to dentin, allow abutments to be supported through reduced mass. This is of enormous
assistance to those who do not share angthvith other people [63]. Studies also seek out
materials that have the same viscoelastic behavior as the periodontal ligament or anisotropic
behavior as bone to determine whether they can be used to improve body functions. These are
excellent materialsotuse where the problem is difficult to address, such as im@apported
prosthetics or longpan bridges. They are less vulnerable to stress, have a longer shelf life and
better protect the tissues [64].

Thermo -responsive and pH sensitive materials

Smarter materials have been able to alter their shape so as to be compatible with the pH or
temperature of the mouth. As an exampierinaresponsive liners can modiéylittle bit in your

mouth. This prevents a slip of dentures and improves overall fit [B&pending on the pH,
Fluoride or antibiotics materials could be released by pH sensitive polymers. The method is highly
appropriate among individuals, who suffer cavities or dry mouth. These innovational materials
also help to ensure tooth health besideaking them comfortable and useful, particularly, to the
aged ananedically compromisethdividual [66].

Hybrid Materials that possess Higher Biocompatibility

Metals or ceramics and robust, compliant polymers constitute hybrid materials employed in
prosthodontics, and which can respond to living things. This strategy is more beneficial to an
individual and has more outcomes. Polyether ether ketone, or PEEK, reinforced with zirconia
forms the ideal material used in implant frameworks and removablel paritares since it is both

strong and flexible [67]. Antibacterial and antifungal nanopartmdeled nanocomposite resins
prevent the plague formation on the surfaces of prosthetics. This is one of the ways you can use to
clean your mouth. Other potentiapproaches to increase tissaglant contact (particularly
subgingival) include bioactive coatings, such as hydroxyapatite, and plasma spraying. Put together,
these novel concepts lead to a less inflammatory, more resistant, and tailored prosthetic
environment to the patient based on his or her specific oral biology [68].
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Peer to Peer Shade Differentiated and Layering Methods

Customization mainly deals with aesthetics in prosthodontics. You can customize the texture and
color and transparency accurgtelith new materials and digital technology. Two objects that can
objectively identify shade are spectrophotometer and intraoral scanner. The resemblance of the
match to the actual teeth of the patient has been enhanced using this process [69]. Mioeeover, t
use of techniques, such as different layering in ceramics and composites, causes teeth to become
similar to their initial shape since such methods reproduce such features as the surface roughness,
the dentin warmth, and the appearance of translucentetn@he interior should also be painted

or coated in order to make the front restorations even more genuine. This individualized approach
considers not only the race of the patient but also any changes related to his age as well as the
preferences of theatient. Quality of life may be improved, and the repairs made using this
technique look natural [70].

ADVANCED M ATERIALS FOR PERSONALISED PROSTHODONTICS

Personalisation
Advantage

Material Type Key Features Clinical Applications

Bioinspired Mimic natural tissue Denture bases, occlusal  Improves comfort and
Materials propertiegelasticity, surfaces, implant interface: functional integration
structure)
Thermo-responsive | Expand with oral Removable prostheses for Better adaptation and
Liners temperature geriatric or resorbeddges = retention without relining
pH-sensitive Release Denture bases, liners, Offers caries protection in
Polymers fluoride/antimicrobials in  crown luting agents high-risk patients
acidic pH
Zirconia-reinforced | High strength 4shock Implant bars, frameworks, = Customized for patients
PEEK absorption RPD components with bruxism or high
occlusal load
Nanocomposite Embedded with Long-term provisional Reduces biofilm
Resins antibacterial/fungal agents crowns, RPDs accumulation irsusceptible
patients
Spectrophotometer = Objective shade mapping Anterior crowns, veneers = Accurate esthetic match to

guided Ceramics
Hybrid Layered
Ceramics

and internal layering
Multilayered translucency
and chroma

Table 2: Advancements in materials

Esthetic fixed prtial
dentures, implant crowns

individual pigmentation
Natural esthetics respectin
age and gender variations

CHALLENGES AND L IMITATIONS

Individualized prosthodontics holds great potential, but a number of technological, ethical, and
practical challenges will prevent it from becoming widely used. To ensure safe, fair, and long
lasting advancement in this area, doctors, researchers, asidt@gi must be completely aware of
these difficulties [71,72].
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Challenge Area Description Impact

Cost & Accessibility  High cost of digital equipment, Limits availability in lowrresource
software, and materials settings; increases patient burden
Technical Training & = Need for skilled personnel and Slows adoption and widens
Infrastructure modern digital infrastructure competency gaps
Ethical & Regulatory ~ Unclear policies on Al, patient data Raises trust, safetgnd legal issues
Concerns use, and genetic profiling
Standardization vs | Difficulty balancing unique Hinders scalability and complicates
Individualization customization with reproducible quality assurance
protocols

Table 3: Key Challenges and Limitations in Personalised Prosthodontics

Policy & Practice Box: Overcoming Barriers in
Personalised Prosthodontics

1 Subsidize Technology Access: Governments and
institutions can incentivize digital adoption through
grants, tax breaks, or publieprivate partnerships.

{1 Standardized Training Modules : Integrate digital
prosthodontics into undergraduate and continuing
education curricula to ensure clinician readiness.

1 Ethical Oversight Frameworks : Establish clear
protocols for Al use and genomic personalization, with
patient consent and data protectiorat the forefront.

1 Scalable Personalisation Models : Develop modular
digital workflows that allow controlled customization
within evidence-based clinical boundaries.

1 Collaborative Ecosystems : Foster crossdisciplinary
teams involving dental technologists, d& scientists, and
engineers to ensure safe innovation.

Future Perspectives in Personalised Prosthodontics

Personalized prosthodontics keeps growing due both to dependence on rapid development of
digital technologies, biology, and artificial intelligencThe radiation free range of preventative,
predictive, and precision based care will transform the future scope of prosthodontic therapy
radically.



Integrat ion of Genomics and Epigenetics

Some recent studies show that genetic and epigenetic profildd be used to improve
prosthodontic planning, particularly to address patients with systemic diseases or who had
defective healing cycles. Genetic markers are being discovered that may indicate the tendency
toward delayed mucosal healing, bone losper-implantitis hus enabling early intervention or

a change in treatment schedJlé3]. Also, epigenetic factors, such as DNA methylation patterns

or microRNA activity, can provide effective information which can be used to make some choices
concerning thalistribution balance of the prosthesis to be utilized, design individualization and
selection of materials. On demagehetic and epigenetic salivary biomarker Chairside diagnostic
kits are anticipated in the near futuie facilitate highspecificity, sensitivity biocompatible
Prosthodontic§74].

Prosthodontic Failure Risk Predictive Analytics

Artificial intelligence-based predictive analytics is capable of transforming risk assessment in
prosthodontics by providing the doctors with findings concertiireglongterm outcomes of a
certain treatment cours@cclusal load profiles, functional patteraie usedo determine the risk

of restorative wear or fractuf@5]. The likelihood of failure in implant can be predicted with
combination of systemic healtparafunctional patterns, and cemeam computed tomography
(CBCT). Also, more advanced algorithms could predict whether or not the patients will follow
maintenance and cleaning instructions. By anticipating such issues, clinicians can enhance the
succesof the overall treatment process by implementing a preemptive change in prosthesis
design, choice of materials, and follayp regimeng76].

Automated Chairside Customization of Prosthesis

The prosthodontics of the near future is going tocbaracterized by complete automation,
chairside systems with the ability to have its prosthetics customized and delivered on the same
day. With artificial intelligenceassisted software and intraoral scans facephology will be
reviewed, and precise apeérsonalized denture design will be created in few mirf@tds The
resulting 3D designs will be printed (milled) in office to make crowns, dentures or temporary
prostheses within just few hours. The integratiomith virtual articulators and facgcanners will

allow provision of accurate functional and aesthegsuts. Such innovation will significantly
increase patient satisfaction since it will lead to less waiting time and fewer visits to thgZ&linic

Tele-prosthodontics Remote Personaliz ation

As telehealth grows, ses tele prosthodontics, a collaborative aaccessible way to provide care
particularly useful to those patients who live in rural regions or with reduced mobility. Patients
will be able to send intraoral scans or photmiinfation remotely whether in their home or in
related clinicsthat hasscanning equipment in it system[79]. Virtual visits will assist the
collaborative approach to treatment planning, design approval, and education. Dentists and labs
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have the opportuty to move through cloutbased workflows to coordinate in the generation of
high-precision prostheses without the need to visit the laboratories. This model also guarantees
continuity, enhanced access and personalized treatment, whether or not themgeehg=l
constraint480].

CONCLUSION

A paradigm change away from traditional, emeefits-all methods and toward one that is more
patientcentered and datdriven is represented by personalized prosthodontics. Due to anatomical,
functional, aestheti@nd psychological variety, this chapter has examined the need for customized
prosthetic solutions backed by smart materials, digital tools, and predictive analytics. Artificial
intelligence, genetics, and rdahe personalization will revolutionize prostdontic treatment as

the profession develops. Empathy, not simply technology, is the cornerstone of this expansion. In
addition to being an expert clinician and digital designer, the prosthodontist of the future will be a
team player who is aware of eaphatient's distinct biology, lifestyle, and background. One
technical development and professional obligation that connects prosthodontics to the larger goal
of precision dental care is personalization.

Clinical Tips Box: Dos iaPrasthddantc®t s of Per sonal

Dos Dondt s
Always assesindividual tissue healthparafunctional Dondét r el y sol el y osetCAR
habits, and anatomical limitations before prosth¢ librariesd personalisation requires deviation frc

planning. norms.

Use digital scans and facial analysie guide tooth Do n & t 0 patenttemoriekl outcome measur
positioning, midline, and occlusal schemes. (PROMsP subjective comfort and satisfaction matte
Customize materials and designs basedgs geder, Don 6t as s ume odnmesmatch taa caus
functional load and esthetic demands. failure or dissatisfaction.

Involve the patient actively in design decisions us Do n 6t di smi ss mpardlyi cesmetid «
visual simulations or digital moelps psychosocial factors are integral to treatment succe
Stay updated withraining in Al tools, CAD/CAM Don6t del egate compl ex
protocols, and material science personnel without oversight.
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CHAPTER 8

ROBOTICS, AlI-GUIDED SURGERY, AND VIRTUAL SURGICAL PLANNING IN
ORAL AND MAXILLOFACIAL SURGERY

Dr. Sajjad Salam, Dr. Kanak Pareek, Dr. Ayush Shrivastava, Dr. Sarabpreet Kaur

INTRODUCTION

The integration of advanced technologies such as robatidssial intelligence (Al), and virtual
surgical planning (VSP) in oral and maxillofacial surgery (OMS) represents one of the most
transformative developments in healthddie Historically, OMS has relied on a blend of surgical

skill, anatomical knowlége, and manual dexterity to diagnose and treat complex conditions
affecting the oral and facial structures. Today, the field stands on the cusp of a technological
revolution, where digital innovations are enhancing precision, improving surgical out@ndes,
redefining the standards of cg®§. This chapter explores how robotics, Al, and VSP are reshaping
the landscape of OMS, offering a glimpse into the present advancements and future potential of
this fascinating intersection between medicine and tdogypo

Robotics in OMSs a groundbreaking development that takes traditional surgical methods to an
entirely new level[3]. Roboticassisted surgical systems have already revolutionized other
specialties, such as urology and general surgery, and are rioy &#apted for oral and
maxillofacial procedures. Systems such as the Da Vinci Surgical System allow surgeons to
perform minimally invasive surgeries with improved precision and coffoThese systems are

equipped with robotic arms that replicate theer geonds movements with er
tremor filtration, enabling intricate procedures that are otherwise challenging using conventional
techniqueg6].

Robotic surgery in OMS is particularly significant for operations involving the temporoméardibu

joint (TMJ), tumor excisions, reconstructive procedures, and orthognathic surgeries. These areas
demand high precision due to the anatomical complexity of the maxillofacial region and the
proximity to vital structures such as nerves and blood vefgel&obotics can also facilitate
transoral approaches to oropharyngeal tumors, offering better access and visualization while
minimizing the trauma associated with open surgical technif8lesThe benefits of robotic
assisted surgeries include smallensrans, reduced blood loss, shorter hospital stays, and faster
recovery. However, challenges such as the high cost of robotic systems, limited surgeon training,
and steep learning curves remain significant barriers to widespread adéption

Artificial Intelligence (Al)is another key player in reshaping oral and maxillofacial surgery. Al
includes machine learning, deep learning, and computer vision technologies designed to mimic
human cognitive functions such as learning and profgelving. In OMS, Al is redefining
preoperative planning, intraoperative navigation, and postoperative monitoring. One of its most
notable contributions is in the interpretation and diagnosis of radiological injaQpsAl
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algorithms can detect abnormalities in panoramic radiographs, CT, ssadsMRIs with
remarkable accuracy, often outperforming human clinicians in terms of speed and consistency.
This increases the chances of early detection of diseases such as oral cancer, cysts, fractures, and
developmental anomalig¢$1].

Al 6 s r osltoesurgical tdexisi@making and precision guidance. For instancee@hanced
navigation systems can provide réiate feedback during surgery, helping surgeons avoid critical
anatomical structures and improve their operative accUfly In orthognatit surgery and
implantology, Akdriven predictive models can anticipate bone healing patterns and estimate
postoperative changes in facial structure. Moreover, Al contributes to personalized treatment by

analyzing a pati ent 0 dyle{petarsddrecanmera optinhizedrtieatnaeht, a n
plans.

Virtual Surgical Planning (VSR$ increasingly recognized as an indispensable tool in the modern

OMS workflow. VSP allows surgeons to simulate surgeries using 3D computer models generated
from the patet 6 s 1 maging dat a. This virtual envirorl
patient's anatomy and helps in testing multiple surgical scenarios before the actual procedure.
Using VSP, surgeons can accurately position osteotomies, plan resections, ignccdst®m

implants and surgical guides with unprecedented precision. It is especially valuable in procedures
such as distraction osteogenesis, trauma management, and jaw recongfir8ftion

Custom 3DBprinted surgical guides and patiesgtecific implantdave also become byproducts of

VSP. These devices assist in translating preoperative virtual plans intbnreasurgical
execution, minimizing intraoperative guesswork and reducing operative time. For example, in
mandibular reconstructions, VSP enablesgeons to reshape bone grafts to fit the defect using
precise cutting guides, ensuring better aesthetic and functional outcomes. In cleft palate surgery
and facial asymmetry corrections, VSP helps surgeons plan interventions more effectively and
increasesymmetry and predictabilitpd4].

Thecombination of robotics, Al, and virtual planningarks a shift toward a fully digitized surgical
ecosystem. The future points toward hybrid systems in which Al algorithms analyze 3D surgical
plans then guide robotigras based on those plans, while surgeons supervise and intervene only
when necessary. Such synergy between human expertise and machine precision could dramatically
enhance surgical safety and outcoiiésg.

In addition to surgical benefits, these techn@egrovide immense value in patient education and
consent. Virtual models allow patients to see the anatomical issues affecting them and understand
the planned procedures, leading to better cooperation and satisfaction. Digital archiving and case
documeration also contribute to education, research, and longitudinal falfpw

Despite the promise, there are hurdles to overcome. High cost is a major concern, making these
advancements unaffordable in many developing regions. The need for specialized &maihang

shift in the learning curve is also significant, as mastering robotic systems or Al software demands
time and regular practice. Ethical concerns relating to data privacy, algorithm bias, and
dependency on technology also need careful considefatgn
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In conclusionthe integration of robotics, Al, and virtual surgical planning in oral and maxillofacial
surgery represents a leap toward a new era of precision, personalization, and predictive excellence.
These technologies are not merely tools; tleeyoody a shift in the surgical mindskebm
subjective, experienedriven decisions to objective, dadaiven, and technologgnhanced
interventions. This chapter delves into each technology in depth, explores clinical applications and
challenges, and ersions future developments that will continue to shape the profgdsipms

the fusion of human intellect and artificial intelligence evolves, oral and maxillofacial surgeons
stand at the forefront of a technological renaissameethat holds the pron@sof transforming

patient care, surgical outcomes, and the very nature of clinical practice.

Historical Background and Technological Evolution: From Conventional
Surgery to Digital Innovation in Oral and Maxillofacial Surgery

Oral and Maxillofacial SurgerfOMFS) has undergone a dramatic transformation over the past
century, evolving from highly technigtgensitive manual procedures to digitally driven,
precisionguided interventiongl8]. This evolution has been shaped by innovations in imaging,
digital design, and artificial intelligence, all culminating in the current era of robotic surgery and
minimally invasive techniques.

Early Foundations: Manual Methods and 2D Imaging

For decades, OMN5 was primarily guided by wduaacsityr geon¢
and tactile skills. Early procedures heavily relied on-thmensional radiographic techniques such

as conventional panoramic radiographs and cephalograms. While these imaging modalities were
revolutionary for their time, they offered limideperspectives, often resulting in distortions or
superi mpositions of structures. Di agnostic ac
visualize complex thredimensional anatomy based on flat images. This limitation not only
hindered precisel@anning but also increased the potential risks of surgical df8}s

Moreover, surgical steps were performed entirely by hand, with intraoperative deneskarg

often based on experience rather than predictive models or simulations. Consequerggfiducc
outcomes relied heavily on individual expertise, and surgical training was long and demanding.
While such methods laid the foundational principles ofE3\Mthey also underscored the need for
technological advancements to increase accuracy, safetyeproducibility{20].

Imaging Panoramic radiographs, Limited perspectives; distortions;

Techniques cephalograms (2D imaging superimposition of anatomical structures

Diagnostic Depended on Difficulty visualizing 3D anatomy

Accuracy experience in interpreting = accurately; increased risk of planning errot
2D images

Surgical Performed manually with  Decisions made intraoperatively ledson

Execution reliance on tactile and visui experience rather than predictive models
skills

118



Outcome Highly reliant on surgeon | Variability in results; lower reproducibility
Dependence  expertise and long training and higher potential for surgical errors

Overall Established foundational  Highlighted the need for technological
Impact principles of OMFS improvements in accuracy, safety, and
precision

Table 1 This table summarizes the traditional practices of oral and maxillofacial surgery (OMFS)
and highlights their limitations before modeaetchnological advancements.

Advances in Imaging: The Advent of CT and CBCT

The introduction of computed tomography (CT) in maxillofacial imaging marked a watershed
moment in the discipline. CT provided cressctional images that allowed clinicians to aisze
anatomical relationships in three dimensions. Surgeons could now assess bone quality, identify
impacted teeth, visualize fractures, and plan reconstructive procedures with far greater precision.
However, the initial use of medieglade CT in dentapplications posed challenges such as high
cost and radiation exposyt&l).

These limitations set the stage for the development oflseam computed tomography (CBCT),
specifically tailored for dental and maxillofacial use. CBCT offered -nggolution ® imaging

with significantly lower radiation doses, making it suitable for routine clinical use. CBCT enabled
detailed assessment of the temporomandibular joint, sinus anatomy, alveolar bone, and the spatial
relationships between anatomical landmarks. atiikty to manipulate digital datasets in réiahe

allowed surgeons to visualize surgical sites from multiple angles, understand anatomical
variations, and identify potential risks before stepping into the operating[&)m

Digital Renaissance: Intraduction of CAD/CAM Systems

Parallel to advancements in imaging, digital technologies further revolutionized the field with the
introduction of ComputeAided Design and Computétided Manufacturing (CAD/CAM)
systems. CAD/CAM marked the beginning of digitalodeling and fabrication in OMS,
facilitating the design and production of custom prosthetics, implants, and surgical[@8]ldes

In implantology, CAD/CAM enabled the fabrication of patigpecific abutments and crowns that

fit precisely onto customizeonplant positions. In orthognathic surgery, virtual models could
simulate jaw movements, predict postoperative occlusion, and design cutting guides for accurate
intraoperative execution. CAD/CAM technology also supported the construction of maxillofacial
prostheses for reconstructing hard and soft tissues after trauma or tumor resection. These
prostheses closely matched patient anatomy due to digital impressions and 3D [24iting

The impact of CAD/CAM extends beyond fabrication; its integration withr8Bging allowed
for virtual surgical planning (VSP). Surgeons could simulate surgical procedures in a virtual
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environment, create cutting templates, and anticipate postoperative outcomes. VSP thus became a
routine part of complex OMS procedures, especiallcases involving TMJ replacement, tumor
resection, and corrective jaw surggz|.

The flowchart illustrates the transformative role of CAD/CAM systems in the digital evolution of
oral and maxillofacial surgery. It begins by highlighting how CAD/CAittaduced precise digital
modeling and fabrication, enabling the creation of customized prosthetics, implants, and surgical
guides. It then branches into key clinical applications, including implantology, orthognathic
surgery, and maxillofacial reconstrimt, where virtual models and digital impressions
significantly enhanced accuracy and personalization. The chart concludes with the integration of
CAD/CAM and 3D imaging into Virtual Surgical Planning, allowing surgeons to simulate
procedures, design cutg guides, and predict outcomes for complex OMS intervenfifijs
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Surgeons could simulate surgical procedures in a
virtual environment, create cutting templates, and
anticipate postoperative outcomes. VSP thus became
a routine part of complex OMS procedures, especially
in cases involving TMJ replacement, tumor resection,
and corrective jaw surgery

Figure 1. CAD/CAM technology transformed OMS by enabling precise digital modeling, custom
fabrication,and virtual surgical planning

Transition to Al and Predictive Systems

Despite thesuccess of CAD/CAM, manual planning and operator experience continue to play
substantial roles in outcome predictability. To reduce variability and improve efficiency, artificial
intelligence (Al) has emerged as a crucial technological layepoiered sgtems analyze large
datasets to detect anatomical landmarks, predict surgical outcomes, assess surgical risks, and even

automate planning pathwap&7].
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Machine learning algorithms aid in diagnosis and treatment planning by identifying pathologies
across BCT and CT scans instantaneously, enhancing the speed and accuracy of clinicaldecision
making. Al also powers automated segmentétian otherwise labeintensive process where
specific structures, such as nerves or lesions, are digitally isolated. taanmtits, Atdriven
aligners optimize tooth movement based on biomechanical modeling and-ppéetiiic variables

[28].

Al does not merely support preoperative planning; it is increasingly integrated into intraoperative
navigation systems, allowing suayes realtime guidance. Such integration allows for dynamic
adjustments during surgery, reducing the need for repeated imaging and minimizing risk to vital
structures. The synergy between Al and digital planning tools is gradually eliminating operator
dependency, creating more reproducible and standardized surgical workf#6ys

Aspect Description
Need for Al Manual planning and operator experience still influence outcom
Integration prompting the shift toward Al to improve efficiency and reduce

variability.

Role of Al in Data Al analyzes large datasets to detect anatomical landmarks, prec
Analysis outcomes, assess risks, and automate planning workflows.
Machine Learning in ML algorithms rapidly identify pathologies on CBCT/CT ssa
Diagnostics improving diagnostic accuracy and speed.
Al in Automated Al performs segmentation of structures such as nerves and lesi
Segmentation significantly reducing manual workload.
Al in Orthodontics Al-driven aligners use biomechanical modeling patientspecific

data to optimize tooth movement.
Al in Intraoperative Al enhances redime surgical navigation, enabling dynamic

Navigation adjustments and reducing the need for repeat imaging.
Impact on Surgical Al improves reproducibility, éduces operator dependency, and
Workflow supports highly standardized surgical planning and execution.

Table 2 The table shows how Al improves diagnostics, automates planning, guides surgery, and
standardizes workflows in OMS.

Robotic-Assisted Surgery: ExpandingPrecision and Possibilities

In the latest phase of technological evolution, oral and maxillofacial surgery is adapting robotic
systems initially designed for fields like urology, gynecology, and general surgery. Robotic
assisted surgery introduces unpaialll accuracy through tremor filtration, réahe stability, and

3D magnified views of surgical sites. These systems are especially valuable for minimally invasive
surgeries in anatomically confined spaces such as the temporomandibular joint (TMJ)yyorsgpha
and skull bas¢30].

Robotic platforms, such as the da Vinci Surgical System, allow surgeons to perform delicate

procedures through small incisions with enhanced dexterity. This reduces intraoperative trauma
and promotes faster recovery with supedesthetic outcomes. In TMJ surgery, robotics can aid
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in precise repositioning of joint components, while in tumor excisions within the oropharynx,
robotic systems enable access without requiring extensive external in€slifns

In addition to roboti@arms, passive systems like robedigsisted navigation are becoming popular.

These devices do not perform surgery themsel
programmed pathways based on virtual designs, significantly reducing human error.

Enhancing Surgical Precision with Robotics

Precision Minimally Invasive
Enhancement Procedures

Enhanced Faster Recover
Dexterity Y
_/
\E.f\gb
Superior Aesthetic Robotic
Outcomes Navigation

Systems

Figure 2: The figure shows how robotic systems enhance precision, reduce invasiveness, and
improve surgical performance.

The Integrated Future: A Digitally Driven Surgical Ecosystem

The convergence of 3D imaging, Al, CAD/CAM, and robotics represents the hallm2tktof

century maxillofacial surgefypr eci si on, personalization, and |
workflows incorporate digital records, virtual planning, automated fabrication, and intraoperative
robotic assistance. Through each step, digital systems reslizcee on subjective judgment,

allowing for uniformity and validated outcomgR2].

Training paradigms have also shifted. Residents are now exposed to virtual simulators,
augmented reality systems, and haptic feedback models, significantly improvirskitheir
before entering the operating room. Such technologies democratize surgical expertise and
enhance patient safefi§3].

In the coming years, further integration of Al and robotics, alongside advancements in
augmented reality and machine vision, Wwiling OMS even closer to precision surgery. The
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ultimate goal is seamless, algoritrassisted interventions that automatically adapt to each
pati ent 6s a-tinesugiogl coataxtdensureng dptimal oanes with minimal
invasivenes§34].

Surgeon controls robotic arms  Example:Da Vinci Surgical System

remotely via a console; robot 7 Provides enhanced precision and
mirrors movements dexterity

Guides surgical tools based on Used for implant placement and
preoperative planning and osteotomy; integrated with CBCT &
imaging data 3D planning

In development; capable of Al-poweaed systems executing pre
performing tasks independently planned procedures with minimal
using Al guidance intervention

Table 3: The table compares robotic systems from madtare models to Atlriven autonomous
tools, highlighting precision control and imagiggided navigation.

Advancements in Maxillofacial Surgery

Digital Integration Training Paradigms

Incmrpezz:lde-s E-Iilftl:}:: Utilizes virtual
plan|:|=i;1g_ and [E] e simulators and )
autometed fabrication augmentad reality to
for precision enhance suwrgical skills.

Al and Robotics
I_n‘legrales. Al and @ Allows surgeons to
robotica for seamless, [irj control robotic arme

algorithm-assisted
gorr - rermmctely for enhanced
interventions. o
precision.

Robotic Nawvigation Autonomous Tools
Guides surgical tools q’ r_@_‘l Develops Al-powersd
using preoperative é L " ) tools capable of
planning and imaging independent surgical
data. tasks.

Figure 3. The figure shows how Alobotics and digital technologies enhance precision and
surgical capabilities in maxillofacial surgery.




Applications in Maxillofacial Surgery

1. Tumor Resections:

Transoral robotic surgery (TORS) has become a powerful tool fessit difficult areas of the
oropharynx, base of the tongue, and larynx. Robots allow surgeons to navigate narrow
anatomical spaces with precision, reducing surgical morbidity.

2. Orthognathic Surgery:
Robotic systems can be used to perform precise hdeereposition jaws, and ensure
symmetry.

3. TMJ Surgery:
Robotic systems aid in the placement of prosthetic joints, combining 3D imaging with navigated
robotics.

4. Implant Dentistry:
Roboticassisted implant placement enhances accuracy, especiafigtimmically sensitive or
compromised regions.

EVOLUTION OF ROBOTIC SYSTEMS
IN ORAL & MAXILLOFACIAL SURGERY

MASTER-SLAVE ROBOTIC SEMI- HAPTIC-FEEDBACK TELE-ROBOTIC
ROBOTICS NAVIGATION AUTONOMOUS ROBOTICS EXOSKELETAL SURGERY
CONSOLE-CONTRBLED  IMAGE-GUIDED ROBOTICS TACTILE-SENSING ROBOTICS REMOTE SURGICAL
ROBOTIC ARMS SURGICAL Al-GUIDED SURGICAL ROBOTS NANO-SCALE ROBOTICS

NAVIGATION SURGICAL ROBOTICS SURGICAL ROBOTS

Figure 4: The figure visually represents the progressive evolution of robctiatdogies in OMS,
from surgeorcontrolled systems to advanced&iven and autonomous platforms.
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The figure presents a futstic overview of the evolution of robotic technologies in Oral and
Maxillofacial Surgery. It illustrates & progression from early mastsiave robotic systems
cortrolled entirely by the surgeon to more advanced navigatiegrated platforms tha&nhane
precision through CBCGuided planning. Theisual flow then highlights semi autonomous and
Al assisted robotic systems capable of executinglarened tasks with minimal intervention. At
the top, the diagram depicts negéeneration innovations such asnoerobotics, intelligent
assistants, and hapfieedback microsurgical tools. Overall, the figure captures the technological
journey shaping the futurd digitally enhanced, precisiairiven OMS practic¢35].

Conclusion

The integration of robotics, d#itial intelligence, and virtual surgical planning marks a
transformative era in oral and maxillofacial surgery. These technologies collectively address the
limitations of traditional manual techniques by enhancing diagnostic accuracy, improving surgical
precision, and supporting predictable, patigmcific outcomes. Robotics enables minimally
invasive access and refined manipulation in complex anatomical regions, while Al enhances
diagnostics, automates planning, and offers-tiea intraoperative guahce. Virtual surgical
planning further strengthens preoperative preparation through 3D simulations, custom implant
design, and precise surgical guides.

Together, these innovations create a digitally driven surgical workflow that reduces operator
dependeng, minimizes complications, and improves both functional and aesthetic results.
Although challenges such as cost, training, and ethical considerations persist, the continuous
integration of digital tools ensures that OMS is moving toward a future defyguielision,
personalizati on, and i mproved patient care.
and setting new standards for excellence in the field.
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