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Success of immediately loaded dental implant can be achieved by selecting appropriate
implant dimensions through establishing their correlation with interfacial strains which are
responsible for bone healing and osseointegration process. This study aim was to correlate
maximal bone strains induced by variable-sized implants with functional loads for the purpose
of their comparing with mean experimental functional load. 3D models of 24 implant-bone
assemblies were designed and finite element analysis was performed in ANSYS 15. Maximal
first principal strains were analyzed. Current ultimate functional load values, corresponding to
3000 pstrain of pathological bone turnover, were determined and compared with 120.92 N
mean experimental functional load to evaluate the success prognosis. Strains were found
directly dependent on bone quality and implant dimensions. So, bone strains alone have an
impact on immediate loading success. It is favorable for tested implants placed in type Il
bone, if functional load does not exceed 120.92 N. Type IV bone is completely unacceptable
for immediate loading.

Keywords: dental implant; immediate loading; strain; finite element method

Introduction

Immediate loading is defined as “a restoration placed in occlusion with the
opposing dentition within 48 hours of implant placement” [1] The success of
immediate loading is predetermined by tolerable strain level in bone-implant interface
because bone strains are usually regarded as the important phenomenological
stimulus for bone healing process [2]. Frost theory [2] suggests that strain levels in
bone surrounding dental implants should be kept within an acceptable range. Frost
defined strain thresholds that have to be exceeded to induce different bone
adaptation processes: minimum effective strain for remodeling (MESr), modeling
(MESm) and pathological (MESp), and their values were proposed as following: 50—
100, 1000-1500 and 3000 pstrain. For successful bone healing, in implant immediate
loading, strain level should be above MESr, but below MESp. Furthermore, for
increase of bone mass around implants, strains should be kept above the MESm.
Therefore, biomechanical investigations may aid in establishing the interactions
between the factors which influence bone strain magnitude: (a) quantity of bone and
its quality described in terms of mechanical properties, such as modulus of elasticity
and Poisson’s ratio; (b) implant dimensions; (c) parameters of bone-implant
interaction [3-5]. It is only computer simulation of the bone-implant interaction that
allows to interrelate functional loads and strains. By its means, the impact of implant
dimensions and bone quality on stress-strain spectrum may be quantified. Since
strains are to be limited by the abovementioned thresholds, it becomes possible to
determine ultimate functional load for particular implant [6], beyond which bone
healing under immediate loading is impossible. With such approach, comparing the
ultimate functional load with its experimentally established mean value for the
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particular site [7], the implant success can be evaluated [8]. The aim of the study was
to correlate maximum strains generated by different-sized implants under different
bone quality conditions with functional loads to determine their ultimate values for the
purpose of evaluating the prognosis of immediate loading.

Materials and methods

The 3D geometrical models of bone segment were generated considering
micro-computed tomography (CT) images. They simulated Types Ill and IV
mandibular bone according to Lekholm and Zarb classification [9] and consisted of
two volumes: shell of cortical bone with 1.0 mm thickness and cancellous core (see
Fig. 1). Bone tissues were assumed to be ideally connected. Gingival soft tissues
were not modeled. Outer diameter and height of the model was set to 22 mm, so
stress and strain fields were localized in vicinity of implants.

CAD models of implants spectrum, which represented Straumann® Bone
Level implants, were designed: 3.3, 4.1 and 4.8 mm diameter and 8.0, 10.0, 12.0 and
14.0 mm length. Each implant model included an abutment with 4.5 mm height.
Implant and abutment were considered as rigidly connected. Implants were assumed
to be in friction contact (0.3 frictional coefficient) within cortical bone. This condition
simulated zero osseointegration in healing period. The contact zone transferred
pressure and also tangential forces. Within the limits of cancellous bone, implants
were assumed to be rigidly fixed. FE analysis was performed in software ANSYS 15
with 20-node quadratic SOLID 185, SOLID 186 finite elements. For surface contact
modeling, CONTA174 vs. TARGE170 elements of 0.1 mm minimum size were
generated. The total number of FEs was up to 1,370,000. Mapped meshing was
applied. Loading of the implants, with forces of 116.8 N and 31.4 N in axial and
horizontal directions, respectively, simulated 120.92 N experimental mean maximal
functional load [7] at a 75 degrees angle to occlusal plane (Fig. 1). Due to force and
geometric symmetry of the models application FEs were refined.

For boundary conditions, nodes on cylindrical surface of bone models were
restrained, i.e. the boundaries were absolutely fixed. These boundary conditions
were selected after comparing the stress distributions at peri-implant region of the
whole mandible model and 22 mm diameter and height bone segment model
(convergence test). All materials were assumed to be linearly elastic and isotropic.
Implants and abutments were assumed to be made of titanium with 114 GPa
modulus of elasticity and 0.34 Poisson’s ratio [10]. Poisson’s ratio of bone tissue
(both cortical and cancellous) was assumed to be 0.3 [11]. For both bone types,
modulus of elasticity of cortical bone was 13.7 GPa [11]. For Type 3 bone, Modulus
of elasticity of cancellous bone was 1.0 GPa and for Type 4 bone it was 0.2 GPa.

A concept of ultimate functional load [6] was applied to compare load-carrying
capacity of tested implants and to correlate ultimate functional load magnitude for a
specific implant with experimental functional load for the particular anatomical site.
Maximal first principal strain in bone-implant interface was proposed as a criterion of
bone failure risk/success and was calculated for each implant and bone quality type
under 120.92 N mean experimental functional load. Ultimate functional loads, which
corresponded to 3000 ustrain (MESp) were calculated assuming linear correlation
between load and strain. Each UFL value was compared with 120.92 N mean
experimental functional load [7] to estimate the perspective of immediate loading
success for studied implants and bone types.
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Fig. 1. 3D FE model of types IlI-IV bone segment with placed implant. Cylindrical
surface of the model is restrained. Thin arrows represent components of 120.9 N
obligue functional loading applied to the center of abutment upper surface at 4.5 mm
distance from bone margin. Symmetry condition was used in the model design.

Results

First principal strain distributions along the critical bone-implant interface were
analyzed to find areas of strain concentrations. It was found that maximal first
principal strains were located in cortical-cancellous bone interface. These strains are
illustrated on Fig. 2 for llI-IV bone quality conditions. Ultimate functional load
magnitudes, which generated 3000 pstrain of maximal first principal strain were
calculated. They are shown on Fig. 3 for the spectrum of implants and IlI-IV bone
quality types.

Effect of implant length on ultimate functional load magnitude was studied for
different bone quality types. In Type Il bone, length increase from 8 mm to 14 mm for
narrow implants (3.3 mm diameter) caused ultimate functional load rise from 224 N to
365 N (63%), while for wide implants (4.8 mm diameter) it was from 305 N to 443 N
(45%). 15 In Type IV bone, length increase from 8 mm to 14 mm for narrow implants
(3.3 mm diameter) caused ultimate functional load rise from 68 N to 101 N (49%),
while for wide implants (4.8 mm diameter) it was from 88 N to 127 N (44%).
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Fig. 2. Maximal first principal strain dependence on implant length (a) and diameter
(b) for 1lI-1V bone quality types.
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[1I-1V bone quality types
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Impact of implant diameter on ultimate functional load magnitude was also
studied for considered bone quality types. In Type Il bone, diameter increase from
3.3 mm to 4.8 mm for short implants (8 mm length) caused ultimate functional load
rise from 224 N to 306 N (37%), while for long implants (14 mm length) it was from
365 N to 443 N (21%). In Type IV bone, diameter increase from 3.3 mm to 4.8 mm
for short implants (8 mm length) caused ultimate functional load rise from 68 N to 89
N (34%), while for long implants (14 mm length) it was from 101 N to 126 N (25%).

Prognosis of successful immediate loading was evaluated under results of
ultimate functional load magnitudes comparing with experimental functional loads. In
the case of 120.92 N mean experimental functional load for mandibular first molar [7],
the implants which corresponded to the symbols above the lower bold line on Fig. 3
were considered as successful.

Conclusions

In present study, numerical simulation of immediate loading was applied not
only for analysis of strain distributions in bone-implant interface, but mainly for
transformation of strain magnitudes into numerical parameters of implant success.
Within the spectrum of implants and loading conditions, several conclusions seem to
be important. (A) Bone strains are directly influenced by bone quality and implant
dimensions. (B) Bone strains had a strong impact on immediate loading prognosis.
The pattern of strain distribution was found identical for every diameter and length,
with critical strain localization in cortical-cancellous bone interface. This finding
allowed us to determine the essence of eventual bone failure due to overstrain. (C) It
was found that ultimate functional loads and also, the implant load-carrying capacity,
were significantly dependent on implant diameter and length in case of implant
placement in types Il and, especially, IV bone. (D) The results of present simulation
have showed that implants with larger diameter help to reduce strains and thus may
be a better choice in clinical situations for Type Il bone quality conditions.
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OcHoBH 0ioMexXaHIYHOr0 aHAI3Y 3yOHMX IMIIIAHTATIB 3
MHUTTEBMM HABAHTAKEHHAM

YCNiWHICTb  XXUTTEBOIO  LUMKNY AEHTanbHOro iMnfnaHTa 3a MUTTEBOrO
HaBaHTaXXEHHS MOXHa 3abe3neynTun LWNAXoM BMOOpPY MOro po3mipiB 3a Hacrnigkamu
BCTaAHOBIIEHHS 1X Kopensauil 3 gedopmauiaMmm Nnpunernnx TKaHWH, Big SKUX 3aneXuTb
BiHOBMEHHSA KICTKM Ta Mnpouec ocTeoiHTerpauii. MeTow uboro gocnigkeHHs 6yno
BCTAHOBUTK 3B’A3KM MakCUManbHUX AedopMauii KICTKOBUX TKaAHWH, BUKITMKaHUX
iMNSI@HTaMWN Pi3HUX PO3MIPIB, 3 MOTOYHUMWU (PYHKLIOHANBbHUMN HaBaHTaXEHHAMU 3
METOK  MOPIBHAHHA  OCTaHHIX i3 eKcrnepuMeHTanbHUM  OYHKLIOHANbHUM
HaBaHTaxeHHsaM. bBbyno pospobneHo 3D-mogeni 24-x 6GioMexaHiYHMX cuctem
«IMMNNAHT-KICTKOBUMA CErMeHT» Ta BWKOHAHO CKIHYEHHO-eNIEMEHTHUN aHani3 ix
aedopmoBaHOro ctaHy i3 BukopuctaHHaM ANSYS 15. byno npoananizoBaHo
HanbiNbLWIi nepwi TrofoBHI Aedopmadil 3a YMOB KOCOro  (PyHKUiIOHANbHOro
HaBaHTaXXeHHS. ['paHnYHi (pyHKUIOHaNbHI HaBaHTaXeHHS, ski BignosigatoTe 3000%10°
® rpaHuyHin naTonoriuHii AedhopmaLii  KICTKOBOI TKaHWHWM, GynM Bu3HaueHi Ta
nopiBHsAHI 3 120,92 H ekcnepumeHTanbHUM (PYHKLIOHANIbHUM HaBaHTaXXEHHAM Ans
BU3HAYEHHA NepcnekTuB ycrniwHocTi. byno KinbkicCHO BCTaHOBNEHO, Wo gedopmadii
Ta rpaHnYHi PyHKLIOHANbHI HaBaHTaXXEHHSA CYTTEBO 3arexaTb Bif SIKOCTi KiCTKOBOI
TKAHMHW Ta po3MipiB iMnnaHTa. TakMm 4YMHOM, piBeHb Aedopmalin BU3HaYae
nepcrnekTMBy YCNilWHOCTIi MUTTEBOINO HaBaHTaXXeHHsl. BOoHa No3nTMBHA ANs BUBYEHUX
IMMNaHTIB, SKi BXUBIIEHO Yy KICTKOBY TKaHUWHY Il TNy aKoCTi, AKWO yHKUiOHanNbLHe
HaBaHTaxeHHs He nepesuwye 120,92 H. KictkoBa TkaHuMHa IV Tuny skocTi
abConoTHO  HeMpuUHATHaA 4N MUTTEBOTO  HaBaHTaXEHHS  OOCHIMAXKEHUMMU
iMnyiaHTamu.

KnwouyoBi cnoBa: [fgeHTanbHW/A  IMNMAHT, MUTTEBE  3aBaHTaXEHHS;
nedopmauisi; MeToq CKIHYEHHUX eNEMEHTIB
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