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Abstract

:

Background: The aim of the study was to analyze the distribution of stresses caused by an axial force in a three-dimensional model with the finite element method in the implant-supported fixed partial denture with distal overhang (PPFIVD) on short dental implants in the posterior edentulous maxilla. Methods: geometrical models of the maxilla with a bone remnant of 9 and 5 mm were created. Straumann SP® (Base, Switzerland) implants were placed in the premolar area. Two groups with subgroups were designed. Group A (GA): PPFIVD on two implants (GA1: 4.1 × 8 mm and GA2: 4.1 × 4 mm); Group B (GB): PPFIVD on the single implant (GB1: 4.1 × 8 mm and GB2: 4.1 × 4 mm). It was applied to a static force of 100 N to 30°. Results: PPFIVD on two implants reached the maximum tension in GA2 with respect to GA1; the difference was not significant in implants. In the maxilla GA2 was lower in relation to GA1; the difference was not significant. In PPFIVD over an implant, the stress was greater in GB2 with respect to GB1; the difference was significant in maxilla and implants. Peri-implant bone micro deformations and prosthesis-implant displacements were observed. Conclusions: PPFIVD over short splinted implants could be viable in the maxilla with reduced bone height, being an option when lifting the floor of the maxillary sinus. The rehabilitation with unitary implant (4 mm) did not provide adequate results. The dominant tensions evidenced bone micro-distortions with a displacement of the prosthesis-implant set. The real statement of this paper was to define that short splinted implants can be used in soft bone with high success rate in reducing bending forces.
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1. Introduction


The Brånemark system defined osseointegration as the direct bonding between titanium implants and the surrounding bone, maintained during functional loads [1,2]. After extraction of the teeth in the posterior edentulous maxilla, the resorption of the bony crest, the pneumatization of the maxillary sinus, or the combination of both are evidenced, which reduces the possibility of placing fixings of standard length and is generally accompanied by complex surgical procedures [3,4]. In general, these surgical treatments include: maxillary floor elevation and grafts, other procedures combine grafting and the use of membranes [5,6]. An alternative technique to complex surgical procedures is the use of short implants (implants with lengths of ≤8 mm) [7,8].



Recently, extra-short implants of 4 mm in length have emerged. Extra-short implants are destined to zones with noticeable bony resorption unable to support a short implant, thus, avoiding the use invasive techniques, potential reduction of the time of healing and the financial burden for the patients. In the case of using extra-short implants, the crown/implant ratio can be of 2–3:1 varying with the prosthetic space [9,10].



During the mechanical load of the implant restoration, adaptive processes occur at the peri-implant supporting tissues that influence the healing, remodeling, and resorption of the surrounding bone [11,12]. Physiological bone deformation happens between 1000 µε and 1500 µε (µε = microstrains) in the normal bite [13,14,15]. However, in extra-short implants, these values may increase, affecting bone healing and regeneration. [14,16].



Indeed, measurements of static bite force indicate that magnitude is in average 100–150 N in adult men [17,18]; the location of the implants in the edentulous maxilla determines the force intensity, being the posterior areas those with the higher registered forces [19]. Of preference, a balanced occlusion can grant a better distribution of forces [20].



Important parameters were established for the use of cantilevers with standard and long implants [21]. However, there is a lack of information of the long-term effects cantilevers supported by extra-short implants [22,23,24]. Finite element analysis (FEA) has been used to evaluate the biomechanics of extra-short implants under axial forces [2,14,15].



The hypothesis of the present study is that that the forces generated during the mastication in the posterior region of the maxilla transmitted through the prosthetic restoration with a distal cantilever to the standard and extra-short implants could affect the osseous tissue in a similar fashion.



The objective of the present research was to analyze with FEA, the distribution of tensions produced by an axial force applied to the fixed partial prosthesis with distal cantilever, supported by extra-short implants of 4 mm length in the posterior sector of the partially edentulous maxilla.




2. Materials and Methods


For this experimental FEA study, the following variables considered: Standard Plus® (Straumann, Basel, Switzerland) implants with a diameter of 4.1 mm by 8 mm in length and extra-short implant with a diameter of 4.1 mm by 4 mm in length.



The behavior of the bone and the prosthesis under simulated static load was evaluated. The distribution of the tensions was studied as per ISO 14801:2003 and ISO 1942-1 standards. The geometric model of a unilateral edentulous maxilla was generated using Abaqus®, 6.4 Version (Abaqus Inc., Providence, RI, USA) through the use of optical scanners [25].



The distribution of the tensions in bone when applying an axial force on the fixed partial prosthesis was also evaluated. The geometry of a partially edentulous maxillary segment was determined with a frontal cut around the first premolar; dimensions in the three axes of the space were registered.



The dimensions of the implant, abutment, and prosthetic components were settled down with a digital caliper; a representative average with the projection of the profiles was registered, using a TAF003 profilometer from Mitutoyo® (Tokyo, Japan).



The coefficient and modulus of elasticity (e) of Poisson (V) were assigned as follows: Cortical bone (E13700 MPa; V0.3), trabecular bone (E13700 MPa; V0.3), titanium implants (E110000 MPa; V0.3), and chromium-nickel prosthesis (E171000 MPa; V0.3) did not include the cement because its modulus of elasticity is low with respect to the used materials [13,26]. The geometric model was characterized as a trabecular core surrounded by a cortical layer that resembles the characteristics of a partially toothless maxilla [27].



Available bone heights were 9 and 5 mm. In the edentulous section of the first and second premolar and first molar, short and extra-short implants were inserted, a connection of the abutments to the fixed partial denture with the distal cantilever (PPFIVD) was simulated. The mesiodistal distance of each cantilever averages 7 mm.



Two groups were analyzed: group A (GA) constituted by two subgroups: GA1, two short implants of 4.1 × 8 mm; and GA2, two extra-short implants of 4.1 × 4 mm. Group B (GB), also had two subgroups: GB1, a short implant of 4.1 × 8 mm, and GB2, with an extra short implant of 4.1 × 4 mm.



The osseous tissue was modeled in close relation with the implant threads to accentuate the precision of the results (Table 1) with a mechanically ideal interface and assuming 100% of bone-to-implant contact.



Algorithmic calculations were applied to define the geometry, to generate the mesh, the load conditions, and the properties of the materials. Afterward, a set of n-equations and n-incognito were solved with an algorithm for the system [26]. Linear homogeneous and isotropic equations were applied. With all the registered data, magnitudes derived from the nodes were calculated (Table 1).



A physiological static load of 100 N (Newton) with an angulation of 30° was applied [18,19] by means of a standard circular piece whose purpose was to distribute the load uniformly. The application point was standardized for all the models in mesial of the triangular crest of the palatal peak.



The present investigation was completed on the base of the criterion of three-dimensional tensions of Von Mises, expressed in the following formula:


σ_ (VM √ (((σ_1 〖σ〗 _2) ^2 (σ_ (2) - σ_3) ^2 (σ_3 σ_1) ^2)/2))








where σVM is the tension of Von Mises and σ1; σ2; σ3 the principal stresses.




3. Results


3.1. Distribution of the Tensions in the Implant


In GA1 and GA2, the load applied in the crown it distributed the principal stresses in the cervical third of both implants; in the cantilever area, the tension increased at the cervical third of both implants, also including the middle third the second implant located at the level of the second premolar.



GA2 was greater with respect to GA1, but without significant difference. The distribution of the tensions in GB1 and GB2 was observed in the cervical third of both implants in the cantilever, the principal stresses included the cervical third and middle in both sub-groups. GB2 was greater in relation to GB1 (Table 2; Figure 1, Figure 2 and Figure 3).




3.2. Distribution of the Tensions in the Solid Model


The load in the crown distributed the tensions in the cervical third of GA1 and GA2; in the cantilever, tensions were observed in the cervical third corresponding to the first premolar, and in the cervical and middle third of the second premolar, in both sub-groups. GA1 was greater with respect to GA2, without significant difference among them.



In GB1 and GB2 the distribution of the principal stresses was demonstrated in the cervical third; in the cantilever, increased tensional values were observed in the cervical and middle third, in both sub-groups. GB2 was larger than GB1, with significant differences among them, marking a critical situation on a map for GB2 (Table 3; Figure 4).




3.3. Bone Behavior


The high tensions brought bone micro deformations in a proportional way (higher tensions then more deformation). In GB2 there were higher values with respect to GB1, with significant differences (Table 4 and Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9).




3.4. Prosthesis Behavior


The micro-deformations facilitated the displacement of the joint prosthesis-implant. In GA1 and GA2 it was oriented through the buccal side. In GB1 and GB2 the displacement was in the buccal-distal direction. GB2 was a major that GB1, with significant difference (Table 5; Figure 10).





4. Discussion


The obtained data were described in agreement with a Ceá hypothesis, the error committed in the approach of an exact solution was limited by the error of approach of the obtained solution [27]. The approach error depended crucially on the size and amount of the elements and the equality of other factors that caused this to be smaller, and it was limited to the error of the solution of finite elements. The distribution of short implants in the posterior sector of the maxilla is a challenge when the available bony height is reduced and is next to the floor of the maxillary sinus.



The tension of Von Mises is a physical magnitude of the distortion energy, and is a compound tension that indicates to the average level of tension whose maximum value indicates the possibility of damage occurring. The variables can be manipulated; the software eliminates the variation of the resulting probability of the error of the sample. The initial deformation of the majority of solids is elastic, which implies that the deformation is reversible when stopping applying the tension, and the reason why the solid recovers its initial form.



In the majority of cases, and in agreement with the Hooke’s Law, the relation tension-deformation in the elastic regime is linear, and it expresses σ = E · ε, where σ is the tension expressed in MPa and is the Young’s modulus or modulus of elasticity, and ε is the deformation. If the modulus of elasticity is sprightly, the following formula is obtained whose obtained value indicates that the piece in the study can reconstitute its original form: E = σ/ε. However, when the maximum tensional values surpass the reversible capacity of the material it produces a permanent dimensional change. The deformation formula can be established simply: ε = σ/E. However, the three-dimensional resolution is more complex.



Sotto Maior et al. [28], described the stress concentration in short single implants of 5 mm in diameter by 7 mm in length in 32 partially-edentulous atrophic jaws. They simulated traumatic occlusion and a crown-implant relation of 2:1 or 2.5:1. The crown created high bending stresses which produced a peri-implant bone loss. Bolle et al. [29] used implants 4 mm in diameter and 10 mm in length over the mandibular channel with and without bone augmentation. Additionally, the inserted implants were 4 to 5 mm in length below the maxillary sinus with and without sinus elevation. After one year of load, the short implants obtained similar results compared to implants of conventional lengths (10 mm). They concluded that short implants could be an option to the surgical procedures since the treatment is less invasive, faster, and economical.



Toti et al. [30] inserted short implants in the posterior atrophic zone of partially-edentulous jaws, and their results showed better compared with implants of standard length placed in the augmented bone. Additionally, the short implants presented less crestal bone loss. Tabrizi et al. [31] evaluated the bone loss in 65 short implants in the jaw. There were no significant differences in the marginal bone loss between the three groups analyzed. However, the authors found that increasing the number of short implants reduced the percentages of crestal bone loss given a better force distribution. Gastaldi et al. [32] compared prosthesis on short implants of 5 × 5 mm or of 5 × 10 mm. inserted in atrophic jaws with augmented bone and maxillary bilateral sinus elevation. After three years of load, short implants obtained results similar to standard implants. They concluded that short implants can be a preferable option to the vertical bone augmentation.



Chou et al. [33], compared the stress distribution around the peri-implant bone of narrow implants with standard length (3.5 mm wide by 10.7 mm length) compared with short and wide implants (5 mm diameter by 7 mm length) in the mandible. It was demonstrated that the development of tension in the cervical region is inevitable, with more uniform distributions in the peri-implant tissue in the short and wide implants. Sahrmann et al. [34], compared implants 6 and 10 mm in length through X-rays. Higher mineralization percentages were observed around short implants compared to standard implants. This was related to the capacity of bone adaptation.



Peixoto et al. [35] used digital images to calculate the deformations of the prosthesis supported by splinted short dental implants during an occlusal load of 250 N. It was found that the veneering material did not influence the distribution of the deformation. Esfahrood et al. [36] performed a prospective study comparing the fixed prosthesis with overdentures supported by short implants (<10 mm). The cumulative success in the implant with rough surfaces was higher than in implants with machined surfaces. The survival of short implants in edentulous maxilla was high when the implants were placed under strict clinical protocols. Therefore, the authors consider the short implants as a safe and predictable technique.



On the other hand, Lemos et al. [37] compared short implants (≤8 mm) with standard implants (>8 mm) placed in the posterior regions of the maxilla and the mandible and found that shorter implants >8 mm presented a greater risk of failure. Block et al. [38] analyzed the level of bone deformation when changing the prosthetic design and different occlusal schemes. It was found that the restorations with splinted implants reduced the levels of deformation in the area of the neck of the implants and provide a better deformation distribution under cyclic load. De Souza Batista et al. [39] compared the influence of the pontic designs and the effect of mesial and distal cantilevers in prostheses supported by standard implants (4 × 10 mm). Axial forces of 400 N and of 200 N were applied in an oblique direction. In the group with two implants supporting a distal cantilever, an unfavorable biomechanical behavior with higher stresses was observed.



In the present work, there were no observed differences between GA1 and GA2 implants. The tensions in GB2 were, principally, greater than those of GB1. However, GB2 (4.1 × 4 mm) exerted higher tensions, an unpredictable situation for implants of short height. Ormianer et al. [40] studied the marginal bone loss related to implants of different designs, (different threads, thread direction, and apical design). In the long-term, there was minor bone loss in implants with greater interthread distances, deep apical turns, and narrow cores. Their results favored a single-piece implant design with a “V” thread design. Wolff et al. [14] demonstrated that the effective tensions take place in the bone–implant interface under unidirectional axial load. Four types of implants showed bone loss resulting from pathological tensions >3000 µε. The groups analyzed in the present work were in the rank of pathological overload; this favored the micro deformations and the displacements of the implant/abutment connections.



Villarinho et al. [41] inserted 46 single implants of 4.1 × 6 mm in the posterior areas of the maxilla and the mandible in 20 patients; after 45 ± 9 months the percentages of success were 65.2% and 95%, with more probabilities of implant loss in the jaw than in the maxilla. The crown–implant ratio and the time were significant predictive values for bone loss (p < 0.001). In this research that GA two splinted short implants were observed, which would have the best stress distribution and, therefore, more possibility of permanence in the mouth, and which would give the joint prosthesis-implant greater stability in the long-term.




5. Conclusions


Within the limitations of this FEA:

	-

	
PPFIVD on two extra-short dental implants could be used as a viable option;




	-

	
The tensions are distributed in the cervical third of the implants and to the implant/abutment interface in the form of micro deformations;




	-

	
PPFIVD over single extra short implants of 4.1 × 4 mm possess a high risk or mechanical failure; and




	-

	
The forces generated during the functional load in the posterior area of the maxilla would affect the prosthetic restoration with distal cantilever and would affect the peri-implant bone that surrounds the extra-short dental implants.
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Figure 1. Distribution of the main stresses in short implants. On the left of the figure, the load on the crown of the implant-supported fixed partial prosthesis on two implants of 4.1 × 8 mm (top) and 4.1 × 4 mm (below) observed. To the right of the figure, the load in the cantilever is observed. A. Implant located at the level of the first upper premolar and B at the level of the second upper premolar. Cervical tensions are observed in both A and B. 
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Figure 2. Distribution of the main tensions in the short implants located at the level of the first upper premolar. On the left of the figure, the load on the crown of the implant-supported fixed partial prosthesis is observed on an implant of 4.1 × 8 mm (on top) and 4.1 × 4 mm (below). To the right of the figure, the load in the cantilever is observed. Tensions are observed in the cervical and middle third. 
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Figure 3. Distribution principal stresses in implants. Fixed partial prosthesis with distal cantilever, supported by ultrashort implants -FPPDC-. 
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Figure 4. Distribution principal stresses in maxillary. Fixed implant-supported partial prosthesis with distal cantilever -FPPDC-. 
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Figure 5. Microdeformations in the maxillary. Load on the crown (left) and the cantilever (right) of PPDC supported by two ultrashort implants of 4.1 × 8 mm. Arrows indicate microstrain in the bone crest. 
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Figure 6. Microstrain in the maxillary. Load on the crown (left) and the cantilever (right) of the PPFIVD supported by two ultrashort implants of 4.1 × 4 mm. Arrows indicate microstrain in the bone crest. 
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Figure 7. Microdeformations in the maxilla. Load on the crown (left) and on the cantilever (right) of the PPFIVD supported by an ultrashort implant of 4.1 × 8 mm. Arrows indicate microstrain in the bone crest. 
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Figure 8. Microdeformations in the maxilla. Load on the crown (left) and the cantilever (right) of the PPFIVD supported by an ultrashort 4.1 × 4mm. Arrows indicate microstrain in the bone crest. 
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Figure 9. Microstrain in maxillary. Fixed partial prosthesis with distal cantilever, supported by ultrashort implants -FPPDC-. 
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Figure 10. Displacements of the fixed partial prosthesis with distal cantilever, supported by ultrashort implants -FPPDC-. 
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Table 1. Numeric detail geometric patterns made for this investigation.
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	Models
	Amount of Elements
	Number of Nodes
	Types of Elements
	Bone Height

(mm)
	Implants Dimensions

(mm)





	Two implants
	321,066
	65,826
	Tetrahedron
	9
	4.1 × 8



	Two implants
	424,672
	85,442
	Tetrahedron
	5
	4.1 × 4



	An implant
	199,443
	40,776
	Tetrahedron
	9
	4.1 × 8



	An implant
	264,076
	53,261
	Tetrahedron
	5
	4.1 × 4
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Table 2. Distribution of the principal stresses in ultrashort implants.
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Models

	
Crown (MPa)

	
Cantilever

(MPa)

	
Load

(N)

	
Implant Dimensions

(mm)






	
A

Two implants

	
183.7

	
173.9

	
100

	
4.1 × 8




	
170

	
205.4

	
100

	
4.1 × 4




	
B

An implant

	
330.2

	
334

	
100

	
4.1 × 8




	
321.6

	
381.4

	
100

	
4.1 × 4
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Table 3. Distribution of the principal stresses in the maxillary.
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Models

	
Crown (MPa)

	
Cantilever

(MPa)

	
Load

(N)

	
Implant Dimensions

(mm)






	
A

Two implants

	
57.55

	
86.26

	
100

	
4.1 × 8




	
58.61

	
78.42

	
100

	
4.1 × 4




	
B

An implant

	
96.83

	
128.5

	
100

	
4.1 × 8




	
101.3

	
168.5

	
100

	
4.1 × 4
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Table 4. Distribution of the microstrain in the solid model. Fixed partial prosthesis with distal cantilever, supported by ultrashort implants.
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Models

	
Crown (Maximum Tensile)

με

	
Cantilever

(Maximum Tensile)

με

	
Load

(N)

	
Implants Dimensions

(mm)






	
A

Two implants

	
3.439

	
6.983

	
100

	
4.1 × 8




	
6.648

	
5.990

	
100

	
4.1 × 4




	
B

An implant

	
5.777

	
8.553

	
100

	
4.1 × 8




	
6.538

	
9.253

	
100

	
4.1 × 4
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Table 5. Displacements of the fixed partial prosthesis with distal cantilever supported by ultrashort implants.
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Models

	
Displacement Crown

(mm)

	
Displacement Cantilever

(mm)

	
Load

(N)

	
Implant Dimensions

(mm)






	
A

Two short implants

	
0.02897

	
0.04072

	
100

	
4.1 × 8




	
0.02896

	
0.04045

	
100

	
4.1 × 4




	
B

A short implant

	
0.05933

	
0.00728

	
100

	
4.1 × 8




	
0.06705

	
0.08347

	
100

	
4.1 × 4
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