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ABSTRACT

Background: Bisphosphonates (BP) are anti-resorptive agents used for osteoporosis, skeletal metabolic diseases and
to reduce skeletal events in cancer patients. Despite their established efficacy, the introduction of more potent analogues
and parenteral regimens has increased attention on systemic and oral adverse events, particularly MRONJ. Methods:
Narrative review of the literature up to February 2026 on PubMed/MEDLINE, Embase and Cochrane; key terms:
bisphosphonates, zoledronic acid, alendronate, ibandronate, pamidronate, denosumab, MRONJ, atypical femoral fracture,
renal toxicity, hypocalcaemia. Systematic reviews, RCTs, large cohorts, guidelines and position papers were included.
Results: RCT studies (HORIZON and others) confirm the reduction in vertebral and non-vertebral fractures and benefits
in oncology with parenteral BPs. Significant adverse events include nephrotoxicity (especially for high-dose IV
administration), post-infusion hypocalcaemia, atypical fractures related to prolonged use, and MRONJ, the incidence of
which varies widely between oncological and osteoporotic settings. Risk factors for MRONIJ include tooth extractions,
odontogenic infections, duration of therapy, and concomitant therapies (antiangiogenic agents, steroids). Guidelines
recommend pre-therapy dental screening and a multidisciplinary approach; the usefulness of drug holidays remains
uncertain. Conclusions: The benefits of BPs require a personalised risk/benefit assessment, with dental prevention
protocols and clinical monitoring. Prospective studies are needed to clarify strategies for treatment duration and MRONJ
prevention.

KEYWORDS: Bisphosphonate, cancer, osteoporosis, MRONJ, oral pathology

INTRODUCTION

Bisphosphonates (BPs) are the standard therapeutic class for the treatment of osteoporosis, numerous skeletal
metabolic diseases and the management of skeletal complications in cancer patients. These drugs are synthetic analogues
of inorganic pyrophosphate- s with high affinity for calcium (Ca2")1. The strong affinity of BPs for bone, and not for
other tissues, makes them potent inhibitors of bone resorption and bone remodelling activity, with limited potential for
side effects in non-skeletal tissues. All BP compounds accumulate for long periods of time in the mineralised bone matrix,
thereby modifying bone metabolism (1). The last twenty years have seen significant pharmacological and therapeutic
developments; analogues with greater anti-resorptive potency have been developed and high-dose parenteral
administration regimens have been introduced (e.g. zoledronate in annual formulations for osteoporosis or in
monthly/quarterly administrations in cancer patients), with documented benefits in terms of clinical efficacy and
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therapeutic adherence (2). These advances have consolidated the widespread use of BPs but have also posed new clinical
challenges related to safety, with increasing attention to systemic adverse events such as nephrotoxicity, hypocalcaemia
and atypical fractures, as well as oro-maxillofacial complications such as medication-related osteonecrosis of the jaw
(MRONYJ). Systemic administration of BPs or denosumab is the routine therapy for osteolysis, but it has significant side
effects, such as mandibular osteonecrosis and hypocalcaemia (3). It is therefore essential to exploit optimized drug
delivery systems, and some new nanotechnologies and nanomaterials have opened up new horizons for scientists.
Targeted and local drug delivery systems can optimise biodistribution depending on nanoparticles or microspheres and
implantable biomaterials with controllable properties. Drug delivery kinetics can be optimised by smart and
prolonged/local delivery systems for reactive and prolonged delivery. These delicately manufactured drug delivery
systems with special matrix, structure, morphology and modifications can minimise unexpected toxicity caused by
systemic delivery and achieve the desired effects through the integration of multiple drugs or multiple functions (4). Also
relevant is the clinical debate on the management of treatment duration (including the hypothesis of the so-called 'drug
holiday') and the optimal therapeutic sequence, especially in patients at long-term risk of atypical fractures or with renal
comorbidities (Table I).

Table L. The main new bisphosphonates and their systemic and oral side effects associated with their use in the treatment

of cancer patients.
Drug Route Potency Indications Sy ic risks Oral risks Notes
Alendronate Oral (weekly) Low- Postmenopausal Pill-induced Very rare MRONJ Take on an empty
moderate osteoporosis; oesophagitis; rare (osteoporosis) stomach; stand upright
fracture prevention nephrotoxicity; rare for 30—-60 min
hypocalcaemia
Risedronate Oral Moderate Osteoporosis Alendronate analogues MRONIJ very rare Good GI tolerability
(weekly/monthly)
Ibandronate Oral monthly or Moderate Osteoporosis Infusion reactions (IV); Rare MRONJ Formulation choice for
1V quarterly (vertebral) GI symptoms (oral) (osteoporosis doses) adherence/preferences
Pamidronate | IV (oncological High Malignant Dose/rate-dependent Increased MRONJ in Renal monitoring
use) hypercalcaemia; nephrotoxicity; oncology (high doses) | required
bone metastases hypocalcaemia; infusion
fever
Zoledronate 1V (annual for Very high Osteoporosis; Nephrotoxicity; MRONJ more Requires laboratory
0steoporosis; prevention of hypocalcaemia; frequent in oncology; | monitoring and dental
frequent in skeletal events; fever/myalgia; possible low risk in evaluation
oncology) hypercalcaemia atypical fractures osteoporosis
Denosumab Subcutaneous Very high Osteoporosis; bone | More pronounced Documented Different mechanism;
(comparison) | every 6 months metastases hypocalcaemia; possible | MRONJ; MRONJ
rebound upon comparable/higher prevention/management
discontinuation risk in oncology comparable

Furthermore, the emergence of issues such as MRONU has stimulated the development of multidisciplinary guidelines,
involving dentists, maxillofacial surgeons, oncologists, nephrologists and endocrinologists, aimed at the prevention,
monitoring and clinical management of complications (5).

Given the complexity of the interactions between the mechanisms of action of BPs, individual risk factors and the
heterogeneity of clinical contexts, a personalised approach that integrates clinical and instrumental assessments,
correction of metabolic deficits (calcium/vitamin D), preventive dental screening and periodic laboratory monitoring is
essential (6).This article summarises the latest evidence on the efficacy and safety of the main BPs, analyses the risk
factors for systemic and oral adverse events, and proposes practical recommendations for prevention and clinical
management, in light of the most recent international guidelines and position papers and the increasingly evident need for
tailor-made medicine (7).

MATERIALS AND METHODS

A non-systematic narrative search was conducted in the main biomedical databases (PubMed/MEDLINE, Embase,
Cochrane Library) up to February 2026. The keywords used included: 'bisphosphonates', 'zoledronic acid', 'alendronate’,
'ibandronate', 'pamidronate’, and, for comparison, 'denosumab'; terms related to complications such as 'osteonecrosis of
the jaw', 'MRONJ', 'atypical femoral fracture', 'renal toxicity', "hypocalcaemia'; and terms related to dental management:
'dental management'. Systematic reviews, key randomized clinical trials, large observational cohorts, professional
guidelines, and position papers from scientific societies were included in the review. Primary evidence, meta-analyses,
and updated guidelines from international scientific societies were prioritized in the selection of sources; the
methodological quality of the studies and their clinical relevance to everyday practice were also considered. No strict
language or date restrictions were applied, but priority was given to literature published in the last twenty years to reflect
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current practices. Where appropriate, preclinical studies and reviews of mechanisms to support pathogenetic
interpretations were also included. The resulting recommendations were supplemented with practical guidance derived
from position papers and multidisciplinary consensus statements.

RESULTS

Efficacy and clinical context

Regarding Zoledronate, numerous randomized controlled trials, including the HORIZON studies (Pivotal Fracture
Trial and Recurrent Fracture Trial), have demonstrated a significant reduction in vertebral and non-vertebral fractures and
a reduction in mortality in the period following a femoral fracture (8). In oncology, registration studies and phase III trials
have shown that high-dose regimens and parenteral administration reduce the frequency of skeletal events related to bone
metastases, with a positive impact on symptom management and patient quality of life (9). However, these benefits need
to be balanced against the specific safety profiles in the oncology setting, where concomitant anticancer drugs may
increase vulnerability to adverse events.

Alendronate, risedronate

Regarding Alendronate and Risedronate, an extensive literature consisting of RCTs (including the Fracture
Intervention Trial and other multicenter studies) shows a robust reduction in fracture risk in postmenopausal women with
osteoporosis, with a favorable safety profile in standard oral therapy (10). Its efficacy is well documented, especially for
the prevention of vertebral fractures and the improvement of bone mineral density, while the individual response may
vary depending on adherence, duration of treatment and concomitant risk factors (11).

Ibandronate

Data support the efficacy of ibandronate in reducing the risk of vertebral fractures, while evidence regarding the
reduction of non-vertebral fractures is less consistent than for other BPs. The heterogeneity of formulations (monthly oral
versus quarterly I'V) also influences the tolerability profile and adherence (12).

Systemic adverse events

Renal toxicity has been mainly associated with high-dose IV administration, as observed in case series and
pharmacovigilance reports; suggested mechanisms include direct tubulo-interstitial effects and renal haemodynamic
alterations. Regulatory recommendations and clinical guidelines emphasize the need to assess renal function prior to
infusion, to adjust the dosage in cases of renal impairment, and to avoid rapid administration, which may increase the risk
(13).

Episodes of hypocalcaemia have been reported, particularly after potent infusions and in patients with extensive bone
metastases, insufficient vitamin D status, or comorbidities that reduce calcium reserves. RCTs and clinical series report
clinically significant cases, emphasizing the importance of correcting vitamin D and calcium deficiencies before therapy
and monitoring blood levels in the first few weeks after infusion (14).

The association between prolonged use of BPs and atypical femoral diaphyseal fractures has been documented in large
cohorts and meta-analyses; the cumulative risk increases with treatment periods longer than 5 years (15). Current
recommendations suggest clinical and radiographic surveillance in the presence of prodromal pain in the lower limbs and
consideration of discontinuation or therapeutic re-evaluation in at-risk patients (16).

Infusion reactions: fever, asthenia and acute myalgia are common after the first IV dose, as reported in the HORIZON
studies and in oncology trials; these symptoms are generally transient but may require symptomatic measures.

Oral complications

Meta-analyses and systematic reviews show significant variability in the incidence of MRONJ. In cancer patients
undergoing high-dose IV therapy, estimates in some series reach 1-15%, with a higher risk in the presence of tooth
extractions or oral infections; in patients treated for osteoporosis with oral BPs, the incidence is much lower, with
estimates commonly reported between 0.01% and 0.1%. This variability depends on population factors, type and duration
of therapy, and diagnostic practices (17,18).

Risk factors and cofactors: observational data and case-control studies agree on the importance of recent tooth
extractions, odontogenic infections, duration of therapy, concomitant use of antiangiogenic agents or corticosteroids,
diabetes mellitus, and poor oral hygiene as factors that increase the risk of MRONIJ. Invasive oral surgery and radiotherapy
of the oral/facial region are also relevant cofactors (19,20).
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Pathogenesis

BPs have a high bone attraction and interact with hydroxyapatite crystals. As suggested by multiple studies, these
drugs function by prohibiting resorptive activity and inducing apoptosis of osteoclasts. Furthermore, they can have
secondary effects, such as acting indirectly on osteoblasts by prohibiting differentiation. This effect is seen in the reduction
caused by osteoclast cytokines that inhibit the capability of bone healing (Shibahara, 2019). The half-life of BPs can
continue for or exceed a decade because of the great connection with bone crystals, although 95% of the drug is excreted
within a few hours. The cytokine receptor activator of nuclear factor kappa B (RANK) and its ligand (RANKL), which
are released by osteoblasts, are also used to control bone remodeling activity. This approach will increase resorption of
bone or osteoprotegerin (OPG), enabling the prevention of resorptive bone action through inhibiting RANK/RANKL
binding (21).

Management

updated guidelines (AAOMS, EANM/ESMO, MASCC/ISOO/ASCO) and consensus documents recommend pre-
treatment dental screening, preventive dental interventions when indicated, and a conservative approach as first line for
early-stage MRONU, reserving surgery for advanced or non-responsive cases. The efficacy of a 'drug holiday' (temporary
interruption of BP) has not been definitively proven for the prevention or treatment of MRONIJ; recommendations
emphasize the need to evaluate each case individually, considering oncological factors, the risk of skeletal events and the
half-life of skeletal drugs (22,23).

DISCUSSION

The interpretation of individual risk must take into account numerous clinical and contextual factors that clearly
differentiate cancer patients from those with osteoporosis. In cancer patients, the primary goal is often to reduce skeletal
events related to metastasis and control skeletal pain; this justifies the use of high-potency, high-frequency parenteral
regimens, but also increases the risk profile for systemic adverse events (e.g., nephrotoxicity, hypocalcaemia) and
MRONJ. Conversely, in patients with osteoporosis, the therapeutic approach favors a balance between long-term efficacy
and safety, evaluating the possibility of sequential therapeutic strategies and planned breaks (drug holidays) to reduce the
cumulative risk of complications such as atypical fractures. This differentiation requires protocols adapted to the clinical
context, with different levels of surveillance and intervention (24).

It is essential to integrate clinical and instrumental assessments (bone densitometry, targeted radiographic
examinations in the presence of prodromal symptoms), bone turnover biomarkers and laboratory monitoring (creatinine,
calcium, vitamin D) to establish the individual risk profile and guide therapeutic decisions. The use of bone remodeling
indicators (e.g. CTX, PINP) can be helpful in monitoring, although the clinical thresholds for therapeutic decisions are
not universally agreed and further prospective studies are needed to define reliable predictive cut-offs (25).

Prevention of MRONI requires multidisciplinary protocols that include pre-treatment dental screening, treatment of
active dental disease before starting therapy, and planning of invasive procedures only after careful risk/benefit
assessment. Patient education on self-monitoring and rigorous oral hygiene practices is crucial for risk reduction. In the
case of invasive dental procedures during therapy, close collaboration between the dentist and prescribing physician is
recommended to evaluate possible risk mitigation strategies, while recognizing that the effectiveness of temporary drug
suspension for preventive purposes remains uncertain (26,27).

Although current guidelines provide practical recommendations, areas of uncertainty remain that limit the
standardization of clinical choices. There is a lack of randomized trials that definitively evaluate the effectiveness of drug
holidays for the prevention of MRONIJ or for reducing the risk of atypical fractures; similarly, there is a lack of
comparative studies comparing conservative vs surgical strategies for different stages of MRONJ in homogeneous
populations. These gaps necessitate the conduct of prospective, preferably multicenter, studies that integrate clinical
outcomes, standardized radiological examinations, and biomarkers to validate diagnostic and therapeutic algorithms.

The management of concomitant therapies is another critical issue. The combination with antiangiogenic agents,
corticosteroids or cytotoxic agents increases susceptibility to complications and requires coordinated treatment plans. In
patients with renal failure or other significant comorbidities, the choice of drug, dosage and frequency of administration
must be carefully adapted, including nephrological assessments and possible therapeutic alternatives (e.g. denosumab,
with specific considerations regarding hypocalcaemia and rebound) (28).

Finally, advances in knowledge of pathogenesis (including the role of the bone microenvironment, angiogenesis and
immune response) open up prospects for targeted preventive and therapeutic strategies (29,30). Preclinical studies suggest
potential adjuvant approaches aimed at improving bone regeneration and local immune response; however, the clinical
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translation of such strategies requires validation with well-designed clinical trials. In conclusion, optimal clinical practice
requires a personalized and multidisciplinary model of care, supported by clinical research aimed at addressing current
uncertainties and defining protocols based on robust evidence.

CONCLUSIONS

The clinical benefits of new-generation BPs are well established in both osteoporosis and oncology; however, the use
of these drugs requires a personalized approach aimed at minimizing systemic and oral risks. Multidisciplinary
collaboration between oncologists, endocrinologists, nephrologists and dental professionals, combined with preventive
dental assessment and clinical and laboratory monitoring protocols, remains essential to optimize outcomes. Future
research should focus on prospective studies evaluating therapeutic duration strategies, therapeutic alternatives, and
preventive approaches for MRONJ in order to provide more robust evidence for shared clinical decisions.
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ABSTRACT

The cosmic microwave background (CMB) is the relic electromagnetic radiation from the early universe,
characterized by a black-body temperature of about 2.7 K and photon energies of approximately ~10~* eV. Because these
energies are far below those required to break chemical bonds or ionize atoms, the CMB is a form of non-ionizing
radiation and has no measurable biological effects on living organisms. In particular, it cannot damage DNA or alter
cellular structures in biological tissues, including those of the central nervous system (CNS). In contrast, ionizing
radiation, such as X-rays, gamma rays, and high-energy cosmic rays, possesses sufficient energy to produce ionization
events that can damage biological molecules. These interactions may directly disrupt DNA or indirectly generate reactive
oxygen species (ROS) through water radiolysis, leading to oxidative stress, genomic instability, and cellular dysfunction.
In the CNS, such processes can affect neurons, glial cells, and neural stem cells, potentially resulting in inflammation,
impaired neurogenesis, and cognitive deficits depending on the absorbed radiation dose. This work examines the
mechanisms and biological consequences of ionizing radiation in neural tissues and interprets radiation-induced injury
within the framework of non-equilibrium thermodynamics, where energy deposition drives biological systems away from
equilibrium and generates entropy through irreversible processes. Although the CMB has no direct biological effects, it
remains crucial for cosmic biology because its primordial fluctuations shaped the formation of galaxies, stars, and the
chemical elements necessary for life. By contrasting harmless cosmological radiation with biologically active ionizing
radiation, this study provides a unified perspective linking radiobiology, thermodynamics, and the astrophysical
conditions that ultimately enabled the emergence of life.
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Received: 05 December, 2025 ISSN 2279-5855 print

Accepted: 13 March, 2026 ISSN 2974-6345 online Copyright © by Biolife Publisher 2026
This publication and/or article is for individual use only and may not be
further reproduced without written permission from the copyright
holder. Unauthorized reproduction may result in financial and other
penalties. Disclosure: All authors report no conflicts of interest relevant
to this article.

European Journal of Neurodegenerative Diseases 2026; 15(1) January-April: 7-12 www.biolife-publisher.it



G. Sonnino et al. 8

INTRODUCTION

The cosmic microwave background (CMB), discovered by Arno Penzias and Robert Wilson in 1965, is the weak
electromagnetic fossil radiation that has no significant effects on organisms and is a very weak microwave with a
temperature of approximately 2.7 K. In contrast, cosmic rays are high-energy particles from space, such as protons and
atomic nuclei, which can have biological effects. The CMB represents the thermal state of the early universe of the time
of recombination when matter and radiation decoupled. These fluctuations determine the initial distribution of matter,
influences the formation of galaxies and stars, and indirectly participates in the formation of our planet. The fluctuations
observed in the CMB, the cosmic structures necessary for life would not have formed. The CMB is a "thermal
background" of the universe; it is weak, located in the microwave range, and has very low photon energy. It is non-
ionizing, so it does not damage DNA and does not produce appreciable biological effects. It is much weaker than sunlight,
ambient infrared radiation, and cosmic rays. Cosmic rays are high-energy particles from space, such as protons and atomic
nuclei, and have biological effects. Cosmic rays increase the risk of chromosomal mutations, have effects at high altitudes,
and can harm astronauts. The CMB has no direct biological effects, but it is fundamental to cosmic biology because it
informs us about the chemical elements necessary for life, such as carbon, oxygen, and nitrogen, about the initial structure
of the universe, explains how galaxies formed, and how stars formed. The primordial fluctuations observed in the CMB
allowed the formation of complex structures, but had no direct effect on biology, DNA, or evolution. However, the role
of the cosmos was important for life. The CMB has no biologically significant effects and cannot damage DNA because
it has such low energy (photons of about 107 eV), too low, and it is not ionizing. To cause DNA damage and bond
breakage, an energy of at least 3—10 eV is required, while high-energy UV radiation can directly damage DNA. Radiation
that can directly damage DNA includes high-energy ultraviolet (UV) rays, X-rays, and gamma rays. Because CMB
radiation is millions of times weaker than the other rays mentioned above, it cannot cause damage to the DNA structure.
Therefore, the CMB does not cause genetic mutations or pose biological damage, while cosmic rays, particles at high-
energy coming from space, can modify genetic molecules. Therefore, high-energy cosmic rays at high altitudes can
damage astronauts. The CMB, which has lower energy than even that of everyday objects, has no significant thermal
effect and does not alter biological molecules as ionizing radiation does.

IONIZING RADIATION, NEUTRAL DAMAGE, AND ENTROPY PRODUCTION IN BIOLOGICAL
SYSTEMS

Ionizing radiation is defined as radiation possessing sufficient energy to remove electrons from atoms or molecules,
thereby producing ions. The relation determines the energy of a photon

E =hv=hc/A

where h is the Planck constant, v is the radiation frequency, A is the wavelength, and c is the speed of light in vacuum,
respectively. When the photon energy exceeds approximately 10 eV, comparable to the energy required to break many
covalent chemical bonds, the radiation can ionize atoms and molecules. Electromagnetic radiation such as X-rays and
gamma rays, as well as energetic particles including alpha particles, beta particles, and neutrons, therefore belong to the
class of ionizing radiation and can produce biologically significant molecular damage (1-3). The boundary between
ionizing and non-ionizing electromagnetic radiation can be estimated using the photon-energy relation. Assuming a
minimum ionization energy of approximately E ~ 10 eV, the corresponding wavelength is

A =hc/E = 124 nm.

Radiation with wavelengths shorter than about 124 nm, found in the far ultraviolet, X-ray, and gamma-ray regions,
has enough energy to cause ionization. In contrast, electromagnetic radiation with longer wavelengths, such as visible
light, infrared, and microwaves, is generally non-ionizing and cannot directly break molecular bonds in biological tissues
(1). Tonizing radiation can produce significant biological effects mainly by damaging cellular DNA. This damage can
occur through two main mechanisms: direct and indirect interactions. In direct interactions, radiation deposits energy
directly into the DNA molecule, causing ionization events that can result in single-strand breaks, double-strand breaks,
and point mutations. Double-strand breaks are especially serious because they are difficult for cellular repair systems to
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fix without errors (2). Indirect damage happens when ionizing radiation interacts with water molecules inside cells,
generating highly reactive chemical species called reactive oxygen species (ROS). A typical ionization reaction is

HO+y—>HO"+e,

which subsequently leads to the formation of free radicals such as OH-, O, and H,O,. These reactive species can oxidize
nucleic acid bases, modify DNA structure, and disrupt cellular metabolism, thereby contributing to mutagenesis or cell
death (2,3). The biological impact of ionizing radiation depends on several factors, including the absorbed dose, duration
of exposure, radiation quality, and physiological characteristics of the exposed individual. The absorbed dose D is defined
as

D = Eaps/m,

where Eas is the energy absorbed by the tissue and m is the mass of the irradiated material. The unit of absorbed dose is
the gray (Gy). The biological effect of radiation exposure is often expressed through the equivalent dose

H:DWR,

where wr is a radiation weighting factor that accounts for the relative biological effectiveness of different radiation types;
the unit is the sievert (Sv) (1). In radiobiology, the relationship between radiation dose and cell survival is frequently
described using the linear—quadratic model

S(D) = exp[~(aD+BD?)],

where S(D) represents the surviving fraction of cells after an absorbed dose D, and o and P are empirical parameters that
characterize cellular radiosensitivity. The linear term aD describes damage caused by a single radiation track, whereas
the quadratic term BD? accounts for damage arising from the interaction of two independent radiation events. This model
is widely used in radiobiology and radiation therapy to predict tissue responses to ionizing radiation (4). At the level of
the central nervous system (CNS), ionizing radiation can affect both neurons and supporting cells. Mature neurons are
largely non-dividing but are particularly sensitive to oxidative stress and metabolic disturbances. Radiation exposure may
therefore induce neuronal dysfunction, inflammation, vascular injury, and demyelination. Neural stem cells located in the
hippocampus are highly radiosensitive, and damage to these cells may lead to apoptosis, impaired neurogenesis, and long-
term cognitive deficits (2,3). High or prolonged radiation doses can overwhelm cellular repair mechanisms and may result
in permanent tissue injury, radiation necrosis, or an increased risk of tumor development. Clinical manifestations of
significant brain irradiation may include headache, nausea, confusion, cerebral edema, and neurological impairment.

During embryonic development, the CNS is particularly vulnerable, and exposure to ionizing radiation can lead to
developmental abnormalities or long-term neurocognitive impairment (1-3). By contrast, low-dose exposures such as
those associated with diagnostic imaging procedures, including computed tomography (CT), generally present a very
small risk because cellular repair mechanisms, particularly DNA repair pathways, can correct most radiation-induced
lesions. Diagnostic exposures are typically in the millisievert range and are considered relatively safe when medically
justified (3).

Therapeutic management of radiation-induced brain injury depends on the severity of the damage. Corticosteroids are
commonly used to reduce inflammation and cerebral edema. Antioxidants, including vitamins C and E and N-
acetylcysteine, may help mitigate oxidative stress caused by free radicals. In some cases, therapies targeting vascular
endothelial growth factor (VEGF) may reduce abnormal vascular permeability and radiation-induced vascular changes.
In severe situations involving radiation necrosis or mass effects, surgical intervention may be required (2).

It is important to distinguish ionizing radiation from non-ionizing radiation present in natural astrophysical
environments. The photons of the CMB correspond to a black-body radiation field with a temperature T of approximately
T=2.725 K. The characteristic photon energy can be estimated using

E= kBT,

with kg denoting Boltzmann’s constant. This yields an energy of approximately 2x107* eV, many orders of magnitude
smaller than the energy required to break chemical bonds or ionize atoms. Consequently, CMB radiation has no
measurable biological effects on living organisms, whereas ionizing radiation such as X-rays, gamma rays, and energetic
particles can damage DNA and other cellular structures, including neurons of the brain. From the perspective of Non-
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equilibrium Thermodynamics, radiation-induced biological damage may also be interpreted as an irreversible process
associated with entropy production. When ionizing radiation deposits energy in biological tissue, it drives the system
away from thermodynamic equilibrium by producing ionization events, molecular fragmentation, and chemically reactive
species. These processes increase microscopic disorder and lead to a net production of entropy. Within the theoretical
framework of irreversible thermodynamics developed by scientists such as Ilya Prigogine and Lars Onsager, the rate of
entropy production in an open system can be expressed in compact form as

dS/dt =31 X,

where dS/dt represents the entropy production rate, Ji denotes the thermodynamic fluxes (such as diffusion of reactive
species or energy transfer), and X; represents the corresponding thermodynamic forces that drive the system away from
equilibrium, respectively (5-7). In irradiated biological tissues, these forces originate from gradients in chemical
potentials, concentrations of reactive species, and localized energy deposition. The resulting irreversible processes, such
as radical diffusion, biochemical reactions, and cellular repair mechanisms, convert absorbed radiation energy into heat,
chemical changes, and increased entropy, while biological regulatory systems work to maintain cellular organization.
Recent theoretical research suggests that entropy production at mesoscopic scales may be subject to fundamental
constraints and potential quantization properties, offering a deeper thermodynamic view of irreversible processes in small
systems (8-10).

DISCUSSION

Ionizing radiation encompasses electromagnetic (X-rays, gamma rays) and particulate (alpha particles, beta particles,
neutrons) forms characterized by energies sufficient to ionize atoms and disrupt molecular bonds (11). As detailed in the
section lonizing Radiation, Neural Damage, and Entropy Production in Biological Systems, the physical basis of this
interaction lies in photon energies exceeding the ionization threshold (~10 eV), enabling direct bond cleavage and charge
separation within biological macromolecules (12). Once absorbed by neural tissue, this energy initiates a cascade of
physicochemical events that extend beyond immediate DNA damage to broader cellular and tissue-level dysfunction (13).

In the CNS, radiation injury is mediated by both direct genomic insult and indirect oxidative mechanisms. Double-
strand DNA breaks represent a pivotal lesion, given their potential to induce apoptosis, senescence, or malignant
transformation when misrepaired. However, neuronal damage is not exclusively genomic (14). Ionization of intracellular
water leads to the formation of ROS, amplifying oxidative stress, lipid peroxidation, mitochondrial dysfunction, and
neuroinflammatory signaling (15). These processes contribute to synaptic impairment, white matter injury, and disruption
of the neurovascular unit. Although mature neurons are post-mitotic and relatively resistant to radiation-induced
oncogenesis, they are metabolically demanding and particularly vulnerable to oxidative imbalance. In contrast, neural
stem and progenitor cells, especially within the hippocampus, exhibit marked radiosensitivity (16). Injury to these
proliferative populations compromises neurogenesis and has been linked to persistent cognitive deficits. The embryonic
and developing brain is even more susceptible, reflecting high proliferative activity and critical windows of
neurodevelopment, during which radiation exposure may lead to long-term structural and functional abnormalities.

Clinical manifestations of CNS irradiation depend strongly on dose, fractionation, and individual susceptibility. Acute
or subacute effects may include cerebral edema, headache, nausea, confusion, and inflammatory responses (17). Chronic
high-dose exposure can result in demyelination, vascular damage, and radiation necrosis (18). In contrast, low-dose
diagnostic exposures, such as those from CT, are associated with a very small absolute risk when medically justified,
owing to the efficiency of endogenous DNA repair and antioxidant systems (19). Therapeutic management remains
primarily supportive and symptom-oriented. Corticosteroids are widely employed to control cerebral edema and
inflammation (20). Anti-VEGF agents may reduce vascular permeability in selected cases of radiation necrosis (21).
Antioxidant strategies have been investigated to counteract ROS-mediated injury, though clinical evidence remains
variable. Surgical intervention is reserved for refractory necrotic lesions or significant mass effect. Emerging approaches,
including stem cell-based therapies and regenerative strategies, are under active investigation but require further
validation before routine clinical application. From a broader biophysical perspective, radiation-induced CNS injury can
be interpreted as an irreversible process within the framework of non-equilibrium thermodynamics. Energy deposition
drives neural tissue away from steady-state organization, generating chemical gradients, molecular fragmentation, and
dissipative biochemical reactions. Entropy production, expressed in compact thermodynamic form as

dS/dt =31 Xi,

reflects the coupling between thermodynamic fluxes (e.g., diffusion of reactive species, metabolic heat flow) and their
corresponding driving forces (22). In this view, oxidative cascades, inflammatory responses, and repair mechanisms
represent dissipative processes that convert absorbed radiation energy into heat and chemical transformations, while
cellular regulatory systems strive to preserve structural and functional order. Integrating radiobiological mechanisms with
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thermodynamic principles provides a unifying conceptual framework linking molecular damage, cellular response, and
tissue-level dysfunction (23). Such interdisciplinary integration may enhance predictive modeling of radiation effects,
improve risk assessment, and guide the development of targeted neuroprotective strategies (24). Future research
combining quantitative radiobiology, systems neuroscience, and mesoscopic thermodynamic modeling could further
clarify thresholds of reversibility and optimize both preventive and therapeutic interventions in radiation-exposed
populations.

CONCLUSIONS

In conclusion, it can be stated that the cosmic background of microwaves has no biological effects on living organisms,
while ionizing radiation can damage DNA and other cellular structures, including neurons. The fundamental distinction
lies in photon energy: radiation associated with the CMB, characterized by a temperature of approximately 2.7 K,
possesses photon energies many orders of magnitude below the ionization threshold required to disrupt chemical bonds.
In contrast, ionizing radiation, such as X-rays, gamma rays, and energetic particles, carries sufficient energy to remove
electrons from atoms and initiate molecular instability within biological tissues. Within the CNS, radiation-induced injury
reflects a complex interplay of direct DNA ionization, oxidative stress mediated by ROS, neuroinflammatory activation,
and vascular impairment. Double-strand DNA breaks represent a critical lesion with potential long-term consequences,
particularly when repair mechanisms are overwhelmed or inaccurate. Neural stem and progenitor cells exhibit marked
radiosensitivity, and their damage may contribute to persistent cognitive impairment. Although mature neurons are post-
mitotic, they remain highly vulnerable to oxidative and metabolic disturbances that may alter synaptic integrity and white
matter structure.

The clinical impact of radiation exposure is strongly dose-dependent. Low-dose diagnostic exposures are associated
with minimal absolute risk when appropriately justified, owing to efficient endogenous repair systems. Conversely, high
or cumulative exposures can exceed biological repair capacity, leading to irreversible tissue injury, radiation necrosis, or
increased oncogenic risk. Therapeutic strategies currently focus on mitigating inflammation, vascular dysfunction, and
oxidative damage, while regenerative approaches remain under investigation. From a broader physical perspective,
radiation-induced biological damage may be interpreted as an irreversible process within the framework of Non-
equilibrium Thermodynamics. Energy deposition drives neural tissue away from thermodynamic equilibrium, generating
molecular fragmentation, chemical gradients, and entropy production. The cellular response, including DNA repair,
antioxidant activation, and metabolic adaptation, constitutes a dissipative effort to restore homeostasis while complying
with the second law of thermodynamics. This interdisciplinary interpretation links radiobiology with fundamental
physical principles and provides a coherent conceptual framework for understanding radiation-induced CNS injury.
Future research integrating quantitative radiobiology, neuroscience, and thermodynamic modeling may improve risk
stratification, optimize radioprotective strategies, and refine therapeutic interventions. A deeper understanding of the
thresholds between reversible adaptation and irreversible damage will be essential for advancing both clinical
management and theoretical insight into radiation—biological interactions.
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ABSTRACT

Ageing leads to decreased bone density and progressive cognitive decline due to cellular and molecular changes in
the body. Physical activity can slow ageing and improve cognitive function in the brain. Bone, formed by osteoblasts,
osteoclasts, and osteocytes, is continuously renewed and maintains bone homeostasis. In ageing, bone resorption exceeds
bone formation, resulting in bone loss and subsequent osteoporosis and fractures. With age, osteoclasts resorb more bone,
while osteoblasts form less, hormone production declines, physical activity decreases, calcium absorption declines, and
low-grade chronic inflammation mediated by inflammatory cytokines sets in. Physical activity stimulates the formation
of new bone, increases muscle strength which protects bones, and improves both physical and mental health. With ageing,
the receptor activator of nuclear factor kB ligand (RANKL) stimulates osteoclasts, while osteoprotegerin (OPG) inhibits
it. RANKL activates the formation of osteoclasts, which are responsible for bone resorption, while OPG inhibits
osteoclasts and regulates bone remodelling. The RANKL/RANK binding recruits tumor necrosis factor receptor (TNFR)-
associated factor 6 (TRAFO), activating transcription factors such as NF-kB, c-Fos, and the master transcription factor,
NFATcl. NFATc] does not directly stimulate bone formation but regulates the resorption phase of bone remodelling.
Ageing causes a decline in neurotransmitters such as dopamine, acetylcholine, and serotonin, resulting in reduced
cognitive performance. Physical activity positively influences both bone and brain ageing through mechanical, metabolic,
and molecular mechanisms. In conclusion, ageing leads to a decline in bone mass and cognitive performance, which can
be improved through physical activity.
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INTRODUCTION

Decreased bone density and reduced brain activity are processes related to ageing that result from cellular and
molecular changes affecting metabolism, neuronal activity, inflammation, and hormone production (1). Physical activity
can slow these changes that occur with ageing (2).

A large number of published articles report that sports and physical activity can slow the ageing process that occurs
in the bones and brain (3). The age-related decline in bone density results from bone remodelling, a dynamic balance
between bone formation and resorption (4). Bone is a dynamic tissue that is continuously renewed by osteoblasts,
osteoclasts, and osteocytes (5). Osteoblasts are the cells responsible for the formation of new bone. They derive from
mesenchymal stem cells in the bone marrow and play an important role in bone tissue repair (6). Osteoclasts are cells
specialised in bone tissue degradation (bone resorption) where they degrade bone by dissolving the mineral component,
creating a closed zone on the bone surface, and pumping hydrogen ions (7). This lowers the pH and dissolves
hydroxyapatite crystals (8). Additionally, osteoclasts play a key role in the degradation of the organic matrix by producing
proteolytic enzymes such as cathepsin K and metalloproteinases that degrade type 1 collagen and other proteins
(9). Osteocytes are mature bone cells derived from osteoblasts and represent approximately 93% of bone tissue cells.
Their main function is to maintain and regulate bone tissue by regulating the exchange of calcium, phosphate, and other
minerals, contributing to bone homeostasis (10).

DISCUSSION

During ageing, bone resorption exceeds bone formation, causing bone loss and the development of osteoporosis, a
skeletal disease characterised by a reduction in bone mineral density and alterations in bone microarchitecture, making
bones more fragile and prone to fracture (11). Osteoporosis involves progressive bone loss; osteoclasts resorb more bone,
and osteoblasts form less (12). With age, there is reduced hormone production, physical activity, and absorption of
calcium and vitamin D, and bone density tends to decrease, making bones more fragile and more likely to fracture (13).
Physical activity stimulates the formation of new bone tissue, increases muscle strength, which protects bones, and
improves balance and reduces falls (14).

The main molecular pathways involved in bone density decline with ageing are the RANK/RANKL/OPG system,
where receptor activator of nuclear factor kB ligand (RANKL) stimulates osteoclasts and osteoprotegerin (OPG) inhibits
them (15). RANKL is an important protein in regulating bone remodelling. It belongs to the cytokine family and is
produced by various cells, such as certain immune system cells, osteoblasts, osteocytes, and bone marrow stromal cells
(16).

RANKL activates the formation of osteoclasts responsible for bone resorption. RANKL binds to its receptor, RANK,
present on osteoclast precursors and activates the NF-kB pathway, resulting in the subsequent differentiation of precursors
into mature osteoclasts and increased bone resorption (17).

OPG is an important glycoprotein in regulating bone remodelling because it inhibits osteoclast formation, reducing
bone resorption (18). This molecule also belongs to the tumor necrosis factor (TNF) receptor family and is primarily
produced by bone marrow stromal cells, endothelial cells, osteoblasts, and osteocytes. OPG's function is to block
osteoclast activation through the decoy receptor (19).

In bone metabolism, OPG binds to RANKL, preventing it from binding to RANK, an effect that reduces osteoclast
formation and bone resorption (20). Physiologically, OPG maintains the balance between bone formation and resorption.
During ageing, RANKL increases and OPG decreases, which leads to increased bone resorption and a decrease in a series
of hormones such as growth hormone, insulin-like growth factor 1 (IGF-1), estrogen, and testosterone, with a reduction
in bone formation (21). Ageing occurs with low-grade chronic inflammation, with increased pro-inflammatory cytokines
such as IL-1, TNF, and IL-6 (22). These cytokines activate osteoclasts by increasing the RANK/RANKL system, the
main molecular mechanism of osteoclastogenesis (23).

The RANKL/RANK binding recruits TNF receptor-associated factor 6 (TRAF6), activating transcription factors and
the NF-«B, c-Fos, and NFATcl, the main transcription factor that is the "master regulator" of osteoclast differentiation
(24). TRAF6 is a determinant signalling adaptor protein in bone metabolism, especially in osteoclast differentiation during
bone remodelling (25). TRAF6 is involved in both osteoclastogenesis and osteogenesis (26). Indeed, bone remodelling
depends on the balance between bone-forming osteoblasts and osteoclasts, which are responsible for bone resorption.

NFATc1 does not directly stimulate bone formation but regulates the resorption portion of bone remodelling. NFATc1
is essential for osteoclast differentiation, and without this molecule, monocyte/macrophage precursors do not transform
into osteoclasts (27). NFATc1 activation occurs with the formation of NF-kB and c-Fos, which induce the expression of
NFATCc1, which becomes the master regulator of osteoclast differentiation (28). NFATc] activates genes for osteoclast
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function, such as cathepsin K, which degrades bone matrix, and TRAP, an osteoclast marker. In the nucleus, NFATcl
activates calcitonin receptor genes required for osteoclast formation and function (29). Calcitonin is a hormone produced
by thyroid C cells involved in bone metabolism, primarily by inhibiting osteoclast activity and, therefore, bone resorption.
It does not directly stimulate osteogenesis, but it reduces bone loss (30). The calcitonin receptor is the receptor through
which calcitonin exerts its effects on bone tissue (31). The calcitonin receptor is expressed primarily on mature osteoclasts
and mediates calcitonin's inhibition of bone resorption.

In osteoblasts, IL-1 increases RANKL expression, enhances the activity of mature osteoclasts, and reduces OPG
production. TNF stimulates RANKL production (even when RANKL levels are low) and directly activates NF-kB in
osteoclast precursors. IL-6 acts through gp130 and increases RANKL production (12).

During ageing, the brain undergoes structural and functional changes, resulting in a reduction in brain function,
including synaptic loss or reduction, reduced neuronal plasticity, decreased neurogenesis (most notably in the
hippocampus), mitochondrial dysfunction, and oxidative stress (32). Ageing also results in a reduction in neurotrophic
factors such as brain-derived neurotrophic factor (BDNF), impaired memory (33), and a decline in neurotransmitters such
as dopamine, acetylcholine, and serotonin, resulting in a reduction in cognitive speed (34).

Physical activity during ageing affects both the bones and the brain through mechanical, metabolic, and molecular
mechanisms (35). Mechanical stimulation of the bones activates osteocytes, which produce osteoblasts (36). Exercise
increases growth hormone, testosterone, and insulin sensitivity, effects that lead to improved bone metabolism (37).
Physical activity also affects the brain by increasing neurotrophic factors, including increased levels of vascular
endothelial growth factor (VEGF), IGF-1, and BDNF, resulting in increased neurogenesis, memory, and synaptic
plasticity. Furthermore, vascularization is improved, and aerobic activity increases cerebral blood flow and cerebral
angiogenesis (38). Exercise reduces levels of pro-inflammatory cytokines and increases the production of anti-
inflammatory ones such as IL-10 (39).

CONCLUSIONS

In conclusion, it can certainly be stated that ageing results in low-grade inflammation, with loss of bone density,
imbalanced bone remodelling, reduced brain activity, and decreased neuronal plasticity. Exercise stimulates osteoblasts
and bone formation, increases neurotrophic factors, improves metabolism, and reduces inflammation, resulting in
improved physical, skeletal, and cognitive functions.
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INTRODUCTION

Periodontitis is chronic inflammation of the dental tissues that can affect the alveolar bone, gums, and periodontal
ligament (1). Periodontal disease is a complication that frequently occurs in type 1 diabetes mellitus due to dysregulated
immune responses and alterations of neutrophils (2,3). Neutrophils play a key role in the innate immune response and
periodontal disease in type 1 diabetics, where these immune cells are overactive and underactive. In type 1 diabetes,
periodontitis is common, very aggressive, and affects the metabolic system. This immune abnormality leads to increased
vulnerability to infections and severe inflammation with the formation of microangiopathy (4). P. gingivalis may
overgrow, exacerbating the disease due to ineffective neutrophil phagocytosis, with damage to periodontal tissues,
including bone and ligaments.

DISCUSSION

Immune dysregulation leads to impaired coagulation and impaired tissue healing. Altered neutrophil function occurs
at the systemic tissue level, contributing to the chronic inflammatory phenomenon. Neutrophils possess various surface
receptors that are crucial for detecting pathogens. The most important inflammatory receptors involved in periodontal
disease include Toll-like receptors (TLRs) for pathogen recognition, Fc receptors (FcyRs) for antibody-bound targets,
complement receptors CR1, CR3, and CR4, and chemoattractant chemokine receptors (e.g., CXCR1/2) that drive cellular
chemotaxis (5). People with type 1 diabetes have reduced neutrophil receptor activity and neutrophil counts in the
bloodstream, but not in the pancreas, due to an imbalance in cell migration. Activated tissue neutrophils migrate to the
site of infection and release a wide variety of molecules against microorganisms, including reactive oxygen species
(ROS), leukotrienes, prostaglandins, and inflammatory cytokines, modulating inflammation (6). The inflammatory effect
alters the immune response, favouring the attack of microorganisms.

Type 1 diabetes is characterized by a severe chronic increase in blood glucose levels, leading to neutrophil
dysfunction. Hyperglycemia causes a severe biochemical alteration in neutrophils, with non-enzymatic glycation. High
glucose levels lead to alterations in neutrophil membranes, FcyRs, and intracellular enzymes such as serine proteases,
metabolic enzymes, and cationic proteins. Serine proteases in neutrophil primary granules are divided into Cathepsin G,
a serine protease involved in antibacterial defence and matrix degradation, and proteinase 3, involved in inflammation

and tissue remodelling (7). The secondary granules contain different enzymes. Myeloperoxidase is an enzyme composed
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of azurophilic granules that is essential for the production of hypochlorous acid. Lysozyme is an enzyme that attacks the
cell wall of bacteria. NADPH oxidase is an enzyme complex that assembles on the membrane to produce free radicals
and matrix metalloproteinase-9 is a major enzyme contained in the tertiary granules which degrades type IV collagen,
facilitating neutrophil migration.

Advanced glycation end products are harmful compounds formed by the non-enzymatic bonding of sugars with
proteins, lipids, or nucleic acids. They accumulate in the body due to hyperglycemia and bind to the receptor for advanced
glycation end products expressed on neutrophils, activating protein kinase C (PKC), mitogen-activated protein kinase
(MAPK), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB), which results in the transcription
of'adhesion molecules and pro-inflammatory cytokines (8). Type 1 diabetes causes mitochondrial oxidative stress, causing
the production of ROS, DNA damage, and oxidation of lipids and cytoskeletal membranes (9). Furthermore, elevated
glucose levels alter neutrophil chemotaxis, reduce membrane fluidity, and modify chemokine receptors.

In animal models of type 1 diabetes, neutrophils, in addition to participating in inflammation, have been reported to
contribute to the damage of pancreatic beta cells located in the islets of Langerhans which are responsible for insulin
production (10). Pro-inflammatory substances can activate dendritic cells, increase the response of autoreactive T cells,
and fuel the presentation of autoantigens.

CONCLUSIONS

In conclusion, in type 1 diabetes, neutrophil dysfunction is linked to metabolic alterations, chemotaxis, and factors
that contribute to inflammation and autoimmune disease.
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ABSTRACT

Immunoreceptor tyrosine-based inhibitory motif (TIGIT) is an inhibitory immune receptor expressed primarily on
Treg lymphocytes, CD4" and CD8" lymphocytes, and natural killer (NK) cells. Activation of these immune cells leads to
increased TIGIT expression which can occur in pathological states such as chronic infections and tumors. TIGIT binds to
the ligands CD155 and CD112 expressed on various cells such as dendritic cells, epithelial cells, macrophages, and tumor
cells, exerting its inhibitory function. When TIGIT binds to CD226 or DNAX Accessory Molecule-1 (DNAM-1), it
deactivates it by competing with it. If TIGIT is blocked with monoclonal antibodies, the immune response, particularly
that of T cells, is restored. Intracellular immunoreceptor tyrosine-based inhibitory motif (ITIM) plays an important role
in the nervous system where its activation mediates inhibitory signals, especially at the immune level, where immune
cells such as microglia express ITIM. ITIM participates in synaptic regulation and neuronal activity and is altered in
diseases such as Alzheimer's disease and Parkinson's disease. TIGIT binds to CD155/CD112 and activates the
phosphorylation of the ITIM motif, recruiting SHP-1/SHP-2 phosphatases and inhibiting TCR signalling and
inflammation. When the TIGIT receptor binds to its external ligands, the intracellular ITIM domain is phosphorylated,
resulting in intracellular inhibition of T lymphocytes, microglia, and cytotoxic cells. Activation of ITIM recruits inhibitory
proteins (phosphatases) and blocks activating signaling pathways. In other words, TIGIT uses the ITIM to suppress the
immune response.

KEYWORDS: Immunoreceptor tyrosine-based inhibitory motif, TIGIT, ITIM, receptor, CNS, immunology

INTRODUCTION

Cytotoxic T-lymphocyte antigen 4 (CTLA-4) is a receptor on the surface of T lymphocytes that acts as an off switch
for the immune system (1). Inhibiting T-lymphocyte activation via CTLA-4 can prevent autoimmune reactions and
maintain homeostasis, while deactivating CTLA-4 can enhance the immune response in tumors, as it is suppressed in
these cases (2). Immunoreceptor tyrosine-based inhibitory motif (TIGIT) is an inhibitory receptor expressed primarily
on T lymphocytes that plays a key role in regulating the immune response and is particularly studied in immunology and
oncology (3). CTLA-4 and TIGIT are both immune checkpoints that participate in the negative regulation of the immune
response, especially in T lymphocytes and in contexts of autoimmunity and neuroinflammation, and act through
complementary and synergistic mechanisms (2).
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The T-cell immune receptor with Ig and intracellular immunoreceptor tyrosine-based inhibitory motif (ITIM) domains
is expressed on regulatory T cells (Tregs), CD4" and CD8" lymphocytes, and natural killer (NK) cells. CTLA-4 and
TIGIT are two inhibitory immune checkpoints that regulate T-cell activation and immune tolerance (4). The molecular
structure of CTLA-4 and TIGIT differs in that CTLA-4 possesses an intracytoplasmic tyrosine inhibitory motif, while
TIGIT possesses a motif involving ITIM and ITT-like motifs (5). They are both surface receptors that transmit inhibitory
signals by binding to ligands. TIGIT expression increases when CD4" T cells are activated or during chronic stimulation
caused by chronic infections or tumors (6). TIGIT primarily uses the ligands CD155 and CD112, which are expressed on
dendritic cells, epithelial cells, macrophages, and tumor cells, but can also bind and disactivate CD226 (activator), also
known as DNAX Accessory Molecule-1 (DNAM-1), a surface glycoprotein expressed on various immune cells, including
T lymphocytes. (7). TIGIT has a higher affinity for CD155, competing with CD226, and blocks the activation signal (8).
The TIGIT receptor binds to CD155 and, through its cytoplasmic domain, transmits inhibitory signals to the immune and
inflammatory systems.

IMMUNORECEPTOR TYROSINE-BASED INHIBITORY MOTIF

TIGIT is a checkpoint inhibitor and has a cytoplasmic domain that allows it to signal intracellularly (9,10). TIGIT acts
as an inhibitory receptor of the immune system and mediates inflammation (11,12). TIGIT binds to its ligand CD155 and
inhibits the T-cell response involved in the destruction of tumor cells. Inactivating and blocking TIGIT with monoclonal
antibodies restores the T-cell immune response (13). The use of TIGIT inhibitors in combination with PD-1 inhibitors
can restore the T-cell response in acquired T-cell immune deficiencies (14-16). This novel approach could be used alone
or in combination with other immunostimulatory drugs.

ITIM is a protein with a specific amino acid sequence containing tyrosine present in the cytoplasmic portion of some
membrane receptors and has important interactions with the nervous system (6,17,18). ITIM is present in the cytoplasmic
tail of several inhibitory immune receptors, including TIGIT (19). ITIM is a regulator that, when activated, leads to
intracellular inhibitory signals.

ITIMs are present in many inhibitory receptors of immune cells, such as NK cell receptors, FcyRIIB receptors of B
lymphocytes, and some macrophage receptors (20). When the tyrosine is phosphorylated, the ITIM can recruit inhibitory
enzymes. The reaction begins with the binding of the ligand to its receptor, and the tyrosine of the ITIM is phosphorylated
by tyrosine kinase. The phosphorylated site subsequently recruits cytoplasmic phosphatases, especially SHP-1 and 2, and
SHIP (21).

Reactive phosphatases suppress or attenuate cellular activation signals. These reactions lead to the inhibition of the
cellular response, and primarily to preventing an excessive immune response, as occurs in autoimmune diseases (22).
Microglia in the central nervous system (CNS) express ITIM, which controls neuroinflammation and regulates the
immune response (23). ITIM domains may participate in synaptic regulation and modulation of intracellular signaling in
neurons (24). Alterations of these pathways occur in many neurological diseases, including Alzheimer's disease and
Parkinson's disease (17). Ligand activation of the receptor causes phosphorylation of the ITIM/ITT motifs, recruitment
of phosphatases such as SHIP1, and inhibition of the T cell receptor (25). These reactions lead to decreased levels of NK
cell cytotoxicity, T cell proliferation, and production of pro-inflammatory cytokines. In dendritic cells, TIGIT binding to
its receptor CD155 can induce the production of anti-inflammatory cytokines and inhibition of IL-12, promoting a low-
grade immune response (26).

TIGIT acts through an important mechanism of negative regulation of the immune response and also plays a
significant role in immunity and inflammation in the CNS (27). Excessive immune system activity and
neuroinflammation can damage neurons and glial cells, but many inhibitory receptors are activated when this occurs to
contain immune cells and control the inflammation. The TIGIT ligands CD155 and CD112 can be expressed by CNS
microglia, endothelial cells, and dendritic cells (28). Activation of TIGIT through these ligands leads to a decrease in the
production of pro-inflammatory cytokines such as IL-1, TNF, IL-6, and IFNy, and promotes the production of Treg cells
and anti-inflammatory cytokines such as IL-10. (29). In some CNS diseases, TIGIT has been shown to be effective in
protecting and reducing neuroinflammation.

TIGIT activates the phosphorylation of the ITIM motif to recruit phosphatases (SHP-1/SHP-2) and inhibit TCR
signaling and inflammatory pathways (30). This leads to reduction of T cell activity in the CNS, control of
neuroinflammation, and increased immune tolerance (31). In addition, TIGIT regulates T-cell activity in
neuroinflammation, increasing Treg cell activity and reducing the production of pro-inflammatory cytokines. TIGIT helps
limit excessive immune activation in many neurological diseases such as autoimmune encephalitis, Alzheimer's disease,
multiple sclerosis, and Parkinson's disease.

Inflammation is mediated by immune cells such as dendritic cells, microglia, and CNS T lymphocytes (32). The TIGIT
receptor with an extracellular Ig-like domain and the ITIM and ITT-like motif bind the ligands CD155 and CD112 (33).
The binding of TIGIT to CD155 leads to phosphorylation of the ITIM domain, recruitment of phosphatases, and inhibition
of PI3K/Akt and MAPK (34). Thus, TIGIT utilizes two competing ligands; CD155 is an inhibitor of immune activation,
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while CD226 is an activator. When CD155 predominates, IL-10 is activated and inflammation is reduced, while when
CD226 predominates, pro-inflammatory cytokines are increased (26).

CONCLUSIONS

TIGIT is an inhibitory immune checkpoint that controls neuroinflammation but with effects that can also be
contrasting, depending on the context. TIGIT could be useful in the treatment of autoimmune and neurodegenerative
diseases, such as Alzheimer's disease, where there is an excessive inflammatory response.
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ABSTRACT

Introduction: Severe maxillary atrophy represents one of the most challenging conditions in contemporary implant
dentistry. Traditional treatment paradigms have long been polarized between extensive reconstructive procedures and
long-span “rescue” implant solutions. However, advances in digital planning, biomechanical understanding, and anatomy-
driven surgical strategies are redefining decision-making in complex atrophic cases. Discussion: Reconstructive
techniques, including sinus augmentation and guided bone regeneration, have demonstrated clinical effectiveness but are
frequently associated with increased surgical burden, extended treatment times, and cumulative biological risk. Remote
anchorage concepts, such as zygomatic, pterygoid, and trans-sinus implants, offer a biologically and biomechanically
distinct alternative by exploiting high-density basal bone. Contemporary anatomy-guided protocols emphasize
individualized implant trajectories, integration of digital workflows, and prosthetically driven planning. Functional
considerations, including temporomandibular conditions, as well as long-term maintenance strategies and peri-implant
complication management, play a critical role in therapeutic sustainability. Conclusions: The management of severe
maxillary atrophy is evolving from a reconstructive dogma toward an anatomy-driven, patient-centered approach. Remote
anchorage should not be regarded as a compromise, but as an adaptive strategy integrating biomechanics, digital precision,
soft-tissue management, and ethical responsibility. Long-term success must be evaluated beyond implant survival,
incorporating therapeutic efficiency, functional stability, and patient-related outcomes.

KEYWORDS: Severe maxillary atrophy, zygomatic implant, remote anchorage, anatomy-driven implantology, full-arch
rehabilitation, digital workflow, peri-implantitis, basal bone anchorage, implant biomechanics

INTRODUCTION

The functional and esthetic rehabilitation of patients affected by severe maxillary atrophy continues to represent one
of the most complex challenges in contemporary implant dentistry. In this clinical scenario, where volumetric deficiency
is frequently associated with biological fragility and high rehabilitative expectations, scientific debate has long been
polarized between two opposing approaches: extensive reconstructive techniques and long-span “rescue” implant
solutions.
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Contemporary clinical evidence suggests, however, that this dichotomy is progressively becoming obsolete. Attention
is shifting toward an anatomy-driven remote anchorage philosophy that prioritizes the strategic use of pre-existing basal
bone rather than the artificial reconstruction of lost alveolar volume. This approach enables a reduction in treatment time
and surgical morbidity while ensuring more predictable biomechanical stability by exploiting high-density bone regions
that are less susceptible to alveolar resorption.

The evolution of the field no longer concerns implant length or insertion site alone, but rather an increasingly
integrated interaction among biology, biomechanics, and digital technology. Long-term success does not end with the
surgical procedure itself; soft-tissue management, complication control, and functional stability are equally critical
determinants. Recent literature emphasizes the importance of advanced surface decontamination protocols and
regenerative approaches in the management of peri-implantitis, underscoring how the sustainability of rehabilitation
depends on a comprehensive and multidisciplinary treatment perspective.

Taken together, the available evidence delineates a transition toward adaptive, patient-centered implant dentistry. The
objective is no longer limited to implant survival, but to rehabilitative excellence achieved through respect for individual
anatomy and therapeutic efficiency, marking a decisive shift from reconstructive dogma toward informed anatomical
precision.

MATERIALS AND METHODS

Study Design

This study is based on a structured narrative review and critical analysis of the international scientific literature aimed
at exploring contemporary treatment strategies for severe maxillary atrophy, with particular focus on the transition from
extensive reconstructive procedures to anatomy-driven remote anchorage concepts.

The review specifically examined biological, biomechanical, prosthetic, digital, and ethical considerations influencing
treatment planning in complex atrophic maxillae.

Sources and Search Criteria

Databases: The literature search was conducted using major electronic biomedical databases, including PubMed
(MEDLINE) and Scopus.

Keywords and Search Terms: Search strategies were developed using combinations of keywords and MeSH terms
related to the topic. The primary search terms included: “Severe maxillary atrophy”, “Zygomatic implants”, “Remote
anchorage”, “Trans-sinus implants”, “Pterygoid implants”, “Full-arch rehabilitation”, “Anatomy-driven implant
placement”, “Digital workflow in implant dentistry”, “Peri-implantitis management”, “Temporomandibular disorders and
implant rehabilitation” and “Soft tissue management in implant surgery”.

Boolean operators (AND, OR) were used to refine the search strategy.

Reference Period: Priority was given to recent publications to reflect contemporary clinical paradigms. However,
historically significant publications addressing prosthetically driven planning, zygomatic implant concepts, and
foundational biomechanical principles were also included when considered essential for contextual understanding.

Types of Studies Included

Eligible publications included systematic reviews and meta-analyses focusing on zygomatic and trans-sinus implant
rehabilitation, as well as prospective and retrospective clinical studies reporting survival rates, biological and mechanical
complications, and long-term outcomes. Clinical case series addressing the management of complex atrophic maxillae
were also considered. In addition, in vitro and in vivo investigations examining implant surface characteristics, biological
responses, and osseointegration dynamics were included when relevant to the biomechanical rationale of remote
anchorage. Particular attention was given to studies evaluating peri-implantitis treatment strategies and surface
decontamination protocols, as well as research exploring temporomandibular disorders and functional risk assessment in
implant-supported full-arch rehabilitations. Technical reports and methodological studies describing digital workflow
integration and virtual patient protocols were incorporated to contextualize contemporary planning strategies.

Opinion papers without scientific support and studies lacking methodological clarity were excluded.

Data Extraction

For each selected publication, relevant information was systematically extracted and organized according to key
thematic domains. These included the surgical approach adopted, distinguishing between reconstructive and remote
anchorage strategies, implant survival and complication rates, biomechanical principles governing load distribution, and
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functional considerations, particularly with respect to temporomandibular implications. Additional data were collected
regarding digital planning accuracy, prosthetic integration, soft-tissue management, and wound stability. Specific
emphasis was placed on the management of peri-implant biological complications and on patient-centered outcomes,
including quality of life measures and overall therapeutic burden.

Synthesis and Interpretation

Extracted data were synthesized and thematically organized to provide a comprehensive overview of current strategies
in the management of severe maxillary atrophy.

The interpretation of findings was guided by a clinically translational perspective, emphasizing the integration of
anatomical assessment, biomechanical rationale, digital precision, and ethical responsibility in treatment selection.

Rather than performing a quantitative meta-analysis, the objective was to construct a structured decision-making
framework reflecting contemporary evidence and practical clinical implications.

DISCUSSION

Severe maxillary atrophy remains one of the most complex and demanding clinical scenarios in implant dentistry,
where biological limitations, surgical risks, and patient vulnerability converge. Despite advances in biomaterials and
regenerative techniques, the management of extreme maxillary resorption continues to be framed as a dichotomy between
extensive reconstructive procedures and long-span “rescue” implant solutions. However, this polarized perspective
appears increasingly misaligned with contemporary clinical evidence and modern decision-making paradigms.

For decades, reconstructive approaches, such as maxillary sinus elevation, vertical bone regeneration, onlay grafting,
and Le Fort I osteotomies, have dominated treatment planning for the atrophic maxilla. Although effective in carefully
selected patients, these techniques inherently prioritize the creation of new bone over the strategic utilization of residual
anatomical structures. In cases of severe atrophy, this frequently results in prolonged treatment times, multiple surgical
interventions, and an increased cumulative risk of biological and mechanical complications. Even when successful,
advanced guided bone regeneration protocols highlight the significant surgical and biological burden associated with such
reconstructive strategies (1).

Within this framework, remote anchorage concepts, including zygomatic, pterygoid, and trans-sinus implants, should
no longer be regarded as last-resort interventions. Rather, they represent a distinct therapeutic philosophy based on
anchorage in high-density, low-remodeling basal bone, thereby enhancing primary stability and long-term biomechanical
reliability (2). Clinical evidence indicates that, when properly indicated and executed, these approaches can achieve
survival rates comparable to, or in some reports, exceeding those of graft-dependent reconstructions (3), with significant
reduction in overall patient morbidity.

The evolution of remote anchorage is not defined solely by implant length or insertion site, but by an anatomy-driven
approach that integrates implant trajectory, prosthetic emergence profile, soft-tissue interaction, and functional
implications, including temporomandibular conditions (4). Individual maxillary anatomy, such as sinus morphology,
lateral wall concavity, residual bone volume, and orientation of the zygomatic buttress, must guide surgical planning.
Contemporary concepts of implant site preparation emphasizing controlled, anatomy-guided trajectories further support
the transition toward personalized surgical decision-making (5).

From a prosthetic perspective, planning must remain subordinate to rehabilitative objectives. Early prosthetically
driven full-arch protocols had already emphasized the importance of integrating surgical and prosthetic planning within
aunified workflow (6). More recently, digital integration of facial, skeletal, and prosthetic data has significantly enhanced
alignment predictability and planning coherence in complex implant-prosthetic rehabilitations (7,8).

Surgical techniques have progressively adapted to anatomical variability, incorporating intra-sinus, extra-sinus, and
anatomy-guided approaches such as the ZAGA protocol (2). In complex reconstructive contexts, including oncologic
resections, zygomatic implants have demonstrated additional clinical applications (9). Long-term analyses further confirm
the reliability of zygomatic anchorage in severe maxillary atrophy (10,11).

The predominantly cortical structure of the zygomatic bone provides excellent primary stability, a fundamental
prerequisite for successful osseointegration. The importance of achieving adequate primary stability has been consistently
emphasized across different implant protocols, including immediate post-extractive approaches, where mechanical
conditions directly influence long-term biological outcomes (12). Implant macro- and nano-structural characteristics may
further modulate biomechanical behavior and tissue response at the bone—implant interface, highlighting the relevance of
implant morphology in complex rehabilitations (13).

However, long-term maintenance also depends on appropriate soft-tissue management and effective control of
biological complications. Regenerative approaches and surface decontamination protocols have demonstrated efficacy in
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the treatment of peri-implantitis (14,15). Moreover, implant surface characteristics and biological interactions can
influence osseointegration quality and long-term stability (16). Surgical principles aimed at minimizing tissue trauma,
ensuring tension-free closure, and preserving vascular supply significantly affect healing outcomes, and analyses of suture
materials and techniques underline the critical role of soft-tissue management in wound stability and mucosal integration,
particularly in high-risk surgical scenarios (17).

Beyond technical considerations, the ethical dimension of treatment selection plays a central role. Patients with severe
maxillary atrophy are frequently elderly or medically compromised. Treatment success should not be evaluated solely in
terms of implant survival, but also in relation to biological burden, quality of life, and overall therapeutic efficiency
(18,19). Functional aspects involving the temporomandibular joint must also be considered in full-arch rehabilitations,
where altered load distribution may influence joint biomechanics and adaptive responses over time (20).

Future research should therefore move beyond survival metrics alone and promote anatomy-stratified decision-making
models integrating clinical, biomechanical, functional, and patient-centered parameters, in order to optimize long-term
outcomes in severe maxillary atrophy.

CONCLUSIONS

Success in the treatment of extreme maxillary atrophy can no longer be evaluated solely in terms of implant survival;
it must also encompass overall therapeutic efficiency and the reduction of biological and psychological burden for the
patient. The evolution of implant designs, the accuracy of digital workflows, and the implementation of advanced surface
decontamination protocols now provide effective tools not only for the surgical phase but also for long-term maintenance
and the management of potential peri-implant complications. Within this framework, clinical decision-making is
progressively shifting from extensive bone regeneration toward a strategy based on anatomical precision and the strategic
exploitation of the structural buttresses of the facial skeleton. Severe maxillary atrophy should no longer be managed
according to a rigid procedural hierarchy or reconstructive dogma, but through a rational and individualized decision-
making process. Anatomy-driven remote anchorage does not represent a therapeutic compromise, but rather an evolution
that integrates biomechanics, biology, prosthetic planning, soft-tissue management, and ethical responsibility into a
coherent, patient-centered clinical strategy. Recognizing this paradigm shift is essential for the responsible advancement
of implant dentistry in its most complex clinical scenarios. In this perspective, anatomical limitations become strategic
assets: the zygomatic bone and basal buttresses, relatively stable over time, form the foundation of a rehabilitation that is
not only functional, but also respectful of patient vulnerability and quality of life.
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ABSTRACT

Introduction: The role of the zygomatic bone in implant dentistry has undergone significant transformation over recent
years. Originally reserved for cases of extreme maxillary atrophy, zygomatic implants are increasingly employed as first-
line solutions, reflecting a shift in clinical philosophy. While their biomechanical reliability is well established, the
progressive normalization of their use raises important concerns regarding anatomical preservation, functional balance,
and long-term sustainability. Discussion: Zygomatic implants provide effective anchorage in dense cortical bone when
conventional alveolar support is insufficient. However, survival rates alone do not fully capture treatment success, as
functional overload, neuromuscular conditions, and temporomandibular disorders may significantly influence long-term
biomechanical stress. Contemporary anatomy-guided protocols, including the ZAGA approach and advanced digital
workflows, allow individualized implant trajectory planning and improved prosthetic integration. Biomechanical
considerations, such as implant macro- and nanostructure, rigid prosthetic frameworks, and controlled load distribution,
remain critical in preventing peri-implant complications. At the same time, the availability of alternative basal anchorage
strategies underscores the importance of selective indication rather than routine zygomatic consumption. Conclusions:
The expanding use of zygomatic implants represents a major advancement in the management of maxillary atrophy, yet
it requires careful biomechanical, functional, and ethical evaluation. Preserving the integrity of the zygomatic bone
through anatomy-driven and patient-specific decision-making is essential to ensure long-term functional stability. The
zygoma should be regarded not merely as an anchorage resource, but as a strategic anatomical asset whose protection is
fundamental to responsible and sustainable implant rehabilitation.

KEYWORDS: Zygomatic implant, maxillary atrophy, zygomatic bone preservation, anatomy-guided implantology, full-
arch rehabilitation, digital workflow, zaga protocol, implant biomechanics, temporomandibular disorder, basal bone
anchorage

INTRODUCTION

In recent years, the use of the zygomatic bone in implant dentistry has undergone significant evolution. Once reserved
exclusively for cases of extreme maxillary atrophy, zygomatic implants are now increasingly adopted as a first-line
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therapeutic approach, reflecting a substantial shift in both clinical practice and treatment philosophy. This growing
utilization of the zygomatic structure reflects not only increased confidence in surgical techniques, but also a broader
reconsideration of rehabilitative strategies, which must carefully balance functional demands with esthetic considerations.
The traditional full-arch rehabilitation paradigm, centered on bone preservation and controlled load distribution, is being
challenged by this emerging trend, which favors a less conservative anchorage strategy. Although zygomatic implants
have demonstrated remarkable biomechanical robustness, the consideration of functional and neuromuscular factors
remains essential to ensure long-term stability. Emerging technologies, such as the ZAGA protocol and advanced digital
methodologies, offer new opportunities to personalize treatment planning and improve clinical outcomes. However, the
progressive normalization of zygomatic implant therapy raises important questions regarding indication criteria and the
potential risk of compromising zygomatic bone integrity. This trend calls for careful reflection and prudent clinical
management. It is therefore necessary to reconsider the way the zygoma is employed—not merely as an instrumental
anchorage resource, but as an anatomical structure to be protected and strategically preserved within comprehensive
dental rehabilitation. This paper explores recent developments in zygomatic implantology, emphasizing the importance
of a strategic, anatomy-driven approach aimed at ensuring functional stability and the long-term health of the
stomatognathic system.

MATERIALS AND METHODS

Study Design

Focusing on indication criteria, anatomical preservation, biomechanical implications, digital integration, and
functional considerations, this study examines the current development of zygomatic implant therapy through a structured
narrative review and critical analysis of the international scientific literature. The objective was to examine the shift from
a strictly necessity-driven use of the zygomatic bone toward its increasing normalization as a primary anchorage option,
evaluating both the clinical rationale and the potential biological and ethical implications.

Sources and Search Criteria

Databases: A comprehensive literature search was performed using major biomedical databases, including PubMed
(MEDLINE) and Scopus.

Keywords and Search Terms: Search strategies were developed through combinations of relevant keywords and
MeSH terms related to “zygomatic implants,” zygoma anatomy-guided approach,” “full-arch
rehabilitation,” “implant biomechanics,” “primary stability,” “digital workflow,” “virtual patient protocols,”
“temporomandibular disorders,” and “soft tissue management.” Boolean operators were employed to refine and combine
search queries in order to ensure comprehensive coverage of the topic.

Reference Period: Particular emphasis was placed on publications from the last 10—15 years to reflect current clinical

29 ¢

maxillary atrophy,

paradigms and technological advancements; however, seminal studies describing the original zygomatic surgical
techniques, anatomical classifications, and foundational biomechanical principles were also included when considered
essential for contextual and historical interpretation.

Types of Studies Included

Eligible publications encompassed systematic reviews and meta-analyses addressing zygomatic and alternative basal
anchorage strategies, as well as prospective and retrospective clinical studies reporting survival rates, biological and
mechanical complications, and long-term functional outcomes. Clinical case series and technical reports detailing surgical
modifications, anatomy-guided approaches such as the ZAGA protocol, and digital planning methodologies were
incorporated to provide insight into practical clinical applications. In addition, in vitro and in vivo investigations
examining implant macro- and nanostructural design, biomechanical behavior, and bone—implant interface dynamics were
considered when relevant to load distribution and structural stability. Studies focusing on temporomandibular disorders,
neuromuscular balance, and functional risk assessment in implant-supported full-arch rehabilitation were also evaluated
to contextualize the broader functional implications of irreversible zygomatic anchorage. Publications lacking
methodological clarity or scientific support were excluded.

Data Extraction

For each selected study, relevant data were systematically extracted and analyzed according to thematic domains
including surgical indication criteria, implant trajectory and stabilization principles, biomechanical load distribution,
prosthetic framework rigidity, digital planning accuracy, peri-implant tissue management, and strategies aimed at
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minimizing surgical trauma and biological burden. Special attention was devoted to discussions addressing the
preservation of the zygomatic bone as a finite anatomical resource and to the ethical considerations associated with its
routine use.

Synthesis and Interpretation

The collected data were analyzed through a qualitative approach and organized into key thematic domains to outline
current developments in zygomatic implant therapy. The interpretation was framed within a clinically oriented
translational model, focusing on the interplay between anatomical considerations, biomechanical principles, functional
outcomes, digital workflows, and long-term treatment predictability. As no quantitative meta-analysis was undertaken,
this review instead aimed to develop a conceptually structured, anatomy-based model to guide case selection and promote
the responsible and targeted use of the zygomatic bone in complex implant-supported rehabilitations.

DISCUSSION

The zygomatic bone has progressively become one of the most extensively utilized anatomical structures in
contemporary implant dentistry. What was once conceived as a solution reserved exclusively for extreme maxillary
atrophy is increasingly adopted as a first-line option, often driven by procedural confidence rather than strict anatomical
or functional necessity. This shift contrasts with prosthetically guided full-arch rehabilitation concepts, which historically
emphasized selective anchorage, controlled load distribution, and preservation of strategic bone rather than its
consumption (1).

Zygomatic implants were originally developed to manage cases in which conventional alveolar anchorage was no
longer feasible. Their biomechanical rationale, anchorage in dense cortical bone, extended implant length, and cross-arch
stabilization, is solid and well documented (1). However, survival rates alone provide an incomplete measure of treatment
success, as they fail to account for functional overload, parafunctional habits, and neuromuscular conditions that may
significantly influence long-term biomechanical stress.

Primary stability represents a fundamental biological prerequisite for long-term success. Controlled clinical studies
have demonstrated that initial mechanical conditions directly affect osseointegration dynamics and peri-implant tissue
stability over time (2). This principle remains highly relevant in zygomatic implantology, where extended implant length
and complex load distribution amplify the importance of precise surgical execution.

P-I Branemark developed the original surgical technique (OST), which involved palatal access and an intra-sinus
pathway to achieve zygomatic anchorage through a two-stage protocol. However, this methodology presented several
limitations, including the frequent creation of bulky prostheses and the risk of oroantral communication (3). The original
technique began with penetration through the cortical plate of the maxillary alveolar bone, followed by access to the sinus
floor. The drilling direction could vary depending on the morphology of the lateral sinus wall, ultimately reaching the
zygomatic body and engaging the lateral cortical plate. Zygomatic implants benefit from stabilization through both
maxillary and zygomatic cortical plates, providing quadricortical anchorage and enhanced mechanical support (4).

In 2011, a classification system describing the relationship between the zygomatic buttress and the alveolar crest was
introduced, leading to the development of the ZAGA (Zygoma Anatomy-Guided Approach) protocol (5). The objective
of ZAGA is to personalize implant positioning according to individual anatomical variations, allowing for intra-sinus or
extra-sinus trajectories and influencing implant design selection. Tunnel osteotomy techniques were conceived to promote
long-term stability and enhance osseointegration at the implant neck by ensuring adequate bone support, optimized thread
design, and rigid prosthetic connection. Accurate biomechanical preparation is essential to maintain the implant head
within the alveolar crest perimeter, avoiding palatal emergence that may compromise both tissue health and prosthetic
rehabilitation.

Traditional indications for zygomatic implants included extreme atrophy, previous graft or implant failures, avoidance
of multi-stage grafting procedures, and systemic conditions complicating conventional augmentation approaches, such as
benign cysts, amelogenesis imperfecta, trauma, or oncologic resections (6).

The zygoma, therefore, should not be regarded as expendable bone. It represents a finite and non-regenerative
anatomical resource, essential for facial support, sinus integrity, and future reconstructive options. The progressive
normalization of zygomatic implants has blurred the boundary between necessity and convenience. Patients presenting
with moderate atrophy, residual alveolar bone, or alternative basal anchorage options, such as pterygoid or transnasal
implants (7), are increasingly treated with zygomatic implants as a primary solution, often facilitated by newer surgical
methodologies (8).
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In parallel, biologically oriented surgical approaches aimed at preserving alveolar volume and minimizing surgical
trauma have shown promising outcomes even in complex clinical scenarios, emphasizing the importance of conservative
planning whenever feasible (9).

Contemporary digital workflows and virtual patient protocols now enable a far more refined evaluation of skeletal,
facial, occlusal, and functional parameters, supporting selective and anatomy-respectful anchorage strategies (10).
Advanced digital planning allows clinicians to simulate implant trajectory, prosthetic emergence, and load distribution
before committing to irreversible surgical decisions, particularly in patients presenting with complex functional profiles
(11,12). In such cases, preserving the zygoma whenever alternative anchorage solutions can ensure functional stability
represents a rational and biologically sound decision.

Even surgical details often perceived as secondary, such as flap design, soft-tissue handling, and suturing technique,
play a decisive role in limiting surgical trauma and promoting peri-implant tissue stability, even when innovative
approaches are adopted (13,14). Contemporary reviews on suturing materials and techniques in dentistry further highlight
how meticulous soft-tissue management contributes significantly to wound integrity and long-term tissue preservation,
particularly in anatomically demanding and high-risk procedures (15).

Biomechanically, the macro- and nano-structural design of implants may influence force distribution and tissue
response at the bone—implant interface, especially under complex loading conditions (16). This consideration becomes
particularly relevant in zygomatic rehabilitation, where implant length and load vectors differ substantially from
conventional alveolar implants.

Within this context, functional disorders of the stomatognathic system deserve particular attention. Statistical analyses
of the frequency distribution of signs and symptoms in patients with temporomandibular disorders (TMD) have
demonstrated that altered muscular activity, joint dysfunction, and parafunctional behaviors are common, and often
underdiagnosed, among patients requiring complex oral rehabilitation (17). Ignoring these factors when planning
irreversible anchorage in the zygomatic bone may expose this non-regenerative structure to excessive and uncontrolled
biomechanical loading.

Provisional prostheses play a crucial role in zygomatic implant therapy. They must provide satisfactory esthetics and
allow proper masticatory and phonetic function during healing. They also serve as diagnostic tools to verify occlusion
and tooth positioning, as well as to compensate for soft-tissue deficiencies. The definitive rehabilitation must rigidly
connect the implants in an arch form to ensure stability and appropriate load distribution. Insufficient prosthetic rigidity
may lead to implant deformation, peri-implant bone loss, or screw loosening. Bending forces are particularly detrimental
to long-term stability. The final prosthesis should respect Beyron’s occlusal principles, ensuring neuromuscular stability
without excessive strain and allowing physiological adaptation over time (18). The use of CAD/CAM technologies is
recommended to enhance precision and predictability in definitive prosthetic fabrication, improving structural rigidity,
gingival adaptation, material selection, and esthetic integration.

CONCLUSIONS

In conclusion, the increasing use of zygomatic implants in implant dentistry represents a significant evolution in the
management of maxillary atrophy. However, this innovative approach requires careful consideration of biomechanical
and functional implications to ensure sustainable and long-term stability of the rehabilitation. The need to preserve the
integrity of the zygomatic bone, avoiding indiscriminate or convenience-driven implant placement, underscores the
importance of a personalized, anatomy-driven approach. Advances in digital technologies and protocols such as ZAGA
provide valuable tools to optimize surgical planning and execution, yet the clinician’s responsibility to critically evaluate
each individual case remains paramount. A strategic and conscientious management of the zygomatic bone not only
ensures functional stability but also promotes the long-term health of the stomatognathic system. In this perspective, the
zygoma should not be viewed merely as an anchorage option, but as a valuable anatomical resource whose preservation
is integral to responsible and sustainable implant rehabilitation.
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