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Abstract: Background/Objectives: Dental pulp and its neuro-vascular bundle (NVB) are
among the least studied dental tissues. This study identified the best method for evaluating
ischemic risks in the dental pulp and NVB of healthy lower premolars under orthodontic
forces and in intact periodontium. Methods: Nine 3D models of the second lower premolar
were reconstructed based on the CBCT scans from nine patients. Nine patients (CBCT
scan) were subjected to 3 N of intrusion, extrusion, rotation, tipping, and translation. Five
numerical methods, Tresca, von Mises (VM), Maximum and Minimum Principal, and
hydrostatic pressure were used to biomechanically assess (totaling 225 simulations) the
color-coded stress distribution in pulp and NVB. The results (both qualitative and quantita-
tive) were correlated with the physiological maximum hydrostatic pressure (MHP) and
known tissular biomechanical behavior. Results: All five methods displayed quantitative
amounts of stress lower than MHP and did not seem to induce any ischemic risks for the
NVB and pulp of healthy intact premolars. Among the five movements, rotation seemed
the most stressful, while translation was the least stressful. The NVB displayed higher
amounts of stress and tissular deformations than the pulp, seeming to be more exposed
to ischemic risks. Higher tissular deformations are visible in NVB during intrusion and
extrusion, while pulpal coronal stress is visible only during translation. Only the VM
and Tresca methods showed a constant stress display pattern for all five movements. The
other three methods displayed various inconsistencies related to the stress distribution
pattern. Conclusions: Only the Tresca and VM methods can provide correct qualitative
and quantitative data for the analysis of dental pulp and NVB. The other three methods are
not suitable for the study of the pulp and NVB.

Keywords: dental pulp; neuro-vascular bundle; intact periodontium; orthodontic move-
ments; finite elements analysis

1. Introduction

Despite their great importance in the tissular biomechanical behavior, the dental pulp
and its neuro-vascular bundle/NVB are among the least studied dental tissues, due to their
extremely small dimensions and anatomical complexity [1-9]. Their internal anatomical
complex micro-architecture rich in circulatory vessels makes them prone to ischemic risks
leading to morpho-pathological changes with influence over the physiological functionality
and ability to sustain further damage [10-20]. Their individual study is possible only
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through numerical methods enabling assessment of the stressed areas as well as the tissular
deformations during the orthodontic treatment [5-7,21-42]. The in vivo methods do not
allow for such an individualized approach, offering only general data of the entire analyzed
tissular structure of tooth—periodontal ligament/PDL-bone [43-50].

Although numerical methods were introduced in dental research two decades ago
and have been widely used in studies of PDL and implant-bone interactions, their re-
sults have often been inconsistent with clinical observations, leading to skepticism and
diminished trust in their reliability [43-50]. Nevertheless, in the engineering field, the
same method is renowned for its accuracy and is widely used [40]. In an earlier series of
stepwise numerical studies [43-50], our team identified and assessed the main accuracy
issues and introduced the Tresca method as being more suited for dental studies. By
employing this method in both intact and reduced periodontium, under light orthodontic
forces and during five orthodontic movements, the results complied with known tissu-
lar biomechanical behavior and physiological maximum hydrostatic pressure/MHP of
16-22 KPa [6,7,27,28,32,41,42,46,47,51]. The reported accuracy issues were related to the
incorrect use of the analyzed material-based method, anatomically inaccurate 3D models,
incorrect boundary assumptions, and lack of correlation with MHP values [40,43-50].

One of the factors triggering orthodontic movement is represented by the circulatory
disturbances induced by the orthodontic force [1,2,46]. If the MHP pressure is exceeded
for long periods of time, ischemia is induced, leading to resorptive—degenerative pro-
cesses and tissular necrosis. In intact periodontium, the healthy intact dental tissues
possess a good absorption—dissipation ability [43-50], displaying little damage for a higher
amount of orthodontic force applied for limited periods of time [2,5-7,32,45,46,52]. This
ability is modified and diminished in the situation of a previous tissular trauma/injury
(i.e., occlusal trauma for NVB [5-9] and direct-indirect coronal pulp capping for dental
pulp [10-20]) [5-9,20,31,32,53-58]. These are not clinically visible, while their ischemic con-
sequences appear during the orthodontic movements when the irreversible mechanism has
already started [5-8,10-20,31,32,54-58]. Nevertheless, by displaying the stressed areas the
numerical analysis can anticipate some of these ischemic risks and avoid them by carefully
selecting the amount of applied load.

It is accepted that up to 1 N light orthodontic forces are usually safe for intact pe-
riodontium [43-46,59]. However, the optimal amount remains a subject of debate. The
numerical methods used in dental studies [21-28,30,33-42,52,60] are maximum tensile and
minimum-compressive principal, von Mises/VM-overall, Tresca-shear, which was only
recently introduced, and hydrostatic pressure-liquids/gas. The main issue regarding dental
studies is related to the fact that despite using a similar methodology as in engineering
fields, the results suffer from major accuracy issues [40,43-50]. There are many contradict-
ing and confusing reports regarding the optimal amount of force or/and the most stressful
movement without displaying a coherent image of the tissular biomechanical behavior such
as the clinical reality. Thus, reports of optimal forces up to 3 N, with rotation or intrusion
being the most stressful, with a high amount of stress in the apical third of PDL holding
NVB exceeding the MHP even for light forces, associated with insignificant PDL cervical
third stress for orthodontic movements, are some of these inconsistencies [27,28,41,42,52,60]
that contradicted the clinical reality [1-4]. Additionally, there are some reports related to
the poor quality of in vivo studies [1,3,31].

To settle the results accuracy problem of employing different numerical methods for
the analysis of pulp and NVB, a comparative study of multiple criteria is needed. To
assess if a higher force of 3 N is prone to induce ischemic risks in healthy intact tissues
and periodontium during orthodontic movements is also desirable for both clinician
and researcher.
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The aims of this study were to identify the most effective method for assessing the risk
of ischemia during orthodontic treatment by comparison of five methods for analyzing the
biomechanical behavior of the dental pulp and its neuro-vascular bundle (NVB) in healthy
lower premolars with intact periodontium, subjected to 3 N force orthodontic movements.

2. Materials and Methods

Our study is part of a larger stepwise research with clinical protocol 158/02.04.2018
assessing the orthodontic forces effects over dental tissues in various degrees of periodontal
loss [43-50].

Nine intact periodontium 3D models of healthy second lower premolars obtained
from nine patients (4 males/5 females, mean age 29.81 £ 1.45), were used in 225 numeri-
cal simulations.

The inclusion criteria were: no missing teeth or malposition in the investigated area;
intact lower premolar free of endodontic, filling, and crown treatments; bone loss limited
to 1-2 mm; no inflamed periodontium and proper oral hygiene; and orthodontic treatment
indication. The exclusion criteria were: more than 2 mm bone loss; particular root geometry
involving non-fused double root, angulated root, and extreme curvature; abnormal crown
shape with multiple cusps; root surface defects with external root resorption; radiologically
visible bone defects; abnormal pulp chamber and root canals with internal resorption; and
poor oral hygiene after inclusion with visible signs of inflammation.

The premolar mandibular region was radiologically investigated by using a CBCT
(ProMax 3DS, Planmeca, Helsinki, Finland; voxel size of 0.075 mm). The tissular selec-
tion and reconstruction process was performed using AMIRA 5.4.0 (Visage Imaging Inc.,
Andover, Andover, MA, USA). The manual reconstruction process was preferred due to
the tissular complexity and anatomical small dimensions. Each tissular component was
individually identified and reconstructed: enamel, dentine, dental pulp, neuro-vascular
bundle/NVB, trabecular and cortical bone, periodontal ligament/PDL (Figure 1). The ce-
mentum could not be clearly separated from the dentine and was reconstructed as dentine
due to similar physical properties (Table 1). PDL has a variable thickness of 0.15-0.225 mm
containing premolar’s NVB. Each of the nine models had limited bone loss of up to 2 mm.
Only the second lower premolar was guarded. The rest of the root sockets were filled
with trabecular and cortical bone. A tissular reconstruction of missing bone and PDL was
performed obtaining thus nine 3D models with intact periodontium. A stainless steel
bracket base was reconstructed on the vestibular coronal side of the enamel crown.

Table 1. Physical properties of materials.

Materials Young ?Cl;VII)(:)iulus, Poisson Ratio, v Refs.
Enamel 80 0.33 [43-50]
Dentin/Cementum 18.6 0.31 [43-50]
Pulp and NVB 0.0021 0.45 [43-50]
PDL 0.0667 0.49 [43-50]
Cortical bone 14.5 0.323 [43-50]
Trabecular bone 1.37 0.3 [43-50]
Stainless steel bracket (Cr-Co) 218 0.33 [43-50]

The mesh had 5.06-6.05 million C3D4 tetrahedral elements, 0.97-1.07 million nodes,
and a global element size of 0.08-0.116 mm (Figure 1). The mesh had no element errors,
and only a limited number of element warnings (e.g., Figure 1F, tooth mesh, 39 element
warnings, 0.00589% for a total of 661,137 elements; Figure 1G, pulp-NVB mesh, 4 element
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warnings, 0.0158% for a total of 25,252 elements). Element warnings signaled extremely
small discontinuities in non-essential regions with no influence over biomechanical behavior.

Figure 1. Example of 3D mesh model: (A)—2nd lower right premolar model with intact peri-
odontium, (B)—second lower premolar with base of the bracket and NVB, (C)—dental pulp and
NVB, applied vectors: (D)—extrusion, (E)—intrusion, (F)—translation, (G)—rotation, (H)—tipping,
(I)—dental pulp and NVB mesh with elements warnings, (J)—second lower premolar with mesh
elements warnings.

The numerical analysis was performed using ABAQUS 6.13-1 (Dassault Systemes
Simulia Corp., Maastricht, The Netherlands), and employed five methods/failure crite-
ria used by current research flow dental studies: von Mises (maximum overall), Tresca
(maximum shear), maximum principal (maximum tensile), minimum principal (maxi-
mum compressive) and hydrostatic pressure (liquids/gas). The boundary assumptions
were selected as zero displacements based on the models, isotropy, linear-elasticity, and
homogeneity /non-homogeneity, as in the current research flow. By using each of these five
methods, five orthodontic movements (intrusion, extrusion, rotation, tipping, and transla-
tion) under 3 N were assessed. To have a precise amount of force, the appliance surface
was carefully taken into consideration. The results were displayed as color-coded various
intensity (red-orange high, yellow-green moderate, and blue low) stresses, in the dental
pulp and NVB, displaying also the tissular deformations. The reported stress amounts
were correlated with physiological 1622 KPa of MHP [27,28,41-50] to be able to assess
the ischemic risks [43-50]. The results were also correlated with known clinical tissular
biomechanical behavior.

3. Results

Based on tissular biomechanical behavior, (Figure 2), the five methods and orthodontic
movements showed that the highest amount of tissular stress was present in the neuro-
apical vascular bundle (Table 2). Both coronal and radicular pulp showed extremely low
amounts of stress. All quantitative results were lower than the physiological maximum
hydrostatic pressure of 16 KPa, showing that there were no ischemic risks under 3 N for
intact periodontium and healthy premolars. The NVB stress was 5.6-9.5 times higher than
pulpal stress. Thus, NVB structure seems to be more exposed to ischemic risks during
orthodontic movements than dental pulp.
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Figure 2. Comparative stress distribution for 3 N in intact periodontium and for the five move-
ments: (A)—Hydrostatic Pressure, (B)—Minimum Principal, (C)}—Maximum Principal, (D)—Tresca,
(E)—Von Mises.

Quantitatively, the five methods displayed rotation as the most stressful movement for
both NVB and dental pulp and prone to higher ischemic risks, closely followed by tipping,
intrusion, and extrusion (Table 2).

The Tresca maximum shear (Figure 2D) and VM maximum overall (Figure 2E) methods
displayed similar qualitative color-coded stress display for the five orthodontic movements,
probably due to the special design for ductile resemblance tissues. The minimum intensity
blue color-coded stress was shown during the five movements in the entire dental pulp.
The NVB stress was displayed as medium in most extended areas and higher intensity
in limited area stresses, as expected according to the clinical knowledge. In terms of
tissular biomechanical behavior, the intrusion and extrusion showed higher deformations
of the NVB region, while translation showed coronal pulp (i.e., vestibular, mesial, and
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distal sides) stress areas. These aspects signal that these above-mentioned movements are
biomechanically more challenging for the concerning tissues, especially if these tissues
are previously injured/traumatized. Quantitatively, the amounts of stress were the lowest
among the five methods, 18.6-228.5 times lower than MHP (Table 2). The quantitative
differences between the two methods of 1.11-1.15 are within the specified range, with VM
being a little bit lower than Tresca [43-50].

Table 2. Maximum stress average values (KPa) produced by 3 in NVB and coronal pulp.

Resorption (mm) Extrusion Intrusion Rotation Tipping Translation

Tresca NVB 0.72 0.70 0.86 0.73 0.56
c 0.07 0.07 0.15 0.12 0.10
VM NVB 0.56 0.56 0.75 0.64 0.48
c 0.07 0.07 0.13 0.11 0.12
Pressure  NVB —2.62 2.62 3.43 2.63 2.32

c -0.22 0.22 1.61 1.13 —0.34

51 NVB 2.53 —2.22 -3.33 —2.56 -1.97
c —0.50 0.25 0.56 —0.50 0.25

S3 NVB 2.81 —2.76 —3.62 —2.83 —2.44

c —0.24 0.20 0.38 —0.25 —0.10

NVB—neuro-vascular bundle, c—coronal pulp.

Qualitatively, maximum principal (maximum tensile, Figure 2C), minimum principal
(maximum compressive, Figure 2B), and pressure (hydrostatic pressure, Figure 2A) showed
various inconsistencies regarding the color-coded stress display in both NVB and pulp,
with almost similar colors in both structures. This display pattern suggested similar risks
for dental pulp as for the NVB even though biomechanically the pulp is protected by the
dental pulp chamber and root canals made of dentine, while NVB is held in the apical
third of periodontal ligament suffering more stress and deformation with biomechanical
adsorption-dissipation role. The displayed biomechanical behavior seems to contradict
both clinical knowledge as well as the quantitative amounts of stress display (Table 2),
which clearly shows that NVB stress is much higher than pulpal one. These contradictions
are due to the design specifications of each of the three methods, brittle as for maximum
and minimum principal, and liquids/gas as for hydrostatic pressure. Nevertheless, the
tissular NVB deformations are visible for the intrusion and extrusion in all three methods.
The pressure method was the only one to show, during translation, the same coronal pulpal
stress as VM and Tresca.

Quantitatively, the pressure method displays negative coronal pulp values for extru-
sion and translation and positive ones for the other three movements, without scientific
explanation. No negative compressive stresses should clinically be present in this protected
area. In a similar manner, the maximum and minimum principal stresses have negative
compressive signs for the coronal pulp for extrusion, tipping, and translation, with the
same above-mentioned observations. Another bizarre issue is represented by the higher
pulpal coronal stress of 1.13 KPa for tipping and 1.61 KPa for rotation, in the case of the
hydrostatic pressure. Thus, it discontinued the pattern provided by the other methods
(i.e., around 0.22-0.34 KPa, seven times lower than that previously mentioned), without
any biomechanical explanation. The highest quantitative amount of stress among the five
movements was displayed by the minimum principal (4.38-80 times lower than MHP) and
hydrostatic pressure (4.66-72.7 times lower than MHP). Based on the above, it seems that
these three methods are not as accurate and reliable as the VM and Tresca methods when
describing the NVB and dental pulpal behavior.
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4. Discussion

This study aimed to identify the most effective method for assessing the risk of
ischemia during orthodontic treatment by the comparison of five methods for analyzing the
biomechanical behavior of the dental pulp and its neuro-vascular bundle (NVB) in healthy
lower premolars with intact periodontium, subjected to 3 N force orthodontic movements.

No similar studies were found in the current research flow, despite the importance of
the subject for the orthodontic treatment plan.

This study involved 225 numerical simulations in healthy intact lower premolars and
periodontium.

Four of the employed methods, von Mises, maximum and minimum principal, and
hydrostatic pressure were currently used in the dental numerical studies [21-28,30,33—
42,52,60]. The Tresca method was only recently introduced by our team’s research [43-
47,49,50]. It must be emphasized that both NVB and dental pulp can be individually
studied only by using numerical studies, which are difficult to perform, explaining the
reduced number of available reports [1-9]. General information regarding dental tissues
can be obtained through in vivo studies but lacks the individual focus on dental pulp and
NVB [1-9].

Our results showed that only the Tresca and von Mises methods can provide accurate
qualitative and quantitative results, in agreement with known clinical biomechanical
behavior. These are related to the fact that both methods were originally designed for
ductile-like resemblance materials. The dental tissues were seen as ductile resemblance
materials but with a certain brittle flow mode [43-50]. The other three criteria were designed
for brittle materials (maximum and minimum principal) and liquids/gas (hydrostatic
pressure). There are no previous studies in the current research flow to perform such
correlations between different methods except our previous [43-50].

In a previous report [46], a similar correlation was performed for the light orthodontic
forces of 0.5 N, similarly reporting Tresca and von Mises as being the most suited for pulp
and NVB. Moreover, the Tresca method seems quantitatively more accurate due to some
aspects related to the analyzed material suitability. Even though both VM and Tresca are
designed for ductile-like materials that, when subjected to loads, deform without breaking,
and recover the original form when the force ceases, VM is specific for homogenous while
Tresca is for non-homogenous materials [43-50]. The living tissues are non-homogenous
materials, thus, quantitatively Tresca seems to be closer to clinical reality [43-50]. Never-
theless, quantitatively, the difference is only around 1.15 times, meeting the engineering
field interval, and due to extremely small, displayed stresses, both methods can be seen
as suited. Moreover, the qualitative stress display is similar for both methods (Figure 2).
These are in line with our previous reports [43-50].

The other three methods, despite the multitude of studies [21-28,30,41,42,52,60] are
fundamentally incorrect due to the suitability issues [43-50]. The maximum and minimum
principal methods are suited for brittle-like and homogenous materials. Physically and
mechanically, a brittle material, when subjected to a load, suffers from an extremely small
deformation and directly breaks, with no recovery of the original form [40]. The living
tissues do not follow this mechanical behavior [40]. However, from the mechanical point of
view, the methodological reasoning behind their use is understandable since in orthodontic
treatment the deformations and displacements are extremely small and limited, as is the
load amount, never arriving at the breaking point [43-50]. However, their working protocol
and algorithm differs from that of the ductile-like materials while their described tissular
stress display is fundamentally different [40]. Moreover, their quantitative values are four
times higher than those provided by Tresca and VM. These observations agree with our
previous reports [43-50].
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The hydrostatic pressure method was designed for liquids/gas with no shear stress
algorithm since the liquids do not display this type of stress in their mechanics. The
similarity with living tissues due to the high percentage of water contained by these tissues
is fundamentally incorrect since their internal anatomical micro-architecture is different
from that of a liquid, as is their biomechanical behavior. Moreover, when comparing the
stress display with that of a solid material there are significant visible differences while the
quantitative results are extremely high (e.g., almost four times higher than T/VM methods).
These are confirmed by our previous research [43-50].

The engineering field used forces are much higher than 3 N. In dental tissues, 3 N
induces extremely small deformations and displacements. The five methods similarly
reported rotation to be the most stressful movement, with NVB being more prone to is-
chemic risks than pulp but with no real clinical anticipated risks for healthy intact tissues,
in agreement with our previous [43-50], other reports and clinically known tissular biome-
chanical behavior [1,3,5-8,20,31,32,40,54-59]. The five methods displayed visible NVB
deformation for intrusion and extrusion showing tissular susceptibility to ischemic risks,
which is of importance if previous occlusal trauma is present [5-7,10-20], in agreement
with known clinical data [10-20]. Moreover, there is pulpal coronal stress visible during
translation through Tresca and VM, and barely through hydrostatic pressure, with no real
impact or ischemic risk susceptibility for healthy intact tissues. However, it could be of
importance if the pulpal tissue was previously traumatized/injured during earlier dental
treatment through direct/indirect pulp capping [5-8,20,31,32,54-58] in agreement with
clinical data [9,53]. Thus, since all quantitative results are lower than MHP, 3 N of applied
force seems free of any ischemic risks in healthy intact tissues and periodontium, in line
with our previous reports [43-50].

All five methods displayed rotation as the most stressful movement for the pulp
and NVB, in agreement with our previous studies [43-50], other studies [10-20], and Wu
et al.’s reports [41,42,60]. Intrusion and extrusion closely followed the rotation as stressful
movements, in agreement with Minch et al. [52] and Hofman et al. [27,28] regarding the
intrusion as stressful movement in intact periodontium.

There is only limited data available in the current research flow regarding the dental
pulp and NVB due to difficulties in radiologically identifying, selecting, and reconstructing
these complex and small tissues [43-50]. Nevertheless, for validation reasons and since
biomechanically NVB is held in the apical third of PDL with absorption-dissipation func-
tion [43-50], correlations with PDL numerical studies are possible, as well as with the
physiological maximum hydrostatic pressure of 16 KPa present at this level. However,
the available numerical method studies [21-30,41,42,52,60] did not hold for the herein
approach regarding the engineering field requirements mandatory for accurate results.
Thus, provided reports that sometimes contradicted clinical knowledge, creating mistrust
regarding the method’s accuracy despite its engineering field-renowned accuracy. There are
multiple intact periodontium PDL numerical studies available, employing few orthodon-
tic movements, one/two [27,28,30] and anatomically simplified 3D models (i.e., upper
1st premolar [27,28,30,41,42]; canine [41,42,60]; 1st molar and incisor [22-26,41]). Most of
these studies assessed intact periodontium [27,28,30,41,42,60] and only a few investigated
variable levels of reduced periodontium [24,25]. These studies employed hydrostatic pres-
sure [27,28,30,41,42,60], maximum and/or minimum principal [21-25], and VM [21,26,30]
without acknowledging the studied material type and MHP [21-26]. The boundary as-
sumptions also included non-linearity [21-23] and linearity [24-26]. Some of the reported
results were higher than MHP [21-25]. They used forces of 1-6 N [27,28,41,42,60], and
hydrostatic stress [27,28,30] as single criteria for the study of PDL, contradicting the clinical
knowledge. As a major issue related to modeling, PDL studies [21-28,30,41,42,52,60] did
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not reconstruct the NVB component. Thus, despite the existence of quantitative data,
sometimes their scientific value is limited due to the above-mentioned methodological
issues, reports of PDL apical third amounts of stress exceeding MHP for light orthodontic
forces [27,28,41,42,60] and are clinically incorrect. Other reports provided qualitative stress
display issues, reporting extremely high PDL apical third stress and insignificant cervi-
cal third stress [41,42,60], biomechanically fundamentally incorrect [5-7,22,23,31,32,59]. It
must be emphasized that all the above-mentioned accuracy problems are related to the
selection of the improper numerical method designed for brittle-like materials or liquids
for studying a ductile resembling material as dental tissues [40]. Our herein as well as
previous [43-47,49-51] reports proved the qualitative and quantitative differences when
comparing those different methods.

All numerical studies, despite the many advantages, have some limits related to the
fact that they cannot completely reproduce the tissular biomechanical behavior and the
anatomical internal micro-architecture, while their results are highly influenced by study
method type and boundary assumptions correlated with physical properties and anatom-
ical correctness. One is related to the fact that it cannot completely simulate the clinical
situations, since clinically rarely there are pure movements and mostly associations. Based
on this, the clinical amounts of stress found in NVB and pulp could be slightly lower
but with no impact on the results” accuracy. Another accuracy limit is represented by the
correct use of the method as requested by the engineering field methodology: anatomical
correct 3D models, material-based type method, and boundary assumptions [43-50], as
this study proved. Anatomical accuracy is directly influenced by the number of elements
and nodes, 6.05 million tetrahedral elements, 1.07 million nodes, global element size of
0.08-0.116 mm, 40-12,731 times more elements, 4.4-1463 times more nodes than previous
studies [5-7,21-32]. It is also influenced by the type of the 3D models, CBCT-based vs. ideal-
ized simplified models, by the number of models with higher sample size vs. only one and
the total number of simulations of 225 herein vs. few [21-28,30,33-42,52,60]. The sample
size for a numerical study method is usually one specific to the engineering field, thus, most
of the dental studies used one patient/one model and few simulations [22,23,26,33—40].
It must be emphasized that this single sample size is due to multiple changing variable
possibilities providing different situations and results. Thus, starting from these above-
mentioned, new numerical studies of dental tissues must be performed, since most of the
current ones do not meet these accuracy requirements [1,3,31,40].

5. Conclusions

1.  The five methods displayed lower MHP amounts of stress for 3 N, seeming not to
induce any ischemic risks for NVB and pulp of healthy intact premolars and peri-
odontium.

2. Only the Tresca and VM methods can provide correct qualitative and quantitative
data for the analysis of dental pulp and NVB. The other three methods are not suitable
for pulp and NVB study.

3. Among the five movements, rotation seems the most stressful, while translation is the
least stressful.

4. The NVB displayed higher amounts of stress and tissular deformations than the pulp,
seeming to be more exposed to ischemic risks.

5. Higher tissular deformations are visible in NVB during intrusion and extrusion, while
pulpal coronal stress is visible only during translation.
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6. Practical Implications

Our study is the first to approach the difference issue when using different methods
of tissular biomechanical behavioral study. No similar studies were found except for our
previous research. Moreover, only a few reports studied dental pulp and none the NVB. By
using five methods, the comparative study of dental pulp and NVB biomechanical behavior
under orthodontic forces, movements, and in intact periodontium provided not only a clear
methodology for obtaining accurate results but also a complete set of data necessary for
the clinical planning phase of the orthodontic treatment (i.e., amount of force, movement,
tissular and periodontal status, appliance time). To know that 3 N of force has no ischemic
risks over dental pulp and NVB in any of the five orthodontic movements is of extreme
importance for the clinical practitioner. Moreover, by proving the differences when using
different methods for the study of pulp and NVB, it also provides both the clinician and
the researcher with new data needed to improve the numerical studies methodology.

Author Contributions: Conceptualization: R.-A.M.; methodology: R.-A.M.; software: R.-A.M,;
validation: R.-A.M. and C.D.O.; formal analysis: R.-A.M.; investigation: R.-A.M.; resources: R.-A.M.;
data curation: R.-A.M.; writing—original draft preparation: R.-A.M.; writing—review and editing:
R.-AM., A.G.D. and C.D.O.; visualization, supervision and project administration: R.-A.M., A.G.D.
and C.D.O; funding acquisition: R.-A.M., A.G.D. and C.D.O. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The research protocol has been approved by the Ethical
Committee of the University of Medicine and Pharmacy Iuliu Hatieganu (158/2.04.2018).

Informed Consent Statement: Informed written consent was obtained from all subjects involved in
the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Yamaguchi, M.; Fukasawa, S. Is Inflammation a Friend or Foe for Orthodontic Treatment?: Inflammation in Orthodontically
Induced Inflammatory Root Resorption and Accelerating Tooth Movement. Int. . Mol. Sci. 2021, 22, 2388. [CrossRef] [PubMed]

2. Weissheimer, T;; Silva, E.; Pinto, K.P.,; S6, G.B.; Rosa, R.A.; S6, M.V.R. Do orthodontic tooth movements induce pulp necrosis? A
systematic review. Int. Endod. ]. 2021, 54, 1246-1262. [CrossRef] [PubMed]

3. Vitali, F.C.; Cardoso, L.V.; Mello, EW.; Flores-Mir, C.; Andrada, A.C.; Dutra-Horstmann, K.L.; Duque, T.M. Effect of orthodontic
force on dental pulp histomorphology and tissue factor expression. Angle Orthod. 2021, 91, 830-842. [CrossRef]

4. Vermiglio, G.; Centofanti, A.; Matarese, G.; Militi, A.; Matarese, M.; Arco, A.; Nicita, F.; Cutroneo, G. Human Dental Pulp
Tissue during Orthodontic Tooth Movement: An Immunofluorescence Study. J. Funct. Morphol. Kinesiol. 2020, 5, 65. [CrossRef]
[PubMed]

5. Bauss, O.; Rohling, J.; Meyer, K,; Kiliaridis, S. Pulp vitality in teeth suffering trauma during orthodontic therapy. Angle Orthod.
2009, 79, 166-171. [CrossRef] [PubMed]

6. Bauss, O.; Rohling, J.; Rahman, A.; Kiliaridis, S. The effect of pulp obliteration on pulpal vitality of orthodontically intruded
traumatized teeth. J. Endod. 2008, 34, 417-420. [CrossRef] [PubMed]

7. Bauss, O.; Schifer, W.; Sadat-Khonsari, R.; Knosel, M. Influence of orthodontic extrusion on pulpal vitality of traumatized
maxillary incisors. J. Endod. 2010, 36, 203-207. [CrossRef]

8. Patro, S.; Meto, A.; Mohanty, A.; Chopra, V.; Miglani, S.; Das, A.; Luke, A.M.; Hadi, D.A.; Meto, A.; Fiorillo, L.; et al. Diagnostic
Accuracy of Pulp Vitality Tests and Pulp Sensibility Tests for Assessing Pulpal Health in Permanent Teeth: A Systematic Review
and Meta-Analysis. Int. . Environ. Res. Public. Health 2022, 19, 9599. [CrossRef]

9. Caramizaru, M.; Plesea, L.E.; Dragomir, L.P.; Popescu, M.R.; Uscatu, C.D.; Serbanescu, M.S.; Alexandru, D.O.; Comanescu, T.M.

Quantitative assessment of morphological changes of dental pulp components of teeth affected by occlusal trauma. Rom. ].
Morphol. Embryol.=Rev. Roum. Morphol. Embryol. 2018, 59, 729-740.


https://doi.org/10.3390/ijms22052388
https://www.ncbi.nlm.nih.gov/pubmed/33673606
https://doi.org/10.1111/iej.13523
https://www.ncbi.nlm.nih.gov/pubmed/33780015
https://doi.org/10.2319/012221-65.1
https://doi.org/10.3390/jfmk5030065
https://www.ncbi.nlm.nih.gov/pubmed/33467280
https://doi.org/10.2319/010708-7.1
https://www.ncbi.nlm.nih.gov/pubmed/19123692
https://doi.org/10.1016/j.joen.2008.01.006
https://www.ncbi.nlm.nih.gov/pubmed/18358887
https://doi.org/10.1016/j.joen.2009.10.025
https://doi.org/10.3390/ijerph19159599

Dent. |. 2025, 13, 15 11 0f 13

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Cardenas-Duque, L.M.; Yoshida, M.; Goto, G. Pulpal response to different pulp capping methods after pulp exposure by air
abrasion. J. Clin. Pediatr. Dent. 2002, 26, 269-273. [CrossRef] [PubMed]

Murray, PE.; Hafez, A.A.; Windsor, L.J.; Smith, A.J.; Cox, C.F. Comparison of pulp responses following restoration of exposed
and non-exposed cavities. J. Dent. 2002, 30, 213-222. [CrossRef]

Mjor, LA. Pulp-dentin biology in restorative dentistry. Part 7: The exposed pulp. Quintessence Int. 2002, 33, 113-135.

Murray, PE.; Hafez, A.A.; Smith, A.J.; Cox, C.F. Identification of hierarchical factors to guide clinical decision making for
successful long-term pulp capping. Quintessence Int. 2003, 34, 61-70.

Kitasako, Y.; Murray, PE.; Tagami, J.; Smith, A.]. Histomorphometric analysis of dentinal bridge formation and pulpal inflamma-
tion. Quintessence Int. 2002, 33, 600-608. [PubMed]

Medina, V.O., 3rd; Shinkai, K.; Shirono, M.; Tanaka, N.; Katoh, Y. Histopathologic study on pulp response to single-bottle and
self-etching adhesive systems. Oper. Dent. 2002, 27, 330-342. [PubMed]

Suzuki, M.; Katsumi, A.; Watanabe, R.; Shirono, M.; Katoh, Y. Effects of an experimentally developed adhesive resin system and
CO2 laser irradiation on direct pulp capping. Oper. Dent. 2005, 30, 702-718.

Kitasako, Y.; Ikeda, M.; Tagami, ]. Pulpal responses to bacterial contamination following dentin bridging beneath hard-setting
calcium hydroxide and self-etching adhesive resin system. Dent. Traumatol. Off. Publ. Int. Assoc. Dent. Traumatol. 2008, 24,
201-206. [CrossRef] [PubMed]

Schuurs, A.H.; Gruythuysen, R.J.; Wesselink, P.R. Pulp capping with adhesive resin-based composite vs. calcium hydroxide: A
review. Endod. Dent. Traumatol. 2000, 16, 240-250. [CrossRef]

Cox, C.F; Hafez, A.A. Biocomposition and reaction of pulp tissues to restorative treatments. Dent. Clin. N. Am. 2001, 45, 31-48.
[CrossRef] [PubMed]

Farughi, A.; Rouhani, A.; Shahmohammadi, R.; Jafarzadeh, H. Clinical comparison of sensitivity and specificity between
sensibility and vitality tests in determining the pulp vitality of mandibular premolars. Aust. Endod. ]. J. Aust. Soc. Endodontology
Inc. 2021, 47, 474-479. [CrossRef]

Toms, S.R.; Eberhardt, A.W. A nonlinear finite element analysis of the periodontal ligament under orthodontic tooth loading.
Am. ]. Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board. Orthod. 2003, 123, 657-665. [CrossRef]
[PubMed]

Hemanth, M.; Deoli, S.; Raghuveer, H.P.; Rani, M.S.; Hegde, C.; Vedavathi, B. Stress Induced in the Periodontal Ligament under
Orthodontic Loading (Part I): A Finite Element Method Study Using Linear Analysis. |. Int. Oral. Health JIOH 2015, 7, 129-133.

Hemanth, M.; Deoli, S.; Raghuveer, H.P,; Rani, M.S.; Hegde, C.; Vedavathi, B. Stress Induced in Periodontal Ligament under
Orthodontic Loading (Part II): A Comparison of Linear Versus Non-Linear Fem Study. J. Int. Oral. Health JIOH 2015, 7, 114-118.
[PubMed]

Geramy, A. Initial stress produced in the periodontal membrane by orthodontic loads in the presence of varying loss of alveolar
bone: A three-dimensional finite element analysis. Eur. J. Orthod. 2002, 24, 21-33. [CrossRef] [PubMed]

Geramy, A.; Faghihi, S. Secondary trauma from occlusion: Three-dimensional analysis using the finite element method.
Quintessence Int. 2004, 35, 835-843. [PubMed]

Shaw, A.M.; Sameshima, G.T.; Vu, H.V. Mechanical stress generated by orthodontic forces on apical root cementum: A finite
element model. Orthod. Craniofacial Res. 2004, 7, 98-107. [CrossRef] [PubMed]

Hohmann, A.; Wolfram, U.; Geiger, M.; Boryor, A.; Kober, C.; Sander, C.; Sander, F.G. Correspondences of hydrostatic pressure in
periodontal ligament with regions of root resorption: A clinical and a finite element study of the same human teeth. Comput.
Methods Programs Biomed. 2009, 93, 155-161. [CrossRef] [PubMed]

Hohmann, A.; Wolfram, U.; Geiger, M.; Boryor, A.; Sander, C.; Faltin, R.; Faltin, K.; Sander, EG. Periodontal ligament hydrostatic
pressure with areas of root resorption after application of a continuous torque moment. Angle Orthod. 2007, 77, 653-659. [CrossRef]
[PubMed]

Gupta, M.; Madhok, K.; Kulshrestha, R.; Chain, S.; Kaur, H.; Yadav, A. Determination of stress distribution on periodontal
ligament and alveolar bone by various tooth movements—A 3D FEM study. J. Oral. Biol. Craniofacial Res. 2020, 10, 758-763.
[CrossRef]

Roscoe, M.G.; Cattaneo, PM.; Dalstra, M.; Ugarte, O.M.; Meira, ].B.C. Orthodontically induced root resorption: A critical analysis
of finite element studies’ input and output. Am. J. Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board.
Orthod. 2021, 159, 779-789. [CrossRef] [PubMed]

Javed, F; Al-Kheraif, A.A.; Romanos, E.B.; Romanos, G.E. Influence of orthodontic forces on human dental pulp: A systematic
review. Arch. Oral. Biol. 2015, 60, 347-356. [CrossRef]

Bauss, O.; Rohling, J.; Sadat-Khonsari, R.; Kiliaridis, S. Influence of orthodontic intrusion on pulpal vitality of previously
traumatized maxillary permanent incisors. Am. J. Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board.
Orthod. 2008, 134, 12-17. [CrossRef] [PubMed]


https://doi.org/10.17796/jcpd.26.3.1235wp665xmxx24u
https://www.ncbi.nlm.nih.gov/pubmed/11990050
https://doi.org/10.1016/S0300-5712(02)00021-0
https://www.ncbi.nlm.nih.gov/pubmed/12238692
https://www.ncbi.nlm.nih.gov/pubmed/12120769
https://doi.org/10.1111/j.1600-9657.2007.00517.x
https://www.ncbi.nlm.nih.gov/pubmed/18352925
https://doi.org/10.1034/j.1600-9657.2000.016006240.x
https://doi.org/10.1016/S0011-8532(22)00466-9
https://www.ncbi.nlm.nih.gov/pubmed/11210698
https://doi.org/10.1111/aej.12506
https://doi.org/10.1016/S0889-5406(03)00164-1
https://www.ncbi.nlm.nih.gov/pubmed/12806346
https://www.ncbi.nlm.nih.gov/pubmed/26435629
https://doi.org/10.1093/ejo/24.1.21
https://www.ncbi.nlm.nih.gov/pubmed/11887376
https://www.ncbi.nlm.nih.gov/pubmed/15553295
https://doi.org/10.1111/j.1601-6343.2004.00285.x
https://www.ncbi.nlm.nih.gov/pubmed/15180088
https://doi.org/10.1016/j.cmpb.2008.09.004
https://www.ncbi.nlm.nih.gov/pubmed/18951647
https://doi.org/10.2319/060806-234
https://www.ncbi.nlm.nih.gov/pubmed/17605484
https://doi.org/10.1016/j.jobcr.2020.10.011
https://doi.org/10.1016/j.ajodo.2020.02.023
https://www.ncbi.nlm.nih.gov/pubmed/33785230
https://doi.org/10.1016/j.archoralbio.2014.11.011
https://doi.org/10.1016/j.ajodo.2006.07.033
https://www.ncbi.nlm.nih.gov/pubmed/18617098

Dent. |. 2025, 13, 15 12 0f 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Prados-Privado, M.; Martinez-Martinez, C.; Gehrke, S.A.; Prados-Frutos, ].C. Influence of Bone Definition and Finite Element
Parameters in Bone and Dental Implants Stress: A Literature Review. Biology 2020, 9, 224. [CrossRef] [PubMed]

Yamanishi, Y.; Yamaguchi, S.; Imazato, S.; Nakano, T.; Yatani, H. Effects of the implant design on peri-implant bone stress and
abutment micromovement: Three-dimensional finite element analysis of original computer-aided design models. J. Periodontol.
2014, 85, €333-e338. [CrossRef] [PubMed]

Pérez-Pevida, E.; Brizuela-Velasco, A.; Chavarri-Prado, D.; Jiménez-Garrudo, A.; Sanchez-Lasheras, F.; Solaberrieta-Méndez,
E.; Diéguez-Pereira, M.; Fernandez-Gonzaélez, E].; Dehesa-Ibarra, B.; Monticelli, F. Biomechanical Consequences of the Elastic
Properties of Dental Implant Alloys on the Supporting Bone: Finite Element Analysis. BioMed Res. Int. 2016, 2016, 1850401.
[CrossRef]

Tawara, D.; Nagura, K. Predicting changes in mechanical properties of trabecular bone by adaptive remodeling. Comput. Methods
Biomech. Biomed. Eng. 2017, 20, 415-425. [CrossRef]

Aunmeungtong, W.; Khongkhunthian, P.; Rungsiyakull, P. Stress and strain distribution in three different mini dental implant
designs using in implant retained overdenture: A finite element analysis study. ORAL Implantol. 2016, 9, 202-212.

Merdji, A.; Bachir Bouiadjra, B.; Achour, T.; Serier, B.; Ould Chikh, B.; Feng, Z.O. Stress analysis in dental prosthesis. Comput.
Mater. Sci. 2010, 49, 126-133. [CrossRef]

Field, C.; Ichim, I.; Swain, M.V; Chan, E.; Darendeliler, M.A_; Li, W.; Li, Q. Mechanical responses to orthodontic loading: A
3-dimensional finite element multi-tooth model. Am. . Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am.
Board. Orthod. 2009, 135, 174-181. [CrossRef] [PubMed]

Perez-Gonzalez, A.; Iserte-Vilar, ].L.; Gonzalez-Lluch, C. Interpreting finite element results for brittle materials in endodontic
restorations. Biomed. Eng. Online 2011, 10, 44. [CrossRef] [PubMed]

Wu, J; Liu, Y,; Li, B.; Wang, D.; Dong, X.; Sun, Q.; Chen, G. Numerical simulation of optimal range of rotational moment for the
mandibular lateral incisor, canine and first premolar based on biomechanical responses of periodontal ligaments: A case study.
Clin. Oral. Investig. 2021, 25, 1569-1577. [CrossRef] [PubMed]

Wu, J; Liu, Y.; Wang, D.; Zhang, ].; Dong, X.; Jiang, X.; Xu, X. Investigation of effective intrusion and extrusion force for maxillary
canine using finite element analysis. Comput. Methods Biomech. Biomed. Eng. 2019, 22, 1294-1302. [CrossRef]

Moga, R.A ; Olteanu, C.D.; Botez, M.D.; Buru, S.M. Assessment of the Orthodontic External Resorption in Periodontal Breakdown-
A Finite Elements Analysis (Part I). Healthcare 2023, 11, 1447. [CrossRef]

Moga, R.A.; Delean, A.G.; Buru, S.M.; Botez, M.D.; Olteanu, C.D. Orthodontic Internal Resorption Assessment in Periodontal
Breakdown-A Finite Elements Analysis (Part II). Healthcare 2023, 11, 2622. [CrossRef]

Moga, R.A.; Olteanu, C.D.; Botez, M.; Buru, S.M. Assessment of the Maximum Amount of Orthodontic Force for Dental Pulp and
Apical Neuro-Vascular Bundle in Intact and Reduced Periodontium on Bicuspids (Part II). Int. J. Environ. Res. Public. Health 2023,
20,1179. [CrossRef]

Moga, R.A.; Buru, S.M.; Olteanu, C.D. Assessment of the Best FEA Failure Criteria (Part II): Investigation of the Biomechanical
Behavior of Dental Pulp and Apical-Neuro-Vascular Bundle in Intact and Reduced Periodontium. Int. J. Environ. Res. Public.
Health 2022, 19, 15635. [CrossRef]

Moga, R.A.; Olteanu, C.D.; Buru, S.M.; Botez, M.D.; Delean, A.G. Finite Elements Analysis of Biomechanical Behavior of the
Bracket in a Gradual Horizontal Periodontal Breakdown&mdash;A Comparative Analysis of Multiple Failure Criteria. Appl. Sci.
2023, 13, 9480. [CrossRef]

Moga, R.-A,; Olteanu, C.D.; Delean, A.G. Investigating the Ability of the Tooth and Surrounding Support Tissues to Absorb
and Dissipate Orthodontic Loads during Periodontal Breakdown&mdash;Finite Elements Analysis. Appl. Sci. 2024, 14, 1041.
[CrossRef]

Franca, C.M.; Riggers, R.; Muschler, ].L.; Widbiller, M.; Lococo, PM.; Diogenes, A.; Bertassoni, L.E. 3D-Imaging of Whole Neuronal
and Vascular Networks of the Human Dental Pulp via CLARITY and Light Sheet Microscopy. Sci. Rep. 2019, 9, 10860. [CrossRef]
Minch, L.E.; Sarul, M.; Nowak, R.; Kawala, B.; Antoszewska-Smith, J. Orthodontic intrusion of periodontally-compromised
maxillary incisors: 3-dimensional finite element method analysis. Adv. Clin. Exp. Med. Off. Organ. Wroc. Med. Univ. 2017, 26,
829-833. [CrossRef] [PubMed]

Rusu Olaru, A.; Popescu, M.R,; Plesea, LE.; Serbanescu, M.S.; Plesea, R.M.; Cojocaru, M.O.; Coculescu, E.C. Abrasion and dental
pulp morphological changes in occlusal dysfunction. Rom. J. Morphol. Embryol.=Rev. Roum. Morphol. Embryol. 2024, 65, 279-290.
[CrossRef]

Strobl, H.; Haas, M.; Norer, B.; Gerhard, S.; Emshoff, R. Evaluation of pulpal blood flow after tooth splinting of luxated permanent
maxillary incisors. Dent. Traumatol. Off. Publ. Int. Assoc. Dent. Traumatol. 2004, 20, 36—41. [CrossRef] [PubMed]

Emshoff, R.; Emshoff, I.; Moschen, I.; Strobl, H. Diagnostic characteristics of pulpal blood flow levels associated with adverse
outcomes of luxated permanent maxillary incisors. Dent. Traumatol. Off. Publ. Int. Assoc. Dent. Traumatol. 2004, 20, 270-275.
[CrossRef]

Chen, E.; Abbott, P.V. Dental pulp testing: A review. Int. |. Dent. 2009, 2009, 365785. [CrossRef]


https://doi.org/10.3390/biology9080224
https://www.ncbi.nlm.nih.gov/pubmed/32823884
https://doi.org/10.1902/jop.2014.140107
https://www.ncbi.nlm.nih.gov/pubmed/24835549
https://doi.org/10.1155/2016/1850401
https://doi.org/10.1080/10255842.2016.1238077
https://doi.org/10.1016/j.commatsci.2010.04.035
https://doi.org/10.1016/j.ajodo.2007.03.032
https://www.ncbi.nlm.nih.gov/pubmed/19201323
https://doi.org/10.1186/1475-925X-10-44
https://www.ncbi.nlm.nih.gov/pubmed/21635759
https://doi.org/10.1007/s00784-020-03467-2
https://www.ncbi.nlm.nih.gov/pubmed/32951122
https://doi.org/10.1080/10255842.2019.1661390
https://doi.org/10.3390/healthcare11101447
https://doi.org/10.3390/healthcare11192622
https://doi.org/10.3390/ijerph20021179
https://doi.org/10.3390/ijerph192315635
https://doi.org/10.3390/app13169480
https://doi.org/10.3390/app14031041
https://doi.org/10.1038/s41598-019-47221-5
https://doi.org/10.17219/acem/61349
https://www.ncbi.nlm.nih.gov/pubmed/29068580
https://doi.org/10.47162/RJME.65.2.15
https://doi.org/10.1046/j.1600-4469.2003.00223.x
https://www.ncbi.nlm.nih.gov/pubmed/14998413
https://doi.org/10.1111/j.1600-9657.2004.00281.x
https://doi.org/10.1155/2009/365785

Dent. J. 2025, 13, 15 13 0f 13

55.

56.

57.
58.

59.

60.

Balevi, B. Cold pulp testing is the simplest and most accurate of all dental pulp sensibility tests. Evid.-Based Dent. 2019, 20, 22-23.
[CrossRef] [PubMed]

Mainkar, A.; Kim, S.G. Diagnostic Accuracy of 5 Dental Pulp Tests: A Systematic Review and Meta-analysis. J. Endod. 2018, 44,
694-702. [CrossRef] [PubMed]

Proffit, W.R.; Fields, H.; Sarver, D.M.; Ackerman, J.L. Contemporary Orthodontics, 5th ed.; Elsevier: St. Louis, MO, USA, 2012.
Wu, J.L,; Liu, Y.E; Peng, W.; Dong, H.Y.; Zhang, ] X. A biomechanical case study on the optimal orthodontic force on the maxillary
canine tooth based on finite element analysis. J. Zhejiang Univ. Sci. B. 2018, 7, 535-546. [CrossRef]

Hussein Mahmood Ghuloom, K.; Mascarenhas, R.; Parveen, S.; Husain, A. Finite element analysis of orthodontically induced
stress in the periodontal ligament of the maxillary first molar with simulated bone loss. J. Comput. Methods Sci. Eng. 2017, 17,
243-252. [CrossRef]

Zhong, J.; Chen, ]J.; Weinkamer, R.; Darendeliler, M.A.; Swain, M.V,; Sue, A.; Zheng, K.; Li, Q. In vivo effects of different
orthodontic loading on root resorption and correlation with mechanobiological stimulus in periodontal ligament. J. R. Soc.
Interface 2019, 16, 20190108. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41432-019-0004-y
https://www.ncbi.nlm.nih.gov/pubmed/30903124
https://doi.org/10.1016/j.joen.2018.01.021
https://www.ncbi.nlm.nih.gov/pubmed/29571914
https://doi.org/10.1631/jzus.B1700195
https://doi.org/10.3233/JCM-170715
https://doi.org/10.1098/rsif.2019.0108
https://www.ncbi.nlm.nih.gov/pubmed/31039696

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	Practical Implications 
	References

