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according to various periodontal support levels: A finite element

analysis

Running title: Mechanics for periodontally compromised dentitions

ABSTRACT

Introduction: The.orthodontic correction of periodontally compromised dentitions constitutes a huge
challenge in the glinical practice of adult orthodontics. The biological and physical distinct features of
these conditions require a carefully designed mechanical plan for the successful treatment of these
complex cases=Setting and Sample Population: A segment of a human maxilla containing the central
and lateral incisors, obtained from autopsy, was scanned with microcomputed tomography, and a finite
element (FE) model was generated to represent an intact periodontal dentition. Based on this model,
three additional models simulating a mild, moderate, and severe bone alveolar loss were created as
well. Materials and Methods: Two loading scenarios for the application of intrusive and retraction
mechanics with a three-piece base arch appliance were evaluated in a series of FE analyses. The tooth
displacements and strains in the periodontal ligament (PDL) were calculated and compared for the four
FE models:“Results: The periodontal reduced dentitions exhibited a similar axis of resistance for
intrusive mechanics, but the axis of resistance for retraction movements was significantly dependent
on the degree of alveolar bone loss. The tooth displacements and PDL loads were higher in the reduced
dentitions for both intrusive and retraction mechanics. Conclusions: A reduction in the force levels
applied to periedontal reduced dentitions is indicated, and a customized selection of appropriate points
of force applicationyis needed according to the specific amount of alveolar bone loss.
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INTRODUCTION

The main occlusal changes observed in patients with periodontal problems include proclination of the
maxillary anterior teeth, rotations, overeruption, migration, tooth loss, irregular interdental spacing,
and traumatic occlusion.!® Because of their considerable negative impact on patients’ self-esteem,
these malocclusions, are often why adult patients to seek periodontal and orthodontic therapy.*®
Periodontal diseases contribute to the development of malocclusions in different ways. With the loss
of alveolarbene caused by periodontitis, the center of resistance (CR) of teeth is displaced apically,
whereby the occlusal forces on the incisors can lead to unfavorable tipping and extrusion of these

teeth.87

The intrusionmpand retraction of the maxillary incisors has been applied as the logical solution to the
orthodontic problems of these patients when considered from causative, esthetic, and functional
points of view. There are several mechanics for the intrusion of anterior teeth, such as utility arches or
round wires withitip-back bends that are mesial to molars,®® continuous intrusion arches,'® and
conventionalfcontinuous archwires with or without the addition of extraoral forces."'2 All of these
treatmentiapproaches have merit and can be applied for the intrusion of teeth that have normal bone
support. Howevergthey are not indicated when dealing with periodontally compromised dentitions.'34
For examplepintelinical situations where the incisors are flared and the bone support is reduced, the
application of an intrusive force on the brackets would exacerbate the axial inclination of these teeth.™
Moreover, the foreces applied to a reduced periodontium generate significantly higher strains in the
periodontalligament (PDL), which can be detrimental for both the bone and the tooth by increasing
the risks of bone loss and root resorption, respectively.''® Therefore, in these cases, the appropriate
control of both the direction and magnitude of the force by means of a customized mechanical plan is
highly recommended.
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Among others, one versatile appliance for performing the intrusion and retraction of anterior teeth with
reduced periodontium is the three-piece intrusion base arch.®'” This appliance consists of an anterior
rigid segment of wire that extends distally to the lateral incisors and two bilateral tip-back springs or
cantilevers that extend from the auxiliary tube of the molar and hook anteriorly at the estimated CR
position of the anterior group of teeth. The tip-back springs or cantilevers are usually made from
0.017” x 0.025™ titanium molybdenum alloy and deliver a nearly constant force. The magnitude of
force indicated for the four intruding maxillary incisors is typically 30—40 g per side.'®'%'7 Additional
distal forces fromsithesmolars can be applied to redirect the forces along the long axis of the incisors or
to perform‘simultaneous retraction, according to the needs of each case. To apply a predictable and
desirable force,system for intrusion and/or retraction, an estimation of the anterior teeth CR is
mandatory, which'censtitutes a clinical challenge when using this type of mechanism. Although it is
well known that,the’CR of the anterior teeth is displaced when there is reduced periodontal
support,®'3184ts precise localization depends on the actual extent of the alveolar bone loss. To our
knowledge, there are no precise guidelines available to help select the points of application of the
intrusive and‘retraction forces in periodontally damaged dentitions when taking into consideration
various degrees.of@alveolar bone loss.

Therefore, the present finite element (FE) study was designed to evaluate the mechanical behavior of
periodontally compromised dentitions submitted to customized mechanics with the three-piece

intrusion base arch appliance. The specific aims of the study were:

- To evaluate the tooth displacements and strain profiles in the PDL of dentitions with different
degrees of alveolar bone loss.

- To estimate the localization of the center of resistance of anterior teeth for both intrusive and
retraction mechanics, according to the different periodontal models.

- To evaluate theweffects of reduced load regimens on the PDL of the four models in the “ideal”

intrusive and retraction scenarios.

MATERIALS AND METHODS

A segment of an anterior maxilla, including the central and lateral incisors, was obtained during an
autopsy (approval obtained from the Regional Ethics Committee JrNr 20010016) and was scanned
with a micro-GT (LCT) scanner with a voxel dimension of 37 um (uCT40, Scanco Medical,
Bassersdorf,'Switzerland). Image processing software (Mimics 16, Materialise, Leuven, Belgium) was
used to generate a 3D model of the upper anterior dentition with normal bone support, with an
approximate distance of 1 mm between the cemento—enamel junction and the alveolar bone crest
(Figure 1, step 1). As the original model did not comprise the right lateral incisor, the final model was
created by mirroring the left part of the scan using the intermaxillary suture as the mirroring plane.

From this model of intact periodontal dentition, three additional unilateral models were created to
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represent mild, moderate, and severe bone loss by removing 2, 4, or 6 mm of alveolar bone,
respectively.’® The PDL tissue was modeled as the space between the alveolar sockets and roots of
the teeth. The three-piece intrusion arch appliance was modeled to simulate a clinical scenario in
which all possible points of force application could be tested, regarding both intrusion and retraction
mechanics. With the use of meshing generator software (3-Matic 7.10, Materialise, Leuven, Belgium),
the different-anatomical parts of the dentition, the brackets, and the appliance were meshed using
ten-node tetrahedral elements (Figure 1, step 2). The intact model was composed of 69,175 elements
and 12,586 nodes: The mild model was composed of 166,875 elements and 27,948 nodes. The
moderate 'model'was composed of 136,095 elements and 24,906 nodes, and the severe model was
composed of 60,786 elements and 11,323 nodes. All models were imported into the finite element
software FEMAP 10.0 (Siemens PLM Software Inc., Santa Ana, CA, USA) for load application and to

carry out toothydisplacement and PDL strain evaluation and analysis.

The material properties of the teeth, the brackets, and the anterior segment of the wire were assigned
according to the"available literature.®'32° The Young’s modulus for teeth was 20,000 MPa with a
Poisson’s ratio.of,0:3.2" The brackets and wire were assumed to be steel, with a Young’s modulus of
200,000 MPasandrarPoisson’s ratio of 0.3. The properties of bone were assigned to each element
individually based on the element’s centroid and the corresponding bone type and morphology, as
retrieved from.the. uCT scan; a greyscale was then applied to the Young’s modulus conversion
according to'a procedure previously described by Cattaneo et al.?? Briefly, three Young’s moduli were
considered for the analysis: full cortical bone (17,500 MPa, Poisson’s ratio of 0.3), partly cortical bone
(5000 MPa, Poisson’s ratio of 0.3), and bone marrow (200 MPa, Poisson’s ratio of 0.3). A nonlinear
and nonsymmetric approach was used to describe the material properties of the PDL in which the
compression and tension properties are not the same.?® In compression, a Young’s modulus of 0.005
MPa up to the 93% strain level was used,? and a Young’s modulus of 8.5 MPa was then adopted to
simulate precontact:between the roots and the alveolar bone. Regarding tension, the Young’s moduli
were gradually increased from 0.044 MPa at zero strain to 0.44 MPa at approximately 50% strain,?®
then a smaller,Young’s modulus of 0.032 MPa was applied. A Poisson’s ratio of 0.3 was used for the
PDL.23’26

To representrall possible mechanical scenarios with the three-piece intrusion base arch appliance, the
load regimes_and results were analyzed from two different perspectives. First, for intrusion evaluation,
vertical loads were applied from 1 to 10 mm away from the lateral incisor bracket in the horizontal arm
of the appliance (Figure 2A). In this perspective, both a normal load (40 g/side, as indicated by
previous studies) and a reduced load regime were applied (—25% = 30 g/side). Second, for retraction
evaluation, horizontal loads were applied from 1 to 10 mm away from the lateral incisor bracket in the
vertical arm of the appliance (Figure 2B). Again, both a normal load (100 g/side, indicated by previous
studies) and a reduced load regime were applied (-20% = 80 g/side). Considering the nonlinear
feature of the present analysis, the loads were applied in an incremental fashion until the desired load
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level was reached. For the boundary conditions, the bottom edge of the maxilla segments was fixed in

all three directions.

The tooth displacements and CR estimations were evaluated by two methods—a graphical method
and a numericalsmethod. In the graphical method, color coding was used to visualize the
displacements’of the elements in specific directions using the occlusal plan as the reference for the
coordinate system«(X-axis = mesiodistal direction; Y-axis = anteroposterior direction; and Z-axis =
vertical direction)=inithe present study, only intrusion (along the Z-axis) and retraction (along the Y-
axis) components were evaluated. The elements’ displacements were represented by color
progression from blue (lowest value) to red (highest value). In this way, we could observe when most
of the elements of the teeth were moving with the same intensity in each specific direction. By
comparing the,different load scenarios for each movement (Figure 2), the point of force application in
which a maximum _number of elements had the same color was considered the “ideal” point for a

genuine intrusionsorsa pure retraction.

The numerical.method was applied to confirm the graphically observed results. Two nodes on each
tooth were chosen (one in the incisal edge and the other at the apex), and the displacements of these
nodes were computed for both intrusion and retraction mechanics. To estimate the CR zone for
intrusion, the differences of the vertical displacements between the apex and incisal edge nodes were
compared. The lowest displacement value indicated the point of force application in which the
movement was,closest to a clinical translation in the vertical direction (Z-axis). Similarly, to estimate
the CR zone forretraction, the differences in the horizontal displacements between the apex and
incisal edge nodes were compared. The lowest displacement value indicated the point of force
application in which the movement was closest to a clinical translation in the anteroposterior direction
(Y-axis). The term.“zone of the CR” was applied in the present study in accordance with recent
evidence showingithat the CR can be constructed in 3D space not as a point, but as a small 3D
volume.?”:28

For both intrusien,and retraction movements, the PDL strains induced by these mechanics were
assessed with respect to the generated radial strains in the periodontal ligament. The PDL strains
were evaluated both, graphically and numerically, according to the application of the “ideal mechanics”
for each model, in both load regimens (normal and reduced forces), and for both intrusion and

retraction mechanics.

RESULTS

The numerical tooth displacement results used for the CR estimation for the intrusion and retraction
load regimens are reported in Tables 1 and 2, respectively. For intrusion, in the four models
evaluated, the ideal point for a vertical translation was V6 — a point localized 6 mm away from the

bracket of the lateral incisor in the horizontal arm of the appliance. The graphic results were
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consistent with the numerical results and are shown in Figure 3. Taken together, these results
indicate that the clinical CR zone for intrusive movements did not change with respect to the degree

of bone loss (Table 1, Figure 3).

By contrast, in relation to the load regime of the retraction mechanics, the numerical tooth
displacement results demonstrated that the ideal point of force application to obtain a horizontal bodily
movement isfsignificantly dependent on the height of available bone support. In the normal model,
this point was localizedi6 mm away from the bracket of lateral incisor in the vertical arm of the
appliance(D6). In‘the mild, moderate, and severe models, these ideal points were D8, D9, and D10,
respectively (Table,2). The pure translation obtained when forces were applied at these specific
points is alsoshown, in Figure 3. Therefore, the CR zone for retraction movements significantly varies
depending on'the.severity of alveolar bone loss. As the amount of bone loss increases, the position of
the CR zone for @ pure retraction becomes higher (i.e., more apical).

The effects of the'force magnitudes on PDL strains induced by intrusive mechanics were compared
and are shownin.Figure 4. The minimum (compression, in blue) and maximum (tension, in red) radial
strain values yariedraccording to the severity of bone loss, especially the compressive strain in the
PDL of the lateral incisor. In general, the higher the degree of bone loss, the larger the compressive
strain. When the.force magnitude was reduced by 25%, small reductions (approximately 5-10%) in
both the compressive and tensile strains were observed, mainly in the compressive strain in the

lateral incisor.

The retractionsmechanics showed a similar pattern to that observed for the intrusive mechanics.
However, the PDL strains were generally higher than those induced by the intrusion set-up. Even the
normal and mild—moderate bone loss models presented compressive strains greater than 20%, but
the highest strainsswere observed in the moderate and severe models, mainly in the lateral incisors.
The reduced Joad regime (—20%) induced a small reduction (approximately 5%) in the PDL strains of

the four evaluated.FE models (Figure 4).

DISCUSSION

The present. FEM study evaluated the most important biomechanical parameters in the scenario of
intrusion and retraction mechanics using a three-piece base arch appliance. This appliance has broad
versatility owing to the many points of possible force application along both its horizontal and vertical
arms with different lines of action. Moreover, the combination of intrusive and retraction forces can be
used to increase the predictability and accuracy of the force system when applied to each particular
case.'>'” The main clinical indications for this appliance are those in which the incisors are flared and
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extruded, such as in pathological tooth migration, a condition with a very high prevalence among
periodontal patients, ranging from 30% to 56%.* The main cause of this problem is the periodontal
inflammation and tissue destruction associated with chronic periodontitis in which the severity of bone
loss is classified as mild, moderate, or severe/advanced.'*'® After periodontal inflammation is brought
under control through proper periodontal therapy, the orthodontic correction of the malpositioned teeth
will improve the function and esthetics of the dentition.’* However, the level of complexity for treating
these cases will largely depend on the severity of the alveolar bone loss.513.182°

Several finite'element studies have been conducted to analyze the patterns of tooth displacements
associated with,different amounts of alveolar bone support.6:131829-32 |n general, the tooth
displacements, induced by several types of mechanics, are always greater in models with reduced
bone support.;Most of the related studies have tested the application of simple force systems in single
tooth models#®'82%82 Furthermore, all of the previous FE studies used homogeneous, linear elastic,
isotropic, and'eontinuous material properties to describe the PDL, with the exception of one study in
which a patient-customized 3D model of a periodontally reduced dentition with different PDL
parameters was,assessed.'s In that study, two mechanical scenarios for intrusion were investigated—
the first usingthesthree-piece base arch appliance, and the second using cantilevers for single tooth
intrusion. Theistudy demonstrated that both intrusion systems involved significantly greater degrees
of tooth displacement and PDL strain in the periodontally reduced model.'® These results, obtained in
a single patient-customized model, are in accordance with those of the present investigation in which
different, specific alveolar bone loss conditions were evaluated to obtain a more complete view of the

clinical scenarioawhen a three-piece base arch appliance is used.

The present results show that successful clinical planning for these complex cases depends on the
application of a predictable force system that allows moving the anterior teeth in the desired direction.
In clinical settings;ithe accurate determination of the point of force application for both intrusion and
retraction moyements requires a reliable estimation of the anterior teeth CR zone. Our results
demonstratedithatthe clinically “ideal” point to obtain a genuine intrusion of the anterior teeth using a
three-piece baserarch appliance was localized 6 mm away from the bracket of the lateral incisor, in
the horizontal'arm of the appliance (point V6). This ideal localization was the same in all evaluated
models (Table_ 1 and Figure 3), regardless of the degree of alveolar bone loss.

The load regime for retraction mechanics exhibited a different scenario. To obtain a horizontal
translation of the anterior teeth, the points of force application were different for each simulated bone
support level- In the intact periodontal model, the “ideal” point was localized 6 mm away from the
bracket of the lateral incisor, in the vertical arm of the appliance (point D6). When the retraction force
was applied at this point, a retraction similar to a pure horizontal translation was seen. This conclusion
was based on both the numerical calculations (Table 2) and the graphical observations (Figure 3). By
contrast, the “ideal” points for translation in the periodontally reduced models were D8, D9, and D10
for the mild, moderate, and severe bone loss conditions, respectively. These results indicate that the
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CR axis of anterior teeth for horizontal translation is heavily dependent on the amount of alveolar
bone loss. The greater the bone loss, the higher (more apical) the estimated location of the CR axis
for retraction movement. Periodontal damage and the associated alveolar bone loss occur on both the
buccal and lingual sides of dentitions. Therefore, the axis of resistance for intrusion did not change in
the same way as the axis of resistance for retraction did, because the latter is influenced by the bone
loss that occurs mainly in the cervical to apical direction, as simulated in the present investigation.
The second aim of this study was to compare the radial strains induced in the PDL of the moved
teeth. Althoughritiis possible to look at several variables in FE simulations, this investigation focused
on radial PDL"strains. The stress/strain fields in the PDL were indeed proved to have the most
significant correlations with the biological responses of bone and root resorption.333 Not surprisingly,
the results ofdhe present FE analyses showed that the PDL strains induced in the periodontally
reduced models.were generally higher than the PDL strains induced in the intact normal model. When
simulating thefintrusive loading scenario, the PDL deformation increased by approximately 10% to
40% when thesperiodontally reduced models were evaluated (Figure 4). These differences were not
as significantin‘the retraction loading scenario. The retraction forces applied at the ideal points
identified by each.,FE model induced similar PDL strains in the normal and mild bone loss models.
However, higherstrain components in the retraction loading scenario were observed in the PDL of the
lateral incisors.in the moderate and severe FE models (Figure 4). A reduced force generated lower
PDL strains in.all.madels in both the intrusive and retraction loading scenarios. The reduction in PDL
strain was more evident in the intrusive scenario, with approximately 10% reductions of the
compressive and tensile strains. It is important to point out that not only the maximum and/or
minimum values;had changed but also the amount of area in the PDL experiencing high strain values.
Considering.that the compressive strains are usually more dangerous for the support tissues than the
tensile strains are,*-¢ the reduction in the compressed area (blue area) in the periodontally
compromised models is a clear indication that the intrusive forces should be reduced in these
conditions (Figure4). The force reduction indicated by the present analysis (—20 to —25%) is similar to
the reductionsuggested by a previous FE study of intrusion in a periodontally damaged dentition (—
30%)."®

When evaluatingthe force reduction effects during the retraction scenario, we observed a small
reduction in the PDL strains (approximately 5%) in the evaluated FE models. This reduction was more
evident in the' PDL of the lateral incisors. Considering that all models had high PDL strains, with
values of approximately 20% or higher, it is advisable to reduce the force levels in all models.
Although there is no known safe “strain threshold” for the PDL, the literature clearly indicates that
values above 20% would result in a higher risk of root resorption.'333-3% Therefore, these risks should
be always.minimized, especially in periodontally compromised dentitions in which the root support is

already reduced by.the alveolar bone loss.
This study used FE models based on actual morphologies of bone and teeth. The physical properties

of the PDL and the surrounding bone were set according to physiological parameters in order to
closely simulate a real clinical situation. However, some limitations of this study should be mentioned.
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The analyses were based on only one human sample, thus with specific tooth dimensions,
inclinations, and root anatomy. Therefore, we cannot extrapolate these scenarios to all clinical
conditions involving alveolar bone loss. Moreover, only the first phase of tooth movement could be
assessed. Despite these limitations, the present FE study provides us with useful numerical
approximations that can be used as clinical guidelines when dealing with different levels of

periodontally. damaged dentitions.

CONCLUSIONS

- Numerical'simulations for estimating the CR axis of vertical and horizontal translations using a
three-piece base arch appliance were established according to specific amounts of alveolar
bonedoss. The alveolar bone height did not affect the vertical CR axis, but it did affect the
localization of the horizontal CR axis. The greater the amount of bone loss, the higher (more
apical)the ideal point of force application to obtain a retraction bodily movement of the
anterior.teeth.

- The tooth displacements and PDL strains induced by the intrusive and retraction mechanics
were largerin the reduced periodontal dentitions; thus, a 20% to 25% reduction in the applied

loadis highly recommended when using this type of mechanics.

- Usefulrguidelines for optimizing the use of three-piece base arch mechanics in clinical
practice are presented, with an emphasis on the choice of the most appropriate point of force
application according to specific amounts of alveolar bone loss.
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TABLES

Table 1. The measurements are the differences (in mm) of the vertical displacements between the
apex and incisal edge nodes. The smallest number, in bold, is indicative of the point of application of
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the force in which the movement is closest to a clinical translation in the vertical direction (Z-axis). Cl:

central incisor; LI: lateral incisor.

Normal Mild Moderate Severe
Force Cl LI Cl LI Cl LI Cl LI
Application
VA 0:010 0.009 -0.027 -0.025 -0.047 -0.042 -0.062 -0.058
V2 0.008 0.008 -0.022 -0.021 -0.038 -0.033 -0.053 -0.050
V3 0.007 0.006 -0.014 -0.014 -0.032 -0.028 -0.042 -0.040
V4 0.005 0.005 -0.010 -0.010 -0.019 -0.018 -0.024 -0.023
V5 0.003 0.003 -0.005 -0.005 -0.008 -0.008 -0.007 -0.007
V6 -0.000 0.001 0.002 0.001 0.002 0.000 0.003 0.002
V7 -0.002 -0.001 0.016 0.013 0.013 0.010 0.015 0.013
V8 -0:004 -0.002 0.020 0.017 0.025 0.020 0.038 0.035
V9 40.005 -0.003 0.028 0.024 0.035 0.029 0.052 0.048
V10 -0.007 -0.005 0.033 0.029 0.043 0.036 0.060 0.055

Table 2. The'measurements are the differences (in mm) of the sagittal displacements between the
apex and incisal edge nodes. The smallest number, in bold, is indicative of the point of application of
the force generating a movement, which is closest to a clinical translation in respect to the horizontal
direction (Y-axis)«Cl: central incisor; LI: lateral incisor.

Normal Mild Moderate Severe
Force Cl LI Cl LI Cl LI Cl LI
Application
D1 -0.084 -0.073 -0.275 -0.244 -0.395 -0.359 -0.619 -0.549
D2 -0.072 -0.061 -0.258 -0.227 -0.376 -0.340 -0.568 -0.504
D3 -0.062 -0.051 -0.222 -0.195 -0.353 -0.318 -0.517 -0.456
D4 -0.044 -0.034 -0.203 -0.176 -0.329 -0.295 -0.488 -0.429
D5 -0.021 -0.014 -0.175 -0.148 -0.299 -0.265 -0.427 -0.372
D6 -0.005 0.001 -0.145 -0.119 -0.258 -0.225 -0.376 -0.324
D7 0.010 0.016 -0.094 -0.071 -0.194 -0.163 -0.301 -0.256
D8 0.027 0.032 -0.033 -0.014 -0.138 -0.107 -0.192 -0.158
D9 0:040 0.045 0.005 0.021 -0.024 -0.006 -0.095 -0.072
D10 0.047 0.051 0.031 0.045 0.016 0.031 -0.022 -0.006
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FIGURE LEGENDS

Figure 1. A uCT-image of the anterior maxilla used to generate the 3D FE model of intact periodontal
dentition (step 1), from which the periodontal reduced models were created to represent a mild (- 2

mm), moderate (-4 mm), and severe (-6 mm) alveolar bone loss conditions — step2.

Figure 2. Intrusiondloading regime with 10 points of force application, from 1 to 10 mm away from the
bracket of'lateralincisor in the vertical direction (A) and distalization loading regime with 10 points of
force application,from 1 to 10 mm away from the bracket of lateral incisor in the horizontal direction
(B). For bothegimens, normal and reduced loads (-20%) were applied in all vertical (V1-V10) and
horizontal points,(D1-D10).

Figure 3. INTRUSIVE MECHANICS: Tooth displacements in the vertical axis (Z-axis) during the
application of‘intrusive forces in the “ideal” point established by both numerical and graphic methods
for CR estimationsThe clinical CR for intrusion of the four anterior teeth was localized along the same
line of action ofithesforce, applied at 6 mm (V6) from the lateral bracket, in the four models evaluated.
RETRACTION.MECHANICS: Tooth displacements in the sagittal axis (y-axis) during the application
of retraction forees:in the “ideal” points established by both numerical and graphic methods for CR
estimation. The clinical CRs for pure distal translation of the four anterior teeth were localized along
different lines of action of the forces, depending on the degree of alveolar bone loss. The “ideal” point
for the normal'medel was D6 (6 mm from the bracket of lateral incisor); The “ideal” points for mill,
moderate andssevere models were D8, D9 and D10, respectively. In both intrusive and retraction
mechanics, note that the displacement’s indicative colors are distributed in a homogeneous manner
along the surface of teeth’s elements (10X magnification). The before and after comparisons (shadow

vs. solid shape)ralso show the characteristic root parallelism of translation.

Figure 4. PDLyradial strains induced by intrusive forces applied at the “ideal” point (V6 in all models)
for genuine intrusion or by retraction forces applied at the “ideal” points for pure translation in normal
(point D6), mild (point D8), moderate (point D9) and severe (point D10) models. Blue labels represent
the compressive negative strains (minimum value) and the red labels represent the tensile positive
strains (maximum.value) in the PDL of central and lateral incisors. This image shows the comparisons
between the PDL strains induced by conventional forces (40 g/side for intrusion and 100 g/side for

retraction — A) and.reduced forces (30g/side for intrusion or 80 g/side for retraction — B).
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