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Abstract

Background/Objectives: The management of occlusion in implant-supported fixed par-
tial restorations (ISFPRs) remains a controversial topic due to the limited availability of
high-level clinical evidence and the biomechanical differences between natural teeth and
dental implants. The absence of the periodontal ligament and the altered biomechanics
of implants have led to the development of specific occlusal concepts. This narrative re-
view provides an up-to-date overview of the biological basis and biomechanical principles
underlying occlusal management in ISFPRs, with a particular focus on translating these
into clinically applicable recommendations. Methods: A narrative review was conducted
using an electronic search of PubMed /MEDLINE, covering the period from 1 March 2001,
to 1 March 2026. Clinical studies and review articles were included, along with in vitro
studies and finite element analyses when relevant to the biomechanical principles of im-
plant occlusion. Additional publications were selectively included to provide biological,
biomechanical, historical, and prosthetic context. Results: The available literature indicates
that the evidence supporting specific occlusal protocols for ISFPRs remains limited and
heterogeneous. Contemporary occlusal concepts emphasize the minimization of non-axial
loads, the optimization of occlusal morphology, the control of cantilever extension, and the
consideration of patient-specific factors, such as bruxism. Monolithic zirconia represents a
viable restorative option due to its favorable mechanical properties and reduced technical
complications. Long-term maintenance and periodic reevaluation of the occlusion remain
essential, as occlusal relationships continue to change throughout a patient’s lifetime.
Conclusions: Although numerous occlusal concepts have been proposed, high-level scien-
tific evidence remains limited. Clinicians should adopt individualized occlusal strategies
based on sound biological and biomechanical principles and tailored to each patient’s
specific functional needs and risk factors. The dynamic nature of occlusion in ISFPRs
necessitates periodic reevaluation as an integral part of long-term maintenance. Further
well-designed clinical studies are needed to establish evidence-based occlusal protocols
specific to ISFPRs.
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1. Introduction

Implant-supported fixed partial restorations (ISFPRs) are a common and favorable
treatment option for the rehabilitation of partially edentulous patients [1]. Available clinical
studies have demonstrated favorable long-term outcomes, with high implant and prosthetic
survival rates [2,3].

The occlusal principles established for natural dentition cannot be directly applied
to implant-supported prostheses due to the different biophysiological and biomechanical
behavior of natural teeth and osseointegrated implants [4,5]. These differences influ-
ence both the prosthetic design and the distribution and intensity of occlusal contacts,
requiring specific considerations in the management of occlusion in ISFPRs. Further-
more, various factors—including the distribution of occlusal contacts, prosthetic design,
the type of opposing dentition, the presence of parafunctional habits, and the occlusal
material—can influence biomechanical stability and the onset of biological and prosthetic
complications [6-9].

The clinical and biophysiological profile of ISFPRs also differs substantially from
that of implant-supported full-arch fixed dental prostheses (ISFAFDPs). In ISFAFDPs,
the complete loss of natural teeth in at least one arch results in the loss of periodontal
mechanoreceptors, leading to changes in sensory feedback and neuromuscular adapta-
tion [10,11]. In ISFPRs, by contrast, natural teeth and osseointegrated implants coexist
within the same occlusal system, despite having different biophysiological and biome-
chanical characteristics. Furthermore, changes in the position of the residual dentition can
lead, over time, to the loss of proximal contacts between implant-supported restorations
and adjacent teeth [12]. These changes, together with the dynamic nature of occlusal
relationships, present specific challenges in the long-term management and maintenance of
ISFPRs [13,14].

These characteristics highlight the need to establish principles and recommendations
specifically aimed at managing occlusion in ISFPRs. Therefore, the objective of this nar-
rative review is to provide an up-to-date overview of the biological and biomechanical
principles underlying occlusal management in ISFPRs, in order to formulate practical
clinical recommendations aimed at supporting clinicians in the design and management of
these restorations and promoting a favorable long-term prognosis.

2. Materials and Methods

This article was designed as a narrative review aimed at summarizing and dis-
cussing the current evidence regarding occlusion in ISFPRs. An electronic search of
PubMed /MEDLINE was conducted on 1 March 2026, with the goal of identifying the
literature dedicated to the management of occlusion and occlusal concepts in ISFPRs.
The deliberately broad search terms “occlusion” AND “dental” AND “implant” were
used to retrieve a broad range of potentially relevant publications, minimizing the risk
of overlooking relevant studies by restricting the initial search to specific prosthetic ter-
minology or predefined subtopics. Publications published between 1 March 2001, and
1 March 2026, were included. The 25-year timeframe was chosen to focus the primary
search on contemporary evidence and clinical concepts related to occlusion management
in ISFPRs.
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Titles and abstracts were screened to identify publications concerning the manage-
ment of occlusion in implant-supported prostheses, with particular attention to occlusal
recommendations, occlusal concepts, and their application in ISFPRs. Clinical studies and
review articles were considered, along with in vitro studies and finite element analyses
(FEA) when they contributed to the understanding of the biomechanical principles under-
lying implant occlusion. Studies primarily focused on implant-supported full-arch fixed
prostheses, case reports, and animal studies were excluded from the primary selection.
Only English-language publications were considered. The screening and selection process
was conducted jointly by the four authors and was followed by an evaluation of the full text
of potentially relevant publications. Final inclusion was determined by consensus among
the authors based on direct relevance to the scope of the research. Given the narrative
nature of the review and the heterogeneity of the included evidence, no formal assessment
of risk of bias or methodological quality was performed.

Additional publications, including earlier studies considered fundamental to the
topic, were subsequently incorporated through the analysis of reference lists and targeted
literature searches, in order to provide the necessary biological, biomechanical, historical,
and prosthetic context. These supplementary publications were used selectively to support
the narrative synthesis.

3. Results

The search conducted on PubMed /MEDLINE yielded 2398 publications. After screen-
ing the titles and abstracts, 59 publications were considered potentially relevant and under-
went full-text evaluation. Of these, 19 were selected as directly relevant to the management
of occlusion in ISFPRs.

The management of occlusion in ISFPRs is primarily based on expert opinion, clin-
ical recommendations, and biomechanical principles, with limited support from high-
level scientific evidence. In particular, there is a lack of long-term randomized clinical
studies specifically aimed at evaluating occlusal strategies in ISFPRs, and an evidence-
based consensus regarding specific occlusal schemes or protocols has not yet been
established [4,14-21].

Understanding the differences between natural teeth and dental implants, as well as
the potential role of occlusal overload, forms the biological and biomechanical basis for
managing occlusion in ISFPRs [21-28].

Research utilizing finite element analysis provides useful information on the in-
fluence of occlusal contacts and loading conditions on stress distribution in these
restorations [29,30].

Occlusal contacts and force distribution can change over time as a result of functional
loading, underscoring the need for periodic reevaluation of the occlusion and long-term
maintenance of implant restorations [14,31].

Given the limited high-level evidence available on these topics, we therefore present a
narrative review of current concepts regarding occlusion in ISFPRs focusing on five clini-
cally relevant themes: biological differences between natural teeth and implants, occlusal
overload, principles of occlusal design, prosthetic materials, and clinical recommendations,
including long-term maintenance strategies.

3.1. Biophysiological Considerations Concerning Dental Implants

Natural teeth and osseointegrated implants differ substantially in their biomechan-
ical and neurophysiological behavior. Unlike natural teeth, implants are ankylosed to
the bone and lack the periodontal ligament (PDL), a specialized structure that provides
shock absorption, load distribution, and mechanosensory feedback [21,32]. The PDL
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plays a fundamental role in dissipating functional forces and reducing stress concen-
trations within the supporting bone. Biomechanical studies have shown that occlusal
forces applied to natural teeth generate lower stress levels in the surrounding alveolar
bone than equivalent loads applied to implants, largely due to the load-dissipating func-
tion performed by the PDL [33,34]. The absence of the PDL also affects dental mobility
and tactile perception. Natural teeth exhibit physiological mobility of approximately
25-50 um, whereas implants show a displacement of only 3-5 um under load [21]. Conse-
quently, an unfavorable distribution of occlusal contacts can expose the ISFPRs to higher
stress concentrations. Furthermore, the loss of periodontal mechanoreceptors reduces tactile
sensitivity and compromises the neuromuscular feedback mechanisms responsible for con-
trolling masticatory forces [32,35,36]. Natural dentition is capable of detecting interocclusal
discrepancies as small as 10-30 um, allowing for precise modulation of masticatory forces
and protection of oral tissues. Following tooth loss, this sensory system is partially lost,
potentially reducing the ability to detect and modulate excessive occlusal forces [32,35,36].
Despite these limitations, implant-supported prostheses can develop a compensatory
sensory mechanism known as osseoperception [10,37]. This phenomenon refers to the
perception of tactile stimuli through mechanoreceptors located in the peri-implant tissues,
bone, periosteum, masticatory muscles, and temporomandibular structures [11,38,39]. Os-
seoperception contributes to the functional integration of implants by partially restoring
sensory feedback and improving motor control following rehabilitation. Neurophysio-
logical and histological studies suggest that cortical plasticity, adaptation of peripheral
receptors, and peri-implant neural remodeling all contribute to this process [36,39]. The
presence of remaining natural teeth appears to facilitate sensory recovery and functional
adaptation, whereas full-arch implant-supported prostheses may require more complex
neuromuscular integration [40]. Research indicates that immediate implant placement
combined with loading protocols could promote peri-implant innervation more effectively
compared to delayed approaches [39,41]. Although osseoperception does not fully repli-
cate the sensory capabilities of natural dentition, it provides a certain degree of tactile
function that can contribute to functional adaptation to implant-supported prostheses [10].
Electromyographic studies have shown that patients rehabilitated with implants exhibit
less coordination and greater asymmetry during mastication and clenching compared to
individuals with natural dentition [42—44]. These findings suggest that implant-supported
fixed prostheses do not fully replicate the complex neuromuscular integration provided by
the natural tooth—periodontal ligament (PDL) complex. However, tactile sensitivity tends
to improve progressively after implant placement, particularly during the first few months
of healing, suggesting ongoing biological adaptation and cortical reorganization [36,45].
In general, the biological and functional differences between teeth and implants form the
foundation of modern concepts of implant occlusion. Understanding the reduced mobility,
altered sensory perception, and compensatory mechanisms associated with dental implants
provides the biological rationale for prosthetic and occlusal strategies aimed at reducing
biomechanical overload (Table 1).

Table 1. Comparison of the Biological and Functional Characteristics of Natural Teeth and

Dental Implants.
Biological Parameter Natural Teeth Dental Implants Clinical Implication
Periodontal ligament Present Absent Rsigie}i)gc;%zgf;ggsn
Physiological mobility 25-50 um 3-5 um CI(_)Iril%}elsirzt’;isrfs
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Table 1. Cont.
Biological Parameter Natural Teeth Dental Implants Clinical Implication
Mechanoreception Present Reduced Lower tactile sensitivity
Load distribution Adapted through PDL Direct transmission to bone Increased biomechanical
demands
Reduced tolerance to
Adaptive capacity High Lower occlusal
discrepancies
Osseoperception Not required Present Partial Sensory
compensation

3.2. Occlusal Overload on Implants

The link between occlusal overload and implant failure remains controversial, as
current evidence is limited and does not establish a definitive cause-and-effect relation-
ship [4,46,47]. Occlusal overload can be defined as the combination of excessive functional
or parafunctional forces that exceed the adaptive capacity of the implant-supported restora-
tion, prosthetic components, the implant, or the supporting bone, potentially resulting
in biological and/or mechanical damage [15,48]. Compared to natural teeth, implants
lack the periodontal ligament and its associated mechanoreceptors, resulting in reduced
tactile perception and the ability to adapt to occlusal forces [21]. From a biomechanical
perspective, an unfavorable load can increase stress concentrations within the restorative
components and the peri-implant bone, particularly at the crestal level, and has therefore
been proposed as a potential contributing factor to marginal bone loss and prosthetic or
implant-related complications [21,26,49]. Occlusal overload has long been proposed as a
potential risk factor for peri-implant bone loss, peri-implantitis, and implant failure [50-52].
However, the existing scientific evidence continues to show inconsistency. Animal studies
have yielded conflicting results regarding a direct relationship between excessive load and
the deterioration of peri-implant tissues [53]. Current evidence suggests that overload
alone may not induce peri-implant pathology in healthy tissues, but may contribute to
tissue disease when plaque-induced inflammation is already present [22,24]. Therefore, in
the presence of bacterial biofilm, overloading should be considered a potentially interacting
risk factor rather than an independent one [54]. Although no clinically relevant threshold
for overload has been established [23], biomechanical principles suggest that excessive
strain may affect peri-implant bone remodeling. According to Frost’s mechanostat the-
ory, strains exceeding approximately 3000 microstrain can induce resorption responses,
while values between 1500 and 3000 microstrain can stimulate bone formation [55]. Ex-
perimental studies have reported bone resorption above 6700 microstrain, although the
clinical applicability of these thresholds remains uncertain [56]. Prosthetic and mechanical
failures are reported more frequently than biological complications in implant-supported
prostheses [57,58], and occlusal overload has been proposed as a contributing factor to
technical and mechanical complications [59], including screw loosening or fracture, frame-
work fracture, chipping of the veneering material, and implant fracture [5,22]. Mechanical
complications primarily involve implants, abutments, and frameworks, while technical
complications predominantly affect restorative materials [6]. Their onset is multifactorial
and may depend on the implant-abutment connection, the prosthetic configuration, the
prosthetic material selection, the implant positioning, and the magnitude and direction
of occlusal forces [60,61]. Screw loosening and fracture are among the most frequently re-
ported mechanical complications, while chipping of the ceramic veneer remains a common
technical complication [62-65]. Biological and prosthetic complications can also interact,
with one potentially contributing to the development of the other [6]. Several factors can
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increase biomechanical risk, including cantilever extensions, premature contacts, unfavor-
able occlusal schemes, and parafunctional habits [59,62]. In particular, bruxism has been
associated with an increase in implant and prosthetic complications, although the strength
of this association varies depending on the outcome considered [8,66,67]. Longitudinal
clinical studies have also reported progressive changes in occlusion following functional
loading, with increases in occlusal force, contact area, and contact duration, particularly
during the first year [31,68-70]. These changes can alter the distribution of forces on im-
plant restorations and on adjacent or opposing teeth [71-73]. Implant fracture is a feared
but least common mechanical complication. Repeated loading can generate fatigue cracks
that compromise the integrity of the implant [74], and such cracks have been identified in
removed implants affected by peri-implantitis, suggesting a possible interaction between
biomechanical and biological factors [75]. Implant fracture has been associated with over-
loading, the presence of extended cantilevers, reduced implant diameter, peri-implant
bone loss, and manufacturing defects [61], with reported fracture rates generally ranging
from 0.5% to 3% [76,77]. Implant dimensions can also influence biomechanical behavior:
an in vitro study suggests different strain patterns depending on implant diameter and
load direction [78], while implants with a smaller diameter appear to be more susceptible
to fracture [61]. The biomechanical strategies proposed to reduce complications related
to overload include limiting the cantilever length, increasing the diameter or number of
implants when possible, managing parafunctional habits, and optimizing force distribu-
tion [62,79]. The type of antagonist can also influence tactile perception: implants opposing
natural teeth appear to provide greater tactile sensitivity than implant-to-implant occlusion,
likely due to the preservation of input from periodontal mechanoreceptors [38,80]. A recent
systematic review similarly reported more favorable tactile perception when implants
were opposed to natural teeth [81]. Despite the limited and heterogeneous scientific evi-
dence, the data in the literature support the view that occlusal overload is a multifactorial
biomechanical risk factor rather than an independent etiological factor for implant failure.
Although a direct causal relationship with peri-implant disease has not been established,
excessive forces, unfavorable load distribution, and parafunctional activity may contribute
to biological and mechanical complications, particularly in the presence of inflammation or
other predisposing factors (Table 2).

Table 2. Clinical and Biomechanical Factors Associated with Increased Risk of Biomechanical
Overload in ISFPRs.

Risk Factor Main Biomechanical Implication
Bruxism and clenching Increased occlusal loading
Cantilever extension Increased bending moment
Premature occlusal contacts Localized overload
Reduced implant diameter Higher fracture susceptibility
Unfavorable force direction Increased crestal stress
Poor implant positioning Non-axial loading
High bite force Higher prosthetic loading
Implant-to-implant antagonism Reduced tactile feedback
Inadequate maintenance Delayed overload detection

3.3. Occlusion for Implant-Supported Fixed Partial Restorations

Concerns regarding occlusal overload have led to extensive discussion of occlusal
concepts for implant-supported prostheses. Despite this, there remains a lack of scientific
consensus on the best approach to managing occlusion in ISFPRs. Most recommendations
are based on expert opinion and empirical guidelines that adapt the principles of natural
dentition to the biomechanical characteristics of osseointegrated implants [4,15,16,19,27,82].
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The primary goal is to minimize biomechanical overload at the bone-implant interface and
on prosthetic components, while promoting long-term stability [6,21,49]. The selection of
an appropriate occlusal scheme should take into account the number and position of the im-
plants, the prosthetic extent, the interarch relationships, and the quantity and quality of the
bone [15]. During the computer-aided design (CAD) phase, posterior implant restorations
can be designed to promote predominantly axial loading and minimize interference during
centric and eccentric movements [18,21,49,83]. Although masticatory forces are rarely
purely axial, reducing lateral and horizontal loading is a commonly proposed strategy, as
non-axial loading can increase stress concentrations in the alveolar crest and prosthetic
components [15,63,64,79]. Consequently, a reduction in cusp inclination has been proposed
to limit shear forces and occlusal load [15,20], even in patients with periodontal disease [84].
Approximately 1-1.5 mm of freedom in centric relation has also been suggested to allow for
physiological mandibular movements and reduce premature contacts [15,20]. Other pro-
posed strategies include reducing the width of the occlusal table, centering contacts within
the fossa, and maintaining low cusp inclinations [85]. An in vivo study reported a reduc-
tion in lateral forces following a 30% reduction in buccolingual occlusal width [86], while
narrowing the occlusal table has been recommended as a strategy to decrease non-axial
loading, bending moments, and cantilever effects [15]. Cantilever prosthetic solutions can
be clinically viable when properly designed [79]. Although several studies have reported
comparable marginal bone levels with and without cantilevers [87-90], a cantilever length of
>8 mm has been associated with increased bone loss and a higher risk of peri-
implantitis [91]. With regard to occlusal schemes, mutually protected occlusion with
anterior or canine guidance has been proposed as biomechanically favorable, although its
clinical superiority has not been demonstrated [92]. When canine guidance involves an
implant or a compromised canine, distributed group function on the premolars can help
reduce lateral load [20-22,49]. It is also commonly recommended to avoid posterior inter-
ference during eccentric movements [21]. Splinting may offer biomechanical advantages
in situations characterized by high occlusal loads, complex edentulous spaces, or can-
tilevers [22,49]. Data from the literature suggest that splinted ISFPRs may reduce implant
failure and mechanical complications, although they may potentially expose the restoration
to a higher incidence of biological complications [93-95]. In contrast, non-splinted restora-
tions may lead to more favorable outcomes for peri-implant tissues [96]. The difference
in mobility between natural teeth and implants is another important clinical considera-
tion. Natural teeth can intrude by approximately 25-50 pm under occlusal load, whereas
implants exhibit minimal movement [21]. Consequently, lighter contacts with a clearance
of approximately 25-50 um have been proposed for implant-supported prostheses in or-
der to delay contact until a more intense intercuspation occurs [20,97]. The magnitude,
duration, distribution, and direction of occlusal forces remain important determinants of
implant biomechanics [15,98] and are influenced by patient- and treatment-related vari-
ables, including sex, age, muscle strength, parafunctional habits, implant position, bone
quality, and loading protocols [47]. Clinical indicators such as bruxism, clenching, occlusal
wear, high bite force, type of antagonist, and cantilever length may indicate an increased
biomechanical risk, but none of them, taken individually, is diagnostic of overload [23].
Despite these recommendations, the scientific evidence remains insufficient to establish
universally accepted occlusal guidelines for ISFPRs [4]. Until more robust evidence be-
comes available, the principles derived from natural-tooth-supported prostheses may
therefore remain applicable, with due consideration given to implant biomechanics [4].
Regular follow-up is recommended, as occlusal relationships may change over time due
to wear of restorative materials, attrition of the enamel of opposing teeth, and functional
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adaptation [14,22,69,99,100]. Further high-quality clinical research is needed to establish
evidence-based occlusal protocols for ISFPRs [54].

3.4. Prosthetic Materials

The selection of occlusal materials for ISFPRs has evolved considerably over the past
few decades. Early implant-supported prostheses commonly used acrylic resin teeth sup-
ported by metal frameworks, based on the assumption that materials with a low elastic
modulus could absorb occlusal forces and reduce stress transmission at the bone-implant
interface [101-103]. This concept of “shock absorption” was a central principle in the early
design of implant-supported prostheses [104]. Biomechanical studies have suggested that
acrylic resin can reduce impact forces due to its lower elastic modulus [105]; however, both
in vivo and experimental findings suggest that the occlusal material or superstructure has a
limited influence on force generation and peri-implant strain [106,107]. Furthermore, acrylic
resin restorations were associated with wear, fracture, and aesthetic deficiencies [108]. Over
time, advances in restorative materials and increasing aesthetic demands have led to a
wider use of ceramic alternatives. Metal-ceramic restorations have demonstrated favor-
able clinical performance, although chipping of the ceramic veneer remains a significant
technical complication [109]. It has also been reported that implant-supported fixed dental
prostheses have a higher incidence of porcelain fracture or chipping compared to fixed
dental prostheses supported by natural teeth [110,111]. Subsequently, ceramic-veneered
zirconia frameworks have attracted interest due to the favorable biological, mechanical,
and aesthetic properties of zirconia [112-114]. Its mechanical performance is partly related
to the transformation toughening mechanism [113,115]. However, early zirconia-based
restorations showed a relatively high incidence of chipping of the ceramic veneer compared
to metal-ceramic systems [116,117]. The introduction of monolithic zirconia has reduced
the need for veneering ceramics, thereby addressing one of the main technical limitations
of layered zirconia restorations [109,114]. The most recent developments have focused on
improving translucency while maintaining adequate mechanical properties. Third- and
fourth-generation zirconia materials with a higher yttrium content offer improved optical
properties compared to conventional 3Y-TZP zirconia [118,119], while multilayer systems
have been developed to reproduce color and translucency gradients while preserving
adequate mechanical properties [112,120]. These advancements have expanded the use
of monolithic zirconia in ISFPRs, combining simplified fabrication, favorable aesthetics,
and reduced susceptibility to chipping of the veneer ceramic [121,122]. Monolithic designs
also allow functional areas to remain unveneered, while aesthetic areas can be selectively
characterized or micro-veneered as needed [121]. The clinical data on monolithic zirconia
ISFPRs are encouraging, although long-term data remain limited. A systematic review
reported cumulative survival rates of 100% for implant-supported monolithic zirconia
single crowns and 99.6% for implant-supported fixed partial dentures, with a maximum
follow-up of 5 years [123]. Similarly, a systematic review and meta-analysis reported high
survival rates and a low incidence of prosthetic complications for implant-supported single
crowns and implant-supported fixed partial dentures made of monolithic ceramic [57],
while a retrospective study with a follow-up period spanning 5 to 10 years observed posi-
tive outcomes for implant-supported, screw-retained, fixed partial dentures constructed
from either monolithic zirconia or veneered zirconia [122]. Despite these promising results,
the selection of prosthetic materials remains dependent on specific clinical and biomechan-
ical conditions. Metal-ceramic systems remain a well-established option, while modern
zirconia materials offer advantages in terms of aesthetics, mechanical properties, and a
reduction in complications related to the ceramic veneer [109,121]. Current clinical data
support monolithic zirconia as a reliable restorative option for ISFPRs, particularly because
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the elimination or reduction of the ceramic veneering can decrease technical complications
related to chipping [57,121,122]. However, further long-term clinical studies are needed
to establish the performance of the latest generations of multilayer zirconia. The pros-
thetic material alone may not determine the survival of ISFPRs [1,65]; however, material
selection and prosthetic design significantly influence the occurrence of technical compli-
cations and should thus be integral to the comprehensive biomechanical management of
ISFPRs [57,65,121].

3.5. Biomechanical Considerations and Clinical Recommendations

The favorable long-term prognosis of ISFPRs depends on a thorough understanding
of the biomechanical principles involved [28,124]. Although numerous occlusal recom-
mendations have been proposed, the biomechanical behavior of ISFPRs is influenced by
multiple interacting variables, including implant position and size, bone quality, prosthetic
design, occlusal morphology, load direction and magnitude, and patient-specific charac-
teristics [15,21,34,125,126]. Bite force is an important factor to consider when determining
the prosthetic design and selecting appropriate materials. In patients with high bite forces,
increasing the number or diameter of implants has been proposed as a possible biome-
chanical strategy [125]. A recent study analyzing single implant-supported prostheses
subjected to multidirectional loading indicated that stress concentrations increase when
forces are applied along unfavorable vector directions [127]. Similarly, studies using finite
element analysis (FEA) show increased stress when occlusal loads are directed away from
the implant’s long axis [30,128,129]. Consequently, ISFPRs should be designed, whenever
possible, to promote predominantly axial force transmission, since compressive loads are
generally better tolerated than lateral or bending forces [29,83,130]. Occlusal morphology
also influences the direction and magnitude of forces. Experimental studies and FEA
suggest that an increase in cusp inclination may increase bending moments and stress
concentrations in the peri-implant bone and prosthetic components [131]. From a biome-
chanical perspective, a 10° increase in cusp inclination can increase the bending moment
by approximately 30% [132]. A moderate reduction in cusp inclination may therefore
represent a reasonable biomechanical strategy, particularly in patients with high occlusal
loads or parafunctional activity. The distribution and position of the occlusal contacts
are also important [30,133-135]. Well-distributed contacts located near the implant axis
can contribute to a more favorable stress distribution, while eccentric contacts increase
cantilever effects and peri-implant strain. However, biomechanical optimization should
not compromise masticatory function. A substantial diminution in the dimensions of the
occlusal surface, along with a significant alteration in the anatomy of the cusps, can lead to a
decrease in masticatory efficiency [136]. Furthermore, larger occlusal surfaces can improve
masticatory efficiency, while an excessively flattened occlusal anatomy can negatively affect
muscle activity and masticatory performance [137]. Therefore, modifications to occlusal
morphology should be limited to those necessary to reduce unfavorable loads, while pre-
serving functional efficiency. The presence and length of the cantilever are important
biomechanical factors in the design of ISFPRs. An increase in cantilever length is associated
with higher stress concentrations in the prosthetic components and peri-implant support
structures [89,138,139], and FEA studies demonstrate higher stress values around implants
adjacent to cantilevers [140]. An ISFPR designed with a central intermediate element can
provide a more favorable load distribution compared to configurations with anterior or
posterior cantilevers [141]. When cantilevers are unavoidable, it has been suggested to limit
their length and to optimize the implant support and prosthetic design to improve stress
distribution [90,142,143]. Implant length can also influence peri-implant stress distribution
in cantilever prostheses [144]. Data reported in the literature suggest that ISFPRs with
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cantilevers do not appear to significantly compromise implant survival or marginal bone
levels, although they may be associated with a higher incidence of mechanical complica-
tions [145]. A finite element analysis suggests that screw-retained restorations may generate
lower peri-implant bone stresses than cement-retained restorations in the presence of a
cantilever, regardless of the cantilever’s position [146]. The choice of prosthetic materials
and the magnitude of the masticatory load can also influence the biomechanical behavior
of cantilever restorations. Scientific evidence regarding the ability of zirconia structures—
particularly those made of the latest-generation zirconia-based materials—to withstand
occlusal forces remains limited, and many design recommendations are still derived pri-
marily from experimental studies and clinical experience [147]. In vitro studies suggest that
shorter cantilevers and wider connector cross-sections increase the fracture resistance of
zirconia structures [148,149]. The choice between splinted and non-splinted ISFPRs should
be tailored to individual clinical and biomechanical conditions. Single implant-supported
restorations can facilitate the maintenance of hygiene and the health of peri-implant tissues,
while splinting may offer biomechanical advantages in selected situations characterized
by high loads, large edentulous spaces, compromised bone support, or the presence of
cantilevers [95,150]. Occlusal guidance is another important consideration. In ISFPRs,
lateral loads can exceed 200 or 300 N [151]. Whenever possible, lateral guidance should be
provided by natural teeth, thereby reducing lateral loading on implant restorations [21,151].
When this is not feasible, group function generally represents a more favorable option than
isolated implant-supported canine guidance [18,20,22,49]. Anterior guidance, which en-
sures the posterior teeth do not make contact during any eccentric mandibular movements,
is highly recommended—regardless of whether the anterior region contains natural teeth
or implants. This practice is not only functional but also enhances aesthetics. Avoiding
guidance contacts on anterior implant restorations can lead to shortened clinical crowns and
shallow crown morphology, ultimately compromising aesthetics [151]. Similarly, cross-bite
occlusion may provide biomechanical advantages in posterior maxillary rehabilitations
affected by severe alveolar resorption by reducing buccal cantilever effects and improving
axial loading conditions [21,152]. Cross-bite solutions may also reduce the need for exces-
sively overcontoured restorations, which in turn reduces the risk of biting nearby mucosal
tissues and decreases plaque accumulation [152]. Advances in digital technologies have
improved the control of occlusal design. Computer-aided design (CAD) systems enable
precise management of occlusal contacts and clearance [153,154], while digital occlusal
analysis may provide quantitative information regarding contact timing and force distri-
bution, complementing conventional methods [72]. Finally, prosthetic material selection
should be considered within the broader biomechanical context. The literature supports
monolithic zirconia as a viable restorative option for ISFPRs due to its favorable mechanical
properties and relatively low incidence of technical complications [57,99,123]. However,
material selection should be individualized based on occlusal loading conditions, prosthetic
design, aesthetic requirements, and patient-specific risk factors. In general, biomechanical
principles should guide the design of ISFPRs toward minimizing unfavorable stress con-
centrations, while preserving function, aesthetics, and long-term biological stability. Since
occlusal forces are inherently multidirectional and dynamic, the goal should not be the
complete elimination of non-axial loads, but rather their controlled management through
appropriate prosthetic planning and regular clinical monitoring (Table 3).
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Table 3. Clinical Recommendations for Occlusal Management of ISFPRs.

Clinical Domain

Recommendation

Clinical Rationale

Occlusal contact
intensity
Cusp inclination

Occlusal table width

25-50 um clearance in light closure
Reduce cusp inclination

Narrowing in selected cases

Delays implant contact until
heavier intercuspation
May limit lateral and shear forces
May reduce bending moments and

Force direction

Cantilever extension

Occlusal scheme

Premature contacts

cantilever effects
Promotes load transmission along
the implant long axis
May reduce peri-implant
stress concentrations
Aims to minimize unfavorable
lateral loading
Limits localized stress

Favor axial loading

Limit cantilever extension

Canine guidance or group
function when indicated
Avoid centric and eccentric

interferences concentrations
. Occlusal splint and regular May reduce parafunctional
Bruxism . . .
maintenance loading and related complications
Splinting In Comlzilfsa(;iroilsgh—load May improve force distribution

Prosthetic material

Maintenance

May reduce technical
complications
Detects changes in occlusal
relationships over time

Consider monolithic zirconia

Periodic occlusal reassessment

3.6. Long-Term Maintenance Strategies

Long-term maintenance is an important component of ISFPR therapy. Unlike nat-
ural teeth, implants remain ankylosed to the surrounding bone and do not follow the
physiological changes in position that occur over time within the dentition. Consequently,
changes in the surrounding dentition can progressively alter the occlusal relationships
and the distribution of forces around implant prostheses [21,155]. Clinical studies have
reported progressive changes in occlusal contacts, contact area, and the magnitude of
forces following implant loading, particularly during the first year of function [31,69,70].
Initial occlusal clearances may also decrease or disappear over time as a result of functional
adaptation and changes in the surrounding dentition [156-158]. These findings support
the need for periodic reevaluation of occlusion in ISFPRs, rather than relying solely on the
adjustment made at the time of prosthesis delivery. Occlusal stabilization splints may be
considered in selected patients, particularly those with bruxism or other parafunctional
habits, as a protective strategy against excessive loads on prosthetic components and the
remaining natural dentition [67,159]. However, their use should be individualized based
on the patient’s functional and biomechanical risk profile. The differences in mobility
and positional behavior between natural teeth and implants pose a specific challenge in
partially edentulous patients. Natural teeth may continue to erupt, migrate, or change
position throughout a person’s lifetime, whereas implants remain stationary. This dis-
crepancy can contribute to malocclusion, changes in occlusal relationships, and the loss
of proximal contacts between ISFPRs and adjacent teeth [9,13]. Loss of proximal contact
is a frequently reported complication, with prevalence rates ranging from approximately
20% to over 30% and a greater tendency to occur at mesial contacts [9,12,77,160]. It can lead
to food impaction, plaque accumulation, patient discomfort, and changes in periodontal
and peri-implant conditions [12,160]. Since its incidence appears to increase over time, prox-
imal contacts should be evaluated periodically during follow-up, with consideration given
to modifying or replacing the prosthesis when clinically necessary. Long-term follow-up
should therefore include an assessment of the health of the peri-implant tissues, prosthetic
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integrity, occlusal and proximal contacts, wear of prosthetic materials, and changes in the
spatial relationships of the surrounding dentition [14]. The intervals between checkups
should be individualized based on the patient’s biological, biomechanical, and prosthetic
risk profile. Patients with parafunctional habits, extensive restorations, a history of peri-
implant diseases, or significant occlusal wear may require more frequent monitoring. The
management of occlusal complications related to ISFPRs can be addressed through preven-
tive, maintenance, and corrective strategies [22]. Preventive measures include appropriate
prosthetic and occlusal design and the selection of prosthetic materials based on expected
functional conditions. Contemporary monolithic zirconia materials, or ceramic restorations
with veneering limited to areas of aesthetic importance, can reduce technical complications
related to veneering compared to extensively layered restorations [57,122,123]. During
follow-up, attention should be focused on changes in occlusal relationships, excessively
intense localized contacts, signs of parafunctional activity, screw loosening, wear of oc-
clusal materials, and early prosthetic complications [22,161]. When technical complications
occur, their management depends on the extent of the problem: minor ceramic chipping
can be treated by touch-up and polishing, while more extensive fractures may require
repair or replacement of the prosthesis [62]. Digital technologies can provide additional
tools for the longitudinal assessment of occlusion. Digital occlusal analysis can provide
quantitative information on contact timing, force distribution, and changes that occur over
time, potentially complementing conventional clinical methods during maintenance [31,72].
In summary, the long-term management of ISFPRs should take into account the dynamic
nature of dentition and occlusion. Periodic evaluation of occlusal and proximal contacts,
prosthetic integrity, peri-implant tissues, and patient-specific risk factors can facilitate
the early identification and management of biomechanical and prosthetic complications.
Maintenance should therefore be considered an integral part of treatment with ISFPRs,
rather than a separate phase following treatment (Table 4).

Table 4. Key Principles for the Clinical Management of Occlusion in ISFPRs.

Key Aspect

Clinical Take-Home Message

Biological basis
Occlusal overload
Occlusal design
Risk assessment
Restorative material
Maintenance

Clinical approach

Implants lack the periodontal ligament, resulting in reduced mobility and tactile
perception compared with natural teeth.

Should be considered a multifactorial biomechanical risk factor rather than an
independent cause of implant failure.

Should favor predominantly axial loading and minimize unfavorable lateral forces
and interferences.

Patient-specific factors, including bruxism, bite force, implant position, antagonist
type, and cantilever extension, should be considered.

Monolithic zirconia is a viable option due to its favorable mechanical and aesthetic
properties and a low incidence of technical complications.

Periodic reassessment is advisable because occlusal relationships and force
distribution may change over time.

Occlusal management should be individualized according to biomechanical
principles, prosthetic design, and patient-specific risk factors.

4. Conclusions

Understanding the differences between natural teeth and dental implants, as well
as the potential role of occlusal overload, provides the rationale for managing occlusion
in ISFPRs. However, the absence of robust scientific evidence hinders the formulation
of evidence-based guidelines for occlusion. Consequently, current recommendations for
managing occlusion in ISFPRs predominantly depend on expert opinion and biomechanical
principles. Occlusal overload should be considered a potential biomechanical risk factor
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within a multifactorial framework, which may contribute to the development of biological
and prosthetic complications in association with other predisposing conditions. Occlusal
management should be individualized based on the patient’s characteristics, prosthetic
design, functional needs, and biomechanical risk factors, avoiding the a priori application
of universal protocols. The choice of prosthetic material should also be integrated into this
comprehensive assessment. Among the materials currently available, monolithic zirconia
appears to be a viable option for ISFPRs due to its favorable mechanical and aesthetic
properties and a low incidence of technical complications, although further long-term data
are needed for the most recent generations of zirconia-based materials. The coexistence of
natural teeth and implants makes the occlusion in ISFPRs inherently dynamic, as changes
in the position of the residual dentition, wear of prosthetic materials, and functional
adaptation can alter occlusal and proximal relationships over time. Periodic reevaluation
should therefore be considered an integral part of the long-term maintenance of ISFPRs.
Future well-designed clinical studies are needed to define evidence-based occlusal protocols
specifically tailored to ISFPRs.
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