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Abstract

This study evaluated the biomechanical performance of narrow-diameter implant (NDI)
treatment in atrophic maxillary posterior teeth in aging patients by finite element analysis.
The upper left posterior bone segment with first and second premolar teeth missing obtained
from a patient’s cone beam computed tomography data was simulated with cortical bone
thicknesses of 0.5 and 1.0 mm. Three model groups were analyzed. The Regimen group
had NDIs of 3.3 x 10 mm in length with non-splinted crowns. Experimental-1 group had
NDIs of 3.0 x 10 mm in length with non-splinted crowns and Experimental-2 group had NDls
of 3.0 x 10 mm in length with splinted crowns. The applied load was 56.9 N in three direc-
tions: axial (along the implant axis), oblique at 30° (30° to the bucco-palatal plane compared
to the vertical axis of the tooth), and lateral load at 90° (90° in the bucco-palatal plane com-
pared to the vertical axis of the tooth). The results of the von Mises stress on the implant fix-
ture, the elastic strain, and principal value of stress on the crestal marginal bone were
analyzed. The axial load direction was comparable in the von Mises stress values in all
groups, which indicated it was not necessary to use splinted crowns. The elastic strain val-
ues in the axial and oblique directions were within the limits of Frost’s mechanostat theory.
The principal value of stress in all groups were under the threshold of the compressive
stress and tensile strength of cortical bone. In the oblique and lateral directions, the splinted
crown showed better results for both the von Mises stress, elastic strain, and principal value
of stress than the non-splinted crown. In conclusion, category 2 NDIs can be used in the
upper premolar region of aging patients in the case of insufficient bone for category 3 NDI
restorations.

1. Introduction

Nowadays, the population of aging adults with more than 21 functional teeth throughout life
has been increasing and is one of the important factors in the health of the elderly [1]. The

PLOS ONE | https://doi.org/10.1371/journal.pone.0299816 March 25, 2024

1/17


https://orcid.org/0009-0003-7462-289X
https://orcid.org/0000-0001-8781-539X
https://doi.org/10.1371/journal.pone.0299816
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299816&domain=pdf&date_stamp=2024-03-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299816&domain=pdf&date_stamp=2024-03-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299816&domain=pdf&date_stamp=2024-03-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299816&domain=pdf&date_stamp=2024-03-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299816&domain=pdf&date_stamp=2024-03-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299816&domain=pdf&date_stamp=2024-03-25
https://doi.org/10.1371/journal.pone.0299816
http://creativecommons.org/licenses/by/4.0/
mailto:ec.medtu@gmail.com

PLOS ONE

Clinical challenges of narrow-diameter implants in aging patients

University Research Unit in Dental Biomechanics,
Thammasat University, Pathumthani, Thailand.

Competing interests: The authors have declared
that no competing interests exist.

demand for dental implants has increased and has become a promising treatment method to
restore missing teeth [2] with high success rates and excellent predictability [3-6]. Nonetheless,
aging patients frequently require special considerations in dental implant placement, which
include medical problems, longer recovery time, and the reluctance to have invasive surgery.
Therefore, minimally invasive surgery techniques for the elderly must be considered [7].

Standard-diameter implants (SDIs) of more than 3.75 mm in diameter are frequently used
with highly successful long-term outcomes [6, 8, 9]. However, one of the challenging limita-
tions for dental implant placement is alveolar crest atrophy with reduced bone width and
height. Additional surgical treatment, such as maxillary sinus floor augmentation or lateral
and/or vertical alveolar ridge augmentation, may be required to build up inadequate bone
dimensions [8]; however, the risk of complications is potentially increased [10, 11]. In order to
perform minimally invasive implant surgery and avoid ridge augmentation, a narrow-diame-
ter implant (NDI) of < 3.5 mm in diameter is one option that has a survival rate similar to
SDIs. Furthermore, NDIs have clinical advantages in situations of limited restorative space,
and NDIs can reduce the need for bone augmentation [6-9, 12].

NDIs in category 3 (diameter 3.3 to 3.5 mm) have strong evidence for use in all indications
including the posterior area. Smaller implants in category 2 (diameter 2.5 to < 3.3 mm) are
recommended for single tooth rehabilitation in areas of non-loading restoration [8]. Accord-
ing to several studies using finite element analysis (FEA), a smaller diameter implant presents
higher levels of stress and strain at the implant crestal marginal bone level than conventional
diameters, which anticipates a higher risk of bone loss [8, 13]. Therefore, NDIs have been
employed primarily in specific conditions, such as implant placement at the incisal area, and
are infrequently used in areas with high load of biting force such the molar teeth area [14].
However, many studies showed that age and gender are important factors that influence the
maximum bite force. Occlusal force increases with age and growth and then declines in the
elderly after 50 years of age due to decreased muscle mass and functional capacity [15]. On the
other hand, the splinted prosthesis is an option to reduce stress on an implant and surround-
ing bone support. The splinting (or stabilization) is a binding restoration or implant that can
improve the stability of the structure, enhance the overall surface receiving the load, and pro-
vide a better distribution of non-axial forces. According to several authors, splinting shows
biomechanical benefits and promotes a load-sharing effect [16, 17] and lowers the tensile stress
on the posterior area of short fixed bridges [17].

Several studies have used the FEA method to analyze and predict the biomechanical perfor-
mance of stress induced at peri-implant bone and dental implant components [18-20]. A
recent study [21, 22] of NDIs that supported single and splinted crowns reported that both
have a high degree of patient satisfaction with peri-implant conditions and comparable peri-
implant bone levels. Furthermore, they can be used successfully as a minimally invasive alter-
native to horizontal bone augmentation in the posterior region. Nevertheless, FEA studies of
biomechanical performance on NDIs supporting non-splinted crowns and splinted crowns in
the maxillary posterior region in aging patients are still lacking. Details of complications
related to restorations, implant diameters, and aging patients of this therapeutic modality are
still unknown. A few studies evaluated the biomechanics behavior of NDIs with splinted
crowns with different thicknesses of cortical bone in the atrophic posterior maxilla region of
aged patients [12, 20].

While the success of category 3 NDIs for load bearing is doubtless, nevertheless, debate still
exists on the proper minimally invasive approach in implant planning for aging patients with
reduced maximum bite force as well as the selection of an optimal implant diameter. The
hypothesis is that category 2 NDIs can also effectively manage the atrophic posterior maxilla
premolar area where the bone area is limited and also reduce the invasiveness in aging patients.
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Table 1. Experimental design groups.

Group Model
Regimen R-05
R-10

Experimental 1 E1-05
E1-10

Experimental 2 E2-05
E2-10

Therefore, this study aimed to evaluate the biomechanical behavior using FEA of category 2
NDlIs in the atrophic posterior maxilla premolar area with splinted and non-splinted crowns
in elderly patients who have reduced maximum bite force.

2. Material and methods

The Ethical Review Sub-Committee Board for Human Research Involving Sciences at Tham-
masat University approved the research exemption of the present study, which followed the
ethical principles of the Declaration of Helsinki, The Belmont Report, CIOMS guidelines, and
the International Conference on Harmonization—Good Clinical Practice (ICH-GCP)
guidelines.

In the process of data collection, in connection with authorized radiology personnel at
Thammasat University, collecting patient information began on 24 June 2022 and the required
radiographs were received on 30 June 2022.

After the authorization, the researcher obtained the required radiograph DICOM files from
the personnel of the Radiology Department at Thammasat University that was authorized to
provide patient information. The only information obtained was the radiograph without any
information that could be traced back to the patient. During and after the process of obtaining
the information, all authors could not access the patient’s information and did not require any
other information other than the obtained radiograph.

2.1 Bone models and implant designs

Based on Schiegnitz and Al-Nawas [6] for this study, a category 2 narrow-diameter two-piece
implant (diameter 3.0 mm) and a category 3 narrow-diameter two-piece implant (diameter 3.3
mm) were used in three groups. The Regimen (R) group received two-piece implants of cate-
gory 3 narrow diameter of 3.3 mm restored with non-splinted crowns. The Experimental-1 (E-
1) group received two-piece implants of category 2 narrow diameter of 3.0 mm restored with
non-splinted crowns, and Experimental-2 (E-2) group received two-piece implants of category
2 narrow diameter of 3.0 mm restored with splinted crowns (Table 1). The two-piece implant
with the smaller diameter restored with splinted crowns was used as a comparison parameter.
The clinical practice guidelines produced from the work of Schiegnitz and Al-Nawas, 2018 [6]
suggested choosing an implant-supported single crown for NDI category 3 (R group). All
implant models were 10.0 mm in length.

Implant diameter (mm) Cortical bone thickness (mm) Splinted/non-splinted crown
33 0.5 Non-splinted crown
1.0
3.0 0.5 Non-splinted crown
1.0
3.0 0.5 Splinted crown
1.0

R-05 = Regimen group with 0.5 mm cortical thickness

R-10 = Regimen group with 1.0 mm cortical thickness

E1-05 = Experimental group-1 with 0.5 mm cortical thickness

E1-10 = Experimental group-1 with 1.0 mm cortical thickness

E2-05 = Experimental group-2 with 0.5 mm cortical thickness

E2-10 = Experimental group-2 with 1.0 mm cortical thickness

https://doi.org/10.1371/journal.pone.0299816.t001
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The NDI implant components (implant, abutment, screws) used in this study were mod-
elled and simulated according to the configuration of the Straumann bone level tapered (BLT)
implant (Institut Straumann AG, Basel, Switzerland). The Straumann BLT implant fixture
(length = 10 mm, external diameter = 3.3 mm [Narrow CrossFit"™] for R group, and external
diameter = 2.9 mm [Small CrossFit"™] for E1 and E2 group) is fitted with a 15° conical-cylin-
drical CrossFit"™
screw-retained abutment (abutment gingival height = 1 mm, abutment height = 5.5 mm,
straight standard abutment). Fig 1 illustrates the workflow of the present study. Fig 2 illustrates
the sets of implants and restorations in each group. Fig 3 shows the positions of the implants
and the posterior maxillary bone model in 0.5 mm and 1.0 mm cortical thicknesses.

The maxilla model used in this study was obtained from of an upper left posterior bone seg-
ment belonging to a 74-year-old edentulous female with bone dimensions adequate for the
placement of an implant length of 10 mm at the area of the first and second premolar teeth.
The DICOM file containing the CT data of the patient was imported into the 3D Slicer Soft-
ware image processing program (http://www.slicer.org) to construct a 3D model of the maxilla
region which included cortical bone, cancellous bone, and teeth. Different thresholds were
applied to different regions of the CT images to separate cortical bone and teeth from other
parts. The cortical bone and teeth were recorded in the form of stereolithography (.stl) file for-
mat. The surface of both models was later improved to fix incomplete topology as well as final-
ize their shapes in computer-aided design software (VISI, Hexagon AB, Sweden). The model
region of interest included the arch ranging approximately from the canine to the second
molar. In order to simulate the condition under interest of this study, both pre-molars were
removed. The canine and molars were in placed with the maxilla. The maxilla model was

internal connection with four internal grooves. The crown is connected to a
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conceptualization and —_— Ethical approval ey CT data collection
study tools selection

'

Modeling FE model:
bone models,
implant designs, and crowns

|

Development of bone base,
NDIs, and crowns

|

Data collection, C ; d
data analysis, = FE analysis G onvergence testing an
and interpretation

mechanical testing

Fig 1. Workflow of the study.
https://doi.org/10.1371/journal.pone.0299816.9001
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Fig 2. CAD model of splinted and non-splinted narrow-diameter implants. (a) Regimen group, (b) Experimental-1
group, and (c) Experimental-2 group.

https://doi.org/10.1371/journal.pone.0299816.g002
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subtracted from these teeth which produce the complete exterior surface of cortical bone. The
cancellous bone was internally offset from the obtained external surface of cortical bone by 2
mm. The external cortical bone layer previously described was then subtracted to the cancel-
lous bone layer to produce the complete cortical bone of maxilla. The cortical bone design was
reconstructed with thicknesses of 0.5 mm and 1.0 mm [23], and simulation of the bone model
density was completed in accordance with the previous studies [20, 24]. Prosthetic crown
models were created using the VISI software and standardized as upper left first and second
premolar zirconia crowns. FEA analyzed the bone base, NDIs, and crowns with a commercial
finite element software package (Marc Mentat, MSC Software Corp., USA) using a multifron-
tal sparse type solver. The mechanical properties of the structural models, which included the
zirconia crown, abutment, titanium-zirconium (Ti-Zr) NDI, cortical bone, and cancellous
bone, were defined by individual values of modulus of elasticity and Poisson’s ratio (Table 2).
All model materials were isotropic and linearly elastic. A mesh refinement was completely
reconstructed in the regions of interest for this study. The element type employed in this study
was the 4-node tetrahedral element. A convergence study was conducted by generating differ-
ent element sizes. It was found that an element length <0.70 mm provided insignificant
changes in bone stress.

z

L

Fig 3. CAD models of narrow-diameter implants restored with splinted and non-splinted crowns in posterior
atrophic maxilla.

https://doi.org/10.1371/journal.pone.0299816.g003
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Table 2. Mechanical properties of the materials used in the study.

Materials Young’s modulus (MPa) Poisson ratio Reference
Zirconia crown 200,000 0.31 Lee et al., 2021 [25]
Abutment (Ti) 110,000 0.30 Grandin et al., 2012 [19]

Cinel et al., 2018 [20]

Screw (Ti) 110,000 0.30 Grandin et al., 2012 [19]

Cinel et al., 2018 [20]
Ti-Zr implant 100,000 0.30 Cinel et al., 2018 [20]
Pérez RA et al., 2020 [26]
Cancellous bone 1,370 0.31 Cinel et al., 2018 [20]
Geng J, 2001 [24]
Cortical bone 13,700 0.30 Cinel et al., 2018 [20]

https://doi.org/10.1371/journal.pone.0299816.t002

The total number of elements in the models ranged from 424,138 to 436,488, and the total
number of nodes ranged from 103,018 to 105,876 (Table 3). The element model with boundary
conditions and loading application points are indicated in Fig 4.

From the simulation limits, contacts of the fundamental structural models were set as
bonded contact between the crown and abutment, between cancellous bone and cortical bone,
and between the implant and bone. The bonded contact simulates the clinical conditions fol-
lowing successful implant treatment, bone-implant osseointegration and the fixing of all
implant components as a single unit. In all cases under consideration, the conventional load-
ing protocol (loading condition after full osseointegration loading), which was assumed to be
56.9 N to represents the bite force of a single premolar tooth in healthy adults, was applied to
the crown surface and is equivalent to the bite force of the anterior teeth [27]. The load was
applied in three directions: axial load (along the implant axis), oblique load at 30° (30° to
bucco-palatal plane compared to the tooth vertical axis), and lateral load at 90° (90° in bucco-
palatal plane compared to the tooth vertical axis).

The primary outcomes of the main structures of interest recorded in this study were the
NDI and peri-implant crestal bone (cortical bone). The prosthetic crown, abutment, and abut-
ment screw were created to simulate only the clinical situation; therefore, the outcomes of
these simulations were not included. All implant models underwent von Mises stress while
peri-implant bone models underwent elastic strain analysis [28], minimum principal values of
stress (Pmin), and maximum principal values of stress (Pmax) [12, 13, 20, 29, 30]. In accor-
dance with similar studies [28, 31], the present research tested the risk of overloading at differ-
ent categories of NDIs and at the crestal bone for the different prosthetic solutions. The results
of von Mises stress on the implants were considered according to the yield strength properties
of a NDI Ti-Zr alloy 689 MPa [26]. The results of the peri-implant crestal bone response in
elastic strain were evaluated by Frost’s mechanostat theory [32]. Additionally, the bone
response in Pmax or Pmin were evaluated by the compressive strength [12, 13]. The cortical

Table 3. Total number of nodes and elements for each model.

Group Model Element Node
Regimen R-05 428,773 105,265
R-10 436,488 105,876
Experimental-1 E-05 424,138 103,974
E-10 429,670 103,980
Experimental-2 E-05 425,375 104,111
E-10 425,935 103,018

https://doi.org/10.1371/journal.pone.0299816.t003
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Fig 4. Mesh element models of splinted and non-splinted narrow-diameter implants with boundary conditions
and loading application points.

https://doi.org/10.1371/journal.pone.0299816.9004

Lateral direction (90) Lateral direction (90v)

bone strength was assumed to withstand compressions that ranged from 170 to 190 MPa and
100 to 130 MPa under tension [20]. Stress values that exceed these thresholds might lead to
deformation of the bone structure [20, 33].

2.2 Mechanical testing

The FEA method approximates a mechanical issue through numerical analysis, which has less
precision than a result obtained from mechanical testing. Therefore, it is necessary to validate
the FE result using physical experiment to confirm the feasibility of the FE model [34]. The
E2-10 model configuration was selected for mechanical testing to validate the model. The max-
illary bone model was 3D-printed from polylactic acid filament (Verbatim, Mitsubishi Kagaku
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Fig 5. Experimental group-2 with a 1.0 mm cortical thickness model used for validation of the mechanical test.
(a.) Maxilla bone model and narrow diameter implant restored with splinted-crown and (b.) mechanical test setup.

https://doi.org/10.1371/journal.pone.0299816.9005

Media Co., Ltd., Japan) using the Zortrax M300 Plus fused deposition modeling machine (Zor-
trax S.A., Poland).

The printing parameters included 0.2 mm layer thickness, 210°C nozzle temperature, 60°C
platform temperature, 30 mm/s printing speed, 45° cross-hatch raster angle, and a rectilinear
infilled pattern. The 3D-printed bone model had mechanical properties corresponding to the
study of Chaitat [35]. Two category 2 NDI fixtures were placed in the edentulous site and
restored with splinted zirconia crowns simulated as in the FE model. A 100-N mechanical load
generated by a universal testing machine (UH-1000, Shimadzu Corp., Japan) was applied in
the axial direction to the superstructure of the model. Elastic strain was measured by a strain
gauge (KFP-2-120-C1-65L1M2R; Kyowa Electronic Instruments Co., Ltd., Japan) placed on
the outer palatal surface of the bone structure (Fig 5). The data logger (EDX-10B, EDX-11A,
Kyowa Electronic Instruments Co., Ltd., Japan) was used to capture the measured strain val-
ues. The measured values and the FE results obtained using the same geometric model were
then compared.

3. Results
3.1 von Mises stress in axial load

Maximum von Mises stress values were observed around the platform of the implant fixture
and abutment connection, which corresponded to the difference in the implant tooth position
and volume of surrounding bone tissue. Fig 6 shows the results of von Mises stress in each
group. The highest value of von Mises stress was observed in the R group (40.56 MPa), fol-
lowed by the E-2 group (31.75.00 MPa) and the E-1 group (31.01 MPa). Fig 7 shows the distri-
bution patterns generated by von Mises stress after applying the difference of 3 direction loads
in NDIs.
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Fig 6. Results of the von Mises stress values in narrow-diameter implants in all groups. Cortical thickness: -05 = 0.5
mm and -10 = 1.0 mm.

https://doi.org/10.1371/journal.pone.0299816.g006

3.2 von Mises stress in oblique load

In the oblique load and lateral load directions, increased von Mises stress values were observed
in all groups compared to the axial direction. The highest von Mises stress value in the oblique
load direction was observed in the implant of the R group (225.70 MPa), followed by the E-1
group (186.46 MPa), and the lowest von Mises stress value was observed in the E-2 splinted-
crown group (130.88 MPa).

3.3 von Mises stress in lateral load

The lateral load direction represents the parafunctional habits similar to bruxism or tooth clench-
ing. The highest von Mises stress value of the lateral load was observed in the implant of the R
group (376.07 MPa) followed by the E-1 group (331.62 MPa) and E-2 group (225.35 MPa).

3.4 Elastic strain results of peri-implant bone

Fig 8 shows the results of elastic strain in all groups. The values of peri-implant bone elastic strain
were analyzed using Frost’s mechanostat theory. The results of elastic strain in the axial load
direction ranged from 325.55 to 690.77 microstrain (pe), which were comparable in all groups.
The elastic strain results for the oblique load ranged from 1,788 to 4,043.58 €. In the lateral load
direction, the peri-implant bone elastic strain value ranged from 3,917.70 to 7,051.27 pe. Fig 9
shows the distribution pattern generated by elastic strain in the peri-implant crestal marginal
bone after application of the difference of the three-directional loads in the NDIs.

3.5 Principal value of stress results of peri-implant bone

In all models, both Pmin and Pmax results were lateral load > oblique load > axial load. Peak
Pmin and Pmax values were observed in the lateral loading direction in the R-10 group (49.03
MPa and 118.91 MPa, respectively). The results of Pmin are shown in Fig 10 and the results of
Pmax are shown in Fig 11.

3.6 Mechanical validation

While the strain measured by FEA was 65.7 g, the average strain from mechanical testing was
60.0 pe. The estimated 9.5% difference between the FE result and the mechanical testing was
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Fig 7. Distribution patterns of von Mises stress in narrow-diameter implants. (a.) Axial load direction, (b.) oblique
load direction, and (c.) lateral load direction. Cortical thickness: -05 = 0.5 mm and -10 = 1.0 mm.

https://doi.org/10.1371/journal.pone.0299816.g007

observed to be sufficient to prove that the numeric conditions used in the FEA were
appropriate.

4. Discussion

Currently the aging population is a global phenomenon [7]. One of the main problems of
aging people is tooth loss [1]; however, dental implant rehabilitation may improve oral health-
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Fig 8. Results of elastic strain on the surrounding bone in all groups. Cortical thickness: -05 = 0.5 mm and -10 = 1.0
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related quality of life [6, 8]. A greater number of elderly persons with general health issues
require special considerations when receiving dental implant treatment [7]. After tooth extrac-
tion, it is inevitable the alveolar crest will atrophy and reduce in width and height [20], which
creates a challenging limitation in the treatment of dental implants [6]. In this situation, addi-
tional surgical procedures may be necessary to augment the insufficient bone volume and
repair the vertical, horizontal, or sagittal interocclusal relationships [8]. The augmentation pro-
cedure is time and cost consuming along with a higher risk of complications [6, 8]. Further-
more, minimally invasive procedures should be considered when giving implant treatment in
elderly adults [7]. A more conservative approach is the NDI, which was created to avoid these
additional procedures and facilitate successful restoration [20].

In biomechanical aspects, it was reported that the macrodesign of dental implants, includ-
ing fixture length and diameter, influences implant predictability and success [36]. However,
the influence of dental implant diameter on long-term survival outcome is secondary. The
important factors that affect long-term survival of dental implants in the atrophic maxilla pos-
terior area include proper surgical technique, achievement of adequate implant primary stabil-
ity, and proper pre- and post-operative oral hygiene maintenance [37].

The force effects on the surrounding tissue and implant material, as well as the generated
distributed stress following loading on a bone-implant contact, are difficult to study in vivo
[20]. As a consequence, stress analysis using FEA has been useful and most widely used to
explain the biomechanical performance of implant restorations [12, 20]. The load sharing
results of splinting prostheses is more favorable compared to non-splinted crowns [17, 38]. A
splinted crown on an implant showed better biomechanical performance of maximum von
Mises stress and lower cortical bone stress [17, 39]. Implant fracture is one of the main compli-
cations of NDIs [40]; therefore, the choice of implant material is an important factor [20]. An
implant fixture made of Ti-Zr has superior mechanical properties compared to titanium (T1).
A Ti-Zr narrow-diameter implant material has a yield strength up to 689 MPa [26] and is 10—
15% higher than Grade 4 Ti in tensile elongation and fracture toughness [41]. Similar to a pre-
vious study [20], this current study measured von Mises stress in three load directions. None
of the stress results exceeded the yield strength of Ti-Zr implant material.

In this present study, the stress analysis evaluated the vertical and oblique loads, which sim-
ulated the complex chewing load in normal conditions, and the horizontal loading simulated
bruxism habits. Interestingly, the results of the first premolar and second premolar von Mises
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800

stress analysis demonstrated that the axial load of the three groups had comparable maximum
von Mises stress values as in a previous study [31]. A study by Al Aali et al, 2019 [21] reported
that the plaque index, bleeding on probing, and probing depth did not significantly differ
between splinted and non-splinted crowns. Peri-implant conditions and peri-implant bone
levels were comparable. However, compared to other fixed partial restorations, single crown
restorations provide a more comfortable approach by better emergence profiles and better
access for oral hygiene maintenance [42]. Therefore, in order to avoid biological complica-
tions, it is not necessary to use a splinted crown to withstand the axial load. The maximum
stress value in the oblique load direction observed in the R group was 17.39% higher than the
E-1 group and 42.02% higher than the E-2 group. The maximum stress value in the lateral load
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direction observed in the R group was 11.82% higher than the E-1 group and 40.08% higher
than the E-2 group. In the lateral load direction, all models exhibited the highest von Mises
stress values.
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Fig 11. Maximum principal value of stress on the surrounding bone in all groups. Cortical thickness: -05 = 0.5 mm
and -10 = 1.0 mm.
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The highest stress result in the lateral direction of the R-10 (376.07 MPa) was 55.3% of the
static tensile limit of a Ti implant abutment and Ti screw (680 MPa). Likewise, the highest
stress result was 54.5% of the yield strength of a Ti-Zr implant fixture (689 MPa). In clinical
conditions, lateral jaw movement activity occurs in the bruxism habit, characterized by the
clenching or grinding of teeth. Frequent sleep bruxism occurs in 13% of adults [43]. Our study
showed lateral stresses in the implants reach 375 MPa values; however, a study by M. Janecek,
2015 reported that the fatigue life of titanium alloy at a stress amplitude <400 MPa can be tol-
erated up to 10'° cycles in tension-compression and rotating bending tests [44]. Therefore, the
375 MPa stress value is under a fatigue endurance of Ti-Zr dental implant.

The bone surrounding an implant is one of the importance factors that influences osseoin-
tegration [8, 45]. A study by Zarb [46] reported the posterior maxilla has the lowest bone den-
sity and also the thinnest cortical bone thickness. Ko et al. [23] reported that the posterior
maxillary cortical bone thickness in the elderly was around 0.5 to 1 mm. The crestal cortical
bone was thinner on average in the older group compared to the younger group, especially on
the posterior maxilla where it was much thinner in the older group [45]. The bone model in
this study was obtained and reconstructed from a patient’s cone beam computed tomography
images to represent the character of the natural bone geometry. Naturally, in the alveolar
ridge, the more posterior alveolar ridge is thicker than in the anterior in bucco-lingual width.
Therefore, the results of the biomechanics performance demonstrated better elastic strain in
the peri-implant bone of the second premolar tooth than the first premolar tooth. In the stress
analysis, the elastic strain in the axial load direction in all groups was within the adapted win-
dow (physiologic window) of Frost’s mechanostat theory [32], while the results of the oblique
load were within the mild overload window. The lateral load results were within the pathologic
overload window. In this zone, bone resorption will occur. However, in a clinical scenario the
lateral direction (90°) of occlusion is not common but occurs in tooth grinding and in patients
with bruxism and tooth clenching habits [43].

The results of elastic strain in the axial load direction were comparable in stress distribution
in all groups. However, in the oblique and lateral loads, the splinted crown group showed bet-
ter results in elastic strain than the non-splinted crown group, and these results were smaller
than the R group. Bone tissue is brittle, therefore, this study used Pmin and Pmax to evaluate
the risk indicators for peri-implant bone resorption, as similarly reported in previous studies
[12, 20, 29, 30]. The results of Pmin and Pmax values in all groups were under the threshold of
the compressive stress and tensile strength of cortical bone. These results demonstrated that
the peri-implant bone can withstand the loading applied, and peri-implant bone resorption
did not occur. The results of Pmin and Pmax in the axial load direction were comparable in all
groups. In addition, the highest principal stress values were noted in the Pmax of the lateral
loading direction in the R-10 group. However, under oblique and lateral loads, the splinted-
crown group performed with better results than the non-splinted crown group in Pmin and
Pmax values, and these results were less than those of the R group. Many previous studies [12,
16, 17] demonstrated that the biomechanical advantages of the splinting prosthesis concept
were unquestionable. In addition, it was proven that the peri-implant overload volume around
NDIs with a splinted restorations was even less than around the non-splinted implants with a
regular diameter, which was consistent with the Valera-Jiménez et al., 2020 study [12].

The one limitation of this study is the complexity of the oral structure that rarely transmits
stress precisely as predicted. The results of this FE study involved a large number of aging
patients or patients who needed minimally invasive surgery. It is important in the future to
consider evaluating the effects and results of category 2 NDI restorations in the region of the
posterior teeth.
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5. Conclusion

From a biomechanics point of view, the results of this study showed that category 2 NDIs (2.5
to < 3.3 mm) can be used in the upper premolar region of aging patients in the case of insuffi-
cient bone for category 3 NDI (3.3 to 3.5 mm) restorations. Additionally, the splinted crown
can be helpful in conditions of non-axial load for a better load sharing effect.

However, in clinical studies on oral rehabilitation using NDIs to support non-splinted and
splinted crowns in aging patients is complex. Therefore, long-term follow-up is needed in
aging patients.

Author Contributions

Conceptualization: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyaup-
patham, Samroeng Inglam.

Data curation: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyauppa-
tham, Kopchai Poomparnich, Samroeng Inglam.

Investigation: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyauppatham,
Samroeng Inglam.

Methodology: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyauppa-
tham, Samroeng Inglam.

Software: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyauppatham,
Kopchai Poomparnich, Samroeng Inglam.

Supervision: Nattapon Chantarapanich, Komsan Apinyauppatham, Samroeng Inglam.

Validation: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyauppatham,
Samroeng Inglam.

Visualization: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan Apinyauppa-
tham, Samroeng Inglam.

Writing - original draft: Saranyoo Prasitwuttisak.

Writing - review & editing: Saranyoo Prasitwuttisak, Nattapon Chantarapanich, Komsan
Apinyauppatham, Samroeng Inglam.

References

1. Hobdell M, Petersen PE, Clarkson J, Johnson N. Global goals for oral health 2020. Int Dent J. 2003; 53
(5):285-8. https://doi.org/10.1111/}.1875-595x.2003.tb00761.x PMID: 14560802

2. Kandavalli SR, Wang Q, Ebrahimi M, Gode C, Djavanroodi F, Attarilar S, et al. A Brief Review on the
Evolution of Metallic Dental Implants: History, Design, and Application. Frontiers in Materials. 2021; 8.
https://doi.org/10.3389/fmats.2021.646383

3. Al-Nawas B, Kdmmerer PW, Morbach T, Ladwein C, Wegener J, Wagner W. Ten-year retrospective fol-
low-up study of the TiOblast dental implant. Clin Implant Dent Relat Res. 2012; 14(1):127-34. https:/
doi.org/10.1111/j.1708-8208.2009.00237.x PMID: 20156231

4. Moraschini V, Poubel LA, Ferreira VF, Barboza Edos S. Evaluation of survival and success rates of den-
tal implants reported in longitudinal studies with a follow-up period of at least 10 years: a systematic
review. Int J Oral Maxillofac Surg. 2015; 44(3):377—-88. https://doi.org/10.1016/j.ijom.2014.10.023
PMID: 25467739

5. Schiegnitz E, Al-Nawas B, Tegner A, Sagheb K, Berres M, Kdmmerer PW, et al. Clinical and Radiologi-
cal Long-Term Outcome of a Tapered Implant System with Special Emphasis on the Influence of Aug-
mentation Procedures. Clin Implant Dent Relat Res. 2016; 18(4):810-20. https://doi.org/10.1111/cid.
12338 PMID: 25810365

PLOS ONE | https://doi.org/10.1371/journal.pone.0299816 March 25, 2024 15/17


https://doi.org/10.1111/j.1875-595x.2003.tb00761.x
http://www.ncbi.nlm.nih.gov/pubmed/14560802
https://doi.org/10.3389/fmats.2021.646383
https://doi.org/10.1111/j.1708-8208.2009.00237.x
https://doi.org/10.1111/j.1708-8208.2009.00237.x
http://www.ncbi.nlm.nih.gov/pubmed/20156231
https://doi.org/10.1016/j.ijom.2014.10.023
http://www.ncbi.nlm.nih.gov/pubmed/25467739
https://doi.org/10.1111/cid.12338
https://doi.org/10.1111/cid.12338
http://www.ncbi.nlm.nih.gov/pubmed/25810365
https://doi.org/10.1371/journal.pone.0299816

PLOS ONE

Clinical challenges of narrow-diameter implants in aging patients

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.
25.

Schiegnitz E, Al-Nawas B. Narrow-diameter implants: A systematic review and meta-analysis. Clin Oral
Implants Res. 2018; 29 Suppl 16:21—40. https://doi.org/10.1111/clr.13272 PMID: 30328192

Sato Y, Kitagawa N, Isobe A. Implant treatment in ultra-aged society. Jpn Dent Sci Rev. 2018; 54
(2):45-51. https://doi.org/10.1016/j.jdsr.2017.12.002 PMID: 29755614

Klein MO, Schiegnitz E, Al-Nawas B. Systematic review on success of narrow-diameter dental implants.
Int J Oral Maxillofac Implants. 2014; 29 Suppl:43-54. https://doi.org/10.11607/jomi.2014suppl.g1.3
PMID: 24660189

Sahin SC. Static and Dynamic Stress Analysis of Standard- and Narrow-Diameter Implants: A 3D Finite
Element Analysis. Int J Oral Maxillofac Implants. 2020; 35(4):e58—€68. https://doi.org/10.11607/jomi.
8037 PMID: 32724919

Schiegnitz E, Al-Nawas B, Kdmmerer PW, Grétz KA. Oral rehabilitation with dental implants in irradi-
ated patients: a meta-analysis on implant survival. Clin Oral Investig. 2014; 18(3):687-98. https://doi.
org/10.1007/s00784-013-1134-9 PMID: 24271500

Walter C, Al-Nawas B, Wolff T, Schiegnitz E, Grétz KA. Dental implants in patients treated with antire-
sorptive medication—a systematic literature review. Int J Implant Dent. 2016; 2(1):9. https://doi.org/10.
1186/s40729-016-0041-7 PMID: 27747701

Valera-Jimenez JF, Burgueno-Barris G, Gomez-Gonzalez S, Lopez-Lopez J, Valmaseda-Castellon E,
Fernandez-Aguado E. Finite element analysis of narrow dental implants. Dent Mater. 2020; 36(7):927—
35. https://doi.org/10.1016/j.dental.2020.04.013 PMID: 32466868

Baggi L, Cappelloni |, Di Girolamo M, Maceri F, Vairo G. The influence of implant diameter and length
on stress distribution of osseointegrated implants related to crestal bone geometry: a three-dimensional
finite element analysis. J Prosthet Dent. 2008; 100(6):422-31. https://doi.org/10.1016/S0022-3913(08)
60259-0 PMID: 19033026

Galindo-Moreno P, Nilsson P, King P, Becktor J, Speroni S, Schramm A, et al. Clinical and radiographic
evaluation of early loaded narrow diameter implants—1-year follow-up. Clin Oral Implants Res. 2012;
23(5):609-16. https://doi.org/10.1111/j.1600-0501.2011.02254.x PMID: 22093047

Palinkas M, Nassar MS, Cecilio FA, Siéssere S, Semprini M, Machado-de-Sousa JP, et al. Age and
gender influence on maximal bite force and masticatory muscles thickness. Arch Oral Biol. 2010; 55
(10):797-802. https://doi.org/10.1016/j.archoralbio.2010.06.016 PMID: 20667521

Guichet DL, Yoshinobu D, Caputo AA. Effect of splinting and interproximal contact tightness on load
transfer by implant restorations. J Prosthet Dent. 2002; 87(5):528-35. https://doi.org/10.1067/mpr.
2002.124589 PMID: 12070516

Lemos CAA, Verri FR, Santiago Junior JF, de Souza Batista VE, Kemmoku DT, Noritomi PY, et al.
Splinted and Nonsplinted Crowns with Different Implant Lengths in the Posterior Maxilla by Three-
Dimensional Finite Element Analysis. J Healthc Eng. 2018; 2018:3163096. https://doi.org/10.1155/
2018/3163096 PMID: 30254726

Wang JQ, Zhang Y, Pang M, Wang YQ, Yuan J, Peng H, et al. Biomechanical Comparison of Six Differ-
ent Root-Analog Implants and the Conventional Morse Taper Implant by Finite Element Analysis. Front
Genet. 2022; 13:915679. https://doi.org/10.3389/fgene.2022.915679 PMID: 35769992

Grandin HM, Berner S, Dard M. A Review of Titanium Zirconium (TiZr) Alloys for Use in Endosseous
Dental Implants. Materials. 2012; 5(8):1348-60.

Cinel S, Celik E, Sagirkaya E, Sahin O. Experimental evaluation of stress distribution with narrow diam-
eter implants: A finite element analysis. J Prosthet Dent. 2018; 119(3):417-25. https://doi.org/10.1016/j.
prosdent.2017.04.024 PMID: 28645665

Al-Aali KA, ArRejaie AS, Alrahlah A, AlIFawaz YF, Abduljabbar T, Vohra F. Clinical and radiographic
peri-implant health status around narrow diameter implant-supported single and splinted crowns. Clin
Implant Dent Relat Res. 2019; 21(2):386—-90. https://doi.org/10.1111/cid.12718 PMID: 30767366

Grandi T, Svezia L, Grandi G. Narrow implants (2.75 and 3.25 mm diameter) supporting a fixed splinted
prostheses in posterior regions of mandible: one-year results from a prospective cohort study. Int J
Implant Dent. 2017; 3(1):43. https://doi.org/10.1186/s40729-017-0102-6 PMID: 28887721

Ko YC, Huang HL, Shen YW, Cai JY, Fuh LJ, Hsu JT. Variations in crestal cortical bone thickness at
dental implant sites in different regions of the jawbone. Clin Implant Dent Relat Res. 2017; 19(3):440-6.
https://doi.org/10.1111/cid. 12468 PMID: 28074591

Geng J YW, Xu W. Application of the finite element method in implant dentistry2001. p.81-9 p.

Lee JH, Jang HY, Lee SY. Finite Element Analysis of Dental Implants with Zirconia Crown Restorations:
Conventional Cement-Retained vs. Cementless Screw-Retained. Materials (Basel). 2021; 14(10).
https://doi.org/10.3390/ma14102666 PMID: 34069608

PLOS ONE | https://doi.org/10.1371/journal.pone.0299816 March 25, 2024 16/17


https://doi.org/10.1111/clr.13272
http://www.ncbi.nlm.nih.gov/pubmed/30328192
https://doi.org/10.1016/j.jdsr.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29755614
https://doi.org/10.11607/jomi.2014suppl.g1.3
http://www.ncbi.nlm.nih.gov/pubmed/24660189
https://doi.org/10.11607/jomi.8037
https://doi.org/10.11607/jomi.8037
http://www.ncbi.nlm.nih.gov/pubmed/32724919
https://doi.org/10.1007/s00784-013-1134-9
https://doi.org/10.1007/s00784-013-1134-9
http://www.ncbi.nlm.nih.gov/pubmed/24271500
https://doi.org/10.1186/s40729-016-0041-7
https://doi.org/10.1186/s40729-016-0041-7
http://www.ncbi.nlm.nih.gov/pubmed/27747701
https://doi.org/10.1016/j.dental.2020.04.013
http://www.ncbi.nlm.nih.gov/pubmed/32466868
https://doi.org/10.1016/S0022-3913%2808%2960259-0
https://doi.org/10.1016/S0022-3913%2808%2960259-0
http://www.ncbi.nlm.nih.gov/pubmed/19033026
https://doi.org/10.1111/j.1600-0501.2011.02254.x
http://www.ncbi.nlm.nih.gov/pubmed/22093047
https://doi.org/10.1016/j.archoralbio.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20667521
https://doi.org/10.1067/mpr.2002.124589
https://doi.org/10.1067/mpr.2002.124589
http://www.ncbi.nlm.nih.gov/pubmed/12070516
https://doi.org/10.1155/2018/3163096
https://doi.org/10.1155/2018/3163096
http://www.ncbi.nlm.nih.gov/pubmed/30254726
https://doi.org/10.3389/fgene.2022.915679
http://www.ncbi.nlm.nih.gov/pubmed/35769992
https://doi.org/10.1016/j.prosdent.2017.04.024
https://doi.org/10.1016/j.prosdent.2017.04.024
http://www.ncbi.nlm.nih.gov/pubmed/28645665
https://doi.org/10.1111/cid.12718
http://www.ncbi.nlm.nih.gov/pubmed/30767366
https://doi.org/10.1186/s40729-017-0102-6
http://www.ncbi.nlm.nih.gov/pubmed/28887721
https://doi.org/10.1111/cid.12468
http://www.ncbi.nlm.nih.gov/pubmed/28074591
https://doi.org/10.3390/ma14102666
http://www.ncbi.nlm.nih.gov/pubmed/34069608
https://doi.org/10.1371/journal.pone.0299816

PLOS ONE

Clinical challenges of narrow-diameter implants in aging patients

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

Pérez RA, Gargallo J, Altuna P, Herrero-Climent M, Gil FJ. Fatigue of Narrow Dental Implants: Influence
of the Hardening Method. Materials (Basel). 2020; 13(6). https://doi.org/10.3390/ma13061429 PMID:
32245138

Kumagai H, Suzuki T, Hamada T, Sondang P, Fuijitani M, Nikawa H. Occlusal force distribution on the
dental arch during various levels of clenching. J Oral Rehabil. 1999; 26(12):932-5. https://doi.org/10.
1046/j.1365-2842.1999.00473.x PMID: 10620156

Falcinelli C, Valente F, Vasta M, Traini T. Finite element analysis in implant dentistry: State of the art
and future directions. Dent Mater. 2023; 39(6):539-56. https://doi.org/10.1016/j.dental.2023.04.002
PMID: 37080880

Sezer T, Kilic K, Esim E. Effect of Implant Diameter and Bruxism on Biomechanical Performance in
Maxillary All-on-4 Treatment: A 3D Finite Element Analysis. Int J Oral Maxillofac Implants. 2022; 37
(4):709-21. https://doi.org/10.11607/jomi.9419 PMID: 35904827

Sezer T, Kilic K, Esim E. Effect of Anterior Implant Position on Biomechanical Performance in the Maxil-
lary All-on-Four Treatment: A 3-D Finite Element Analysis. J Oral Implantol. 2022; 48(3):177-86.
https://doi.org/10.1563/aaid-joi-D-21-00022 PMID: 34091679

Barbosa FT, Zanatta LCS, de Souza Rendohl E, Gehrke SA. Comparative analysis of stress distribution
in one-piece and two-piece implants with narrow and extra-narrow diameters: A finite element study.
PLoS One. 2021; 16(2):e0245800. https://doi.org/10.1371/journal.pone.0245800 PMID: 33539392

Frost HM.: Mechanical Adaptation. Frost's mechanostat theory. In Martin RB, Burr DB, editors: Struc-
ture, functional, and adaptation of compact bone, New York, 1989, Raven Press. 1989.

Zinsli B, Sagesser T, Mericske E, Mericske-Stern R. Clinical evaluation of small-diameter ITI implants:
a prospective study. Int J Oral Maxillofac Implants. 2004; 19(1):92-9. PMID: 14982361

Inglam S, Chantarapanich N, Suebnukarn S, Vatanapatimakul N, Sucharitpwatskul S, Sitthiseripratip K.
Biomechanical evaluation of a novel porous-structure implant: finite element study. Int J Oral Maxillofac
Implants. 2013; 28(2):e48-56. https://doi.org/10.11607/jomi.1666 PMID: 23527368

Chaitat S, Chantarapanich N, Wanchat S. Effects of the 3DP process parameters on mechanical prop-
erties of polylactic acid part used for medical purposes. Rapid Prototyping Journal. 2022; 28(1):143—60.
https://doi.org/10.1108/RPJ-01-2021-0014

Shemtov-Yona K, Rittel D, Levin L, Machtei EE. Effect of dental implant diameter on fatigue perfor-
mance. Part I: mechanical behavior. Clin Implant Dent Relat Res. 2014; 16(2):172—7. https://doi.org/10.
1111/1.1708-8208.2012.00477.x PMID: 22780911

Javed F, Romanos GE. Role of implant diameter on long-term survival of dental implants placed in pos-
terior maxilla: a systematic review. Clin Oral Investig. 2015; 19(1):1-10. https://doi.org/10.1007/
s00784-014-1333-z PMID: 25366871

Heo KH, Lim YJ, Kim MJ, Kwon HB. Three-dimensional finite element analysis of the splinted implant
prosthesis in a reconstructed mandible. J Adv Prosthodont. 2018; 10(2):138—46. https://doi.org/10.
4047/jap.2018.10.2.138 PMID: 29713435

Bal BT, Caglar A, Aydin C, Yilmaz H, Bankoglu M, Eser A. Finite element analysis of stress distribution
with splinted and nonsplinted maxillary anterior fixed prostheses supported by zirconia or titanium
implants. Int J Oral Maxillofac Implants. 2013; 28(1):e27-38. https://doi.org/10.11607/jomi.2442 PMID:
23377079

Sierra-Sanchez JL, Martinez-Gonzalez A, Garcia-Sala Bonmati F, Mares-Ferrer JF, Brotons-Oliver A.
Narrow-diameter implants: are they a predictable treatment option? A literature review. Med Oral Patol
Oral Cir Bucal. 2014; 19(1):e74-81. https://doi.org/10.4317/medoral.19306 PMID: 24316701

Medvedev AE, Molotnikov A, Lapovok R, Zeller R, Berner S, Habersetzer P, et al. Microstructure and
mechanical properties of Ti-15Zr alloy used as dental implant material. J Mech Behav Biomed Mater.
2016; 62:384-98. https://doi.org/10.1016/j.jmbbm.2016.05.008 PMID: 27258932

Solnit GS, Schneider RL. An alternative to splinting multiple implants: use of the ITI system. J Prostho-
dont. 1998; 7(2):114-9. https://doi.org/10.1111/j.1532-849x.1998.tb00190.x PMID: 9743666

Yap AU, Chua AP. Sleep bruxism: Current knowledge and contemporary management. J Conserv
Dent. 2016; 19(5):383-9. https://doi.org/10.4103/0972-0707.190007 PMID: 27656052

Janecek M, Novy F, Harcuba P, Strasky J, Trsko L, Mhaede M, et al. The Very High Cycle Fatigue
Behaviour of Ti-6Al-4V Alloy. Acta Physica Polonica A. 2015; 128:497-503. https://doi.org/10.12693/
APhysPolA.128.497

Ko YC, Tsai MT, Fuh LJ, Tsai MJ, Wang XH, Huang HL, et al. Association between Age of Menopause
and Thickness of Crestal Cortical Bone at Dental Implant Site: A Cross-Sectional Observational Study.
Int J Environ Res Public Health. 2020; 17(16). https://doi.org/10.3390/ijerph17165868 PMID: 32823531

Zarb GA, Zarb FL. Tissue integrated dental prostheses. Quintessence Int. 1985; 16(1):39-42. PMID:
3883391

PLOS ONE | https://doi.org/10.1371/journal.pone.0299816 March 25, 2024 17/17


https://doi.org/10.3390/ma13061429
http://www.ncbi.nlm.nih.gov/pubmed/32245138
https://doi.org/10.1046/j.1365-2842.1999.00473.x
https://doi.org/10.1046/j.1365-2842.1999.00473.x
http://www.ncbi.nlm.nih.gov/pubmed/10620156
https://doi.org/10.1016/j.dental.2023.04.002
http://www.ncbi.nlm.nih.gov/pubmed/37080880
https://doi.org/10.11607/jomi.9419
http://www.ncbi.nlm.nih.gov/pubmed/35904827
https://doi.org/10.1563/aaid-joi-D-21-00022
http://www.ncbi.nlm.nih.gov/pubmed/34091679
https://doi.org/10.1371/journal.pone.0245800
http://www.ncbi.nlm.nih.gov/pubmed/33539392
http://www.ncbi.nlm.nih.gov/pubmed/14982361
https://doi.org/10.11607/jomi.1666
http://www.ncbi.nlm.nih.gov/pubmed/23527368
https://doi.org/10.1108/RPJ-01-2021-0014
https://doi.org/10.1111/j.1708-8208.2012.00477.x
https://doi.org/10.1111/j.1708-8208.2012.00477.x
http://www.ncbi.nlm.nih.gov/pubmed/22780911
https://doi.org/10.1007/s00784-014-1333-z
https://doi.org/10.1007/s00784-014-1333-z
http://www.ncbi.nlm.nih.gov/pubmed/25366871
https://doi.org/10.4047/jap.2018.10.2.138
https://doi.org/10.4047/jap.2018.10.2.138
http://www.ncbi.nlm.nih.gov/pubmed/29713435
https://doi.org/10.11607/jomi.2442
http://www.ncbi.nlm.nih.gov/pubmed/23377079
https://doi.org/10.4317/medoral.19306
http://www.ncbi.nlm.nih.gov/pubmed/24316701
https://doi.org/10.1016/j.jmbbm.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27258932
https://doi.org/10.1111/j.1532-849x.1998.tb00190.x
http://www.ncbi.nlm.nih.gov/pubmed/9743666
https://doi.org/10.4103/0972-0707.190007
http://www.ncbi.nlm.nih.gov/pubmed/27656052
https://doi.org/10.12693/APhysPolA.128.497
https://doi.org/10.12693/APhysPolA.128.497
https://doi.org/10.3390/ijerph17165868
http://www.ncbi.nlm.nih.gov/pubmed/32823531
http://www.ncbi.nlm.nih.gov/pubmed/3883391
https://doi.org/10.1371/journal.pone.0299816

