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Abstract

Orthodontic root resorption (ORR) is a common side effect of orthodontic therapy. It has been
known that high hydrostatic pressure in the periodontal ligament (PDL) generated by orthodontic
forces will trigger recruitment of odontoclasts, leaving resorption craters on root surfaces. The
patterns of resorption craters are the traces of odontoclast activity. This study aimed to investigate
resorptive patterns by: (1) quantifying spatial root resorption under two different levels of in-vivo
orthodontic loadings using microCT imaging techniques; and (2) correlating the spatial distribution
pattern of resorption craters with the induced mechanobiological stimulus field in PDL through
nonlinear finite element analysis (FEA) in silico.

Results indicated that the heavy force led to a larger total resorption volume than the light force,
mainly by presenting greater individual crater volumes (p < 0.001) than increasing crater numbers,
suggesting that increased mechano-stimulus predominantly boosted cellular resorption activity rather
than recruiting more odontoclasts. Furthermore, buccal-cervical and lingual-apical regions in both
groups were found to have significantly larger resorption volumes than other regions (p < 0.005).
These clinical observations are complimented by the FEA results, suggesting that root resorption was
more likely to occur when the volume average compressive hydrostatic pressure exceeded the

capillary blood pressure (4.7kPa).
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1. Introduction

Orthodontic treatment is widely applied in dental practice to align teeth into more functionally
and aesthetically favourable positions[ 1]. Apart with its proven benefits, orthodontic root resorption
(ORR) is one of the major adverse effects of orthodontic treatment, which is the abnormal breakdown
of tooth structure, leaving root surfaces with resorption craters [2-4]. Unlike physiological root
resorption, ORR signifies a complex mechanobiological process, which may involve hyalinization,
inflammation, and demineralization of the cementum and dentin under certain conditions generated
by orthodontic forces [5]. Once ORR reaches the dentin layer, destruction of root surfaces are
generally considered irreversible [6], and it potentially leads to the premature loss of the affected
teeth if untreated [7, 8].

In spite of considerable progress in understanding cellular activity associated with bone
remodelling during orthodontic tooth movement (OTM), ORR remains understudied in terms of
cellular response to mechanical stimulus. While its mechanobiology has not been fully understood,
ORR remains an undesired but unavoidable iatrogenic consequence of orthodontic treatment; and its
severity and potential damage is difficult to predict [9]. Some studies have suggested that, similar to
bone remodelling around a tooth [10, 11], ORR is a response mediated by the compressed periodontal
ligament (PDL) [12-14], whereby the hydrostatic pressure of the interstitial fluid in the PDL tissue
limits nutrition delivery and generates the mechanobiological signals to recruit monocytes and
macrophages from vascular spaces, giving rise to cell mitosis and differentiation [15]. This biological
process further leads to the differentiation of macrophages into odontoclasts to resorb the mineralised
root surfaces [12, 13, 16, 17].

Odontoclasts are the main cell type responsible for ORR. Animal studies showed that root



resorption occurred in the areas where invading odontoclasts were observed [17, 18]. Odontoclasts
are multi-nucleated giant cells that originate from hematopoietic stem cells, and are the descendants
of the monocyte and macrophage cell lineage [19]. Apart from being smaller in size and having fewer
nuclei, odontoclasts were suggested to be highly similar to osteoclasts in several reports [18-20], not
just along the differentiation pathway but also in their desired function of resorbing mineralised tissue.
It has been demonstrated that odontoclasts and osteoclasts share a common mechanism in the cellular
resorption of dental hard tissue [18]. While osteoclasts have been extensively studied for their
responses to mechano-stimuli [21-25], few reports have investigated the behaviours of odontoclasts
[18, 26].

In orthodontic practice, the treatment-related risk factors are of particular interest to clinicians
[9], and orthodontic load magnitude is believed to be one of the primary controlling factors, which is
amenable to regulate treatment outcome. A proper level of load could lead to the maximum amount
of tooth movement with minimum resorption [27, 28]. Intricate anatomical and physiological
environment for ORR makes in-vivo investigation infeasible, therefore, most studies on
osteoclasts/odontoclasts were in-vitro [18, 19], and their responses to mechanobiological loading
have yet to be studied.

To further understand the mechanobiology behind ORR, it is essential to investigate the links
between orthodontic loading, mechanobiological stimulus and odontoclastic activity. For such a 3-
dimensional (3D) phenomenon, micro computed tomography (microCT) provides the current gold
standard to quantify ORR volumetrically [27, 29, 30], though the spatial patterns of its extent and
distribution have not yet been critically investigated, in particular its association with orthodontic

loading. Clinically, there are limited approaches available for evaluation of mechanobiological



stimulation induced by a given mechanical loading. Finite element (FE) methods have on the other
hand exhibited compelling advantages in biomechanical analysis, with sophisticated anatomical
models and nonlinear soft-tissue responses [11, 31]. Therefore, in this study, 3D subject-specific FE
models were created based on the microCT images to evaluate the corresponding mechanobiological
stimuli induced by different orthodontic loadings.

This study aimed to investigate the mechanobiological relationship between crater formation in
ORR and clinically applied orthodontic loading. Since direct monitoring of cellular activities in
human subjects remain infeasible, this work combines ex-vivo experimental and in-silico numerical
methods, providing an alternative approach to understanding the correlation between ORR and
orthodontic loading. In doing so, this work develop an effective step towards predictive modelling
for therapeutical prognosis, potentially improving treatment outcome in such a sophisticated

orthodontic procedure.

2. Methods

2.1. Clinical Treatment and Sample Preparation

Ethics approval was obtained from the Human Research Ethics Committee at the University of
Sydney (Number 8782). 10 patients (7 female and 3 male), whose 1% premolars were required to be
extracted as a part of their orthodontic treatment plans, were recruited for this study, with a mean age
of 14.3 £ 1.9 years old. These participants were selected based upon the same criteria as in the
previous studies, of which the most important is an absence of abnormalities and defects existing on
roots prior to the orthodontic treatment [27]. All the subjects and their guardians consented to the
participation after receiving verbal and written explanations of all aspects of this study, including the

outcomes of tooth movement, and potential discomforts. A panoramic radiograph and lateral
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cephalogram were taken for each patient, as an initial check prior to orthodontic treatment to ensure
no abnormalities or defects were present in the targeted teeth (Figure 1a).

The mandibular 1% premolars (tooth numbers #34 and #44) in the subjects were the target teeth
in this study. To reduce inter-individual variability in each of these ten investigated patients, the left
and right first premolars were randomly selected for receiving the two different levels of orthodontic
loads, namely light (25 g, i.e 0.245 N) and heavy (225 g, i.e 2.2 N) forces (Figure 1b), which are the
typical upper and lower limits of orthodontic loadings applied clinically [27, 29, 32]. 0.022-in Speed
brackets (Strite Industries, Cambridge, Ontario, Canada) were bonded to the mandibular 1st premolar
and 1st permanent molar, to induce a tipping load in the buccal direction (labelled in Figure 1b) of
the premolar. The light force was generated by using a 0.016-in titanium-molybdenum alloy (TMA,
Rematitan, Dentaurum, Ispringen, Germany) cantilever spring; and the heavy force was from a 0.025-
in TMA cantilever spring (beta III titanium, 3M Unitek, Monrovia, Calif). These orthodontic loads
were calibrated and adjusted to the desired force magnitude with a strain gauge (Dentaurum,
Ispringen, Germany) every four weeks [27, 33]. Light cured cement (Transbond Plus light cure band
adhesive, 3 M Unitek) was placed on top of 1st molars, to create a gap between the targeted Ist
premolars and maxillary premolars, and, therefore, avoiding undesired effects from occlusal loading
(Figure 1b).

After 12 weeks of loading, the treated premolars were extracted carefully to prevent surgical
trauma to the root cementum and immediately stored separately in sterilized deionized water (Milli
Q, Millipore, Bedford, Germany). The residual PDL and soft tissue fragments were removed by
placing each tooth in an ultrasonic bath for 10 minutes. The teeth were then kept in 70% alcohol for

30 minutes and dried at ambient room temperature.
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Figure 1. Materials and Methods. a) An initial panoramic radiograph and lateral cephalogram were taken for each
patient to ensure no abnormalities and resorption defects were present before treatment. b) Top view of orthodontic
treatment setup including braces between the mandibular 1% molar and the 1% premolar and cement on top of the 15 molars
(bluish). White arrows indicate buccally-directed orthodontic loads. Black arrows indicate the buccal and lingual
directions, i.e. the outwards direction to the cheek and inwards direction to the tongue. c) schematic diagram of the
Tomographic Interpolation and Volumetric Analysis (TIVA) procedure to determine resorption craters from a scanned
root, through masking tooth root (cyan), edging (white), contour repair (white: original edge; red: repaired edge), re-
masking (white), and mask subtraction (cyan: original tooth root mask; red: resorption craters mask). Black arrows
indicate the orientation of the tooth with cervical defined towards the crown and apical towards the root apex. d)
construction of a virtual assembly of the mandibular section by using virtually repaired root contour; ) meshed finite

element model in commercial code ABAQUS with loading and boundary conditions.
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2.2. Imaging, Segmentation and Tomographic Quantification

The prepared samples were scanned from the cementoenamel junction towards the root apex
using a microCT scanner SkyScan 1172 (SkyScan, Aartselaar, Belgium) with an aluminium filter.
Some samples were able to be included into one field of view, while the others were merged from
two sectional scans along the root longitudinal axis. The scans were performed under 100 kV and 100
pA, and each scan took 44 minutes. The reconstructed scans had a linear pixel size between 14.8 and
15.9 um and were saved in a 16-bit TIFF format. The image sets were imported into ScanIP Ver. 7.0
(Simpleware, Exeter, United Kingdom) for segmentation, creating tooth root masks based upon
greyscale values and exported for further analysis.

In our previous studies, the pre-existing volume of craters were quantified on non-treated teeth
with an average of 4.21 x 105 um3, in comparison with the average of 291.69 x 105 um3 in the
treated teeth with a light orthodontic force (less than 1.5%) [29, 32]. Since the same subject selection
criteria and treatment procedure were used in the current study, the crater volume before the treatment
can be therefore considered as negligible. For doing so, a MATLAB (MathWorks Inc., Natick, MA,
United States) program was developed specifically for the present study, namely Tomographic
Interpolation and Volumetric Analysis (TIVA), a virtual computational ‘repair’ tool for reinstating the
tangential continuity of the root surface by using Gaussian smoothing algorithm, while the unaffected
regions remained unchanged. In this way, the intact root was virtually restored to estimate the pre-
treatment condition on the assumption that non-treated root surfaces of the selected healthy and young
participants were smooth with negligible pre-existed site-defects.

Image subtraction of the virtually restored root and the post-treatment root yields the 3D

resorption crater. As some craters were very close or even connected with each other, the virtual CT



slices of resorption craters were imported into ScanIP Ver. 7.0 for watershed segmentation
(Simpleware, Exeter, United Kingdom) to separate connected craters by defining their individual
boundaries. For each crater, TIVA then quantified its geometric characteristics including pixel-based
volume (individual crater size), centroid location, maximum depth, surface long (Ax) and short axes
(Bx), and orientations (angle between the surface long axes and root longitudinal axis). The statistics
for all the data were then analysed and performed in IBM SPSS Ver. 19 (IBM Corp., Armonk, NY,

United States) for paired t-tests.

2.3. Finite Element Modelling and Simulation
The hydrostatic stress within PDL is quantified at a steady state prior to bone remodelling and
ORR initiation. Volume averaged hydrostatic stress () in the PDL has been widely adopted to be
the mechano-stimulus for governing dental mineral tissue remodelling [11, 31]. The present study
utilised 3D nonlinear finite element analysis (FEA) technique to obtain 6y in the PDL that was
_ ZeopV®

induced by orthodontic force during the treatment, calculated as o = s ve where the of; isthe
e

hydrostatic stress within each element and V¢ is the volume at the integral point of corresponding
element. The values of 5 will be used to divulge a possible correlation between the root resorption
and mechano-stimulus.

All the numerically repaired root masks were exported in a format of STL files and processed in
Geomagic Wrap 2015 (3D Systems, Rock Hill, United States). The scanned premolar was virtually
inserted into a generic mandible model (Figure 1d), in which the neighbouring teeth were arranged
according to the condition of an individual patient, thereby providing a simulated oral environment
corresponding to the clinical cases.

The periodontal ligament (PDL), as a critical biomechanical medium for governing orthodontic
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tooth movement and ORR, was created by smoothly offsetting the root outer surface by 0.3 mm,
which was the average thickness of human PDL [11, 15, 31]. The dedicated FE sensitivity tests, with
both constant and varying thickness PDL models, were conducted to quantify the robustness of the
obtained results. The numerical results showed that the volume fraction of PDL that exceeded
capillary blood pressure hovered around 89.4% + 2.1% when the thickness was ranged between 0.1
and 0.5 mm.

The brackets for attachments were constructed in computer-aided design (CAD) software,
Solidworks Ver. 2016 (Dassault Systémes, Waltham, United States), and inserted at the corresponding
locations in the assembly. The assemblies were constructed into a solid model by using non-uniform
rational B-spline (NURBS) patches and imported into ABAQUS Ver. 6.14.1 (Dassault Systémes,
Waltham, United States) for meshing and analysis (Figure 1e).

Unstructured quadratic tetrahedral elements (C3D10H) were used to smoothly capture
anatomical details with an adaptive mesh in a global seed size of 1 mm, while particularly intensified
mesh-refinement was applied to all PDL regions. The average number of elements was 204,369 (with
a degree of freedom (DOF) of 888,990), of which around 17,575 (with a DOF of 97,323) were
dedicated to the PDLs (with an average individual volume of ~ 46.3 mm?®). The mesh density was
validated through a convergence test as done in our previous studies [11, 31].

Since the effects from occlusal loading were eliminated and the simulation focussed only on the
initial stage of the orthodontic treatment, the PDL was considered to be in a quasi-static status with a
stabilised fluid phase. Therefore, a nonlinear hyperelastic mathematical constitutive model was
adopted for the PDL here by fitting the stress-strain curve [34] to the 4th Order Ogden Model as

presented in ABAQUS [11]. The 4th order Ogden model is a strain energy potential equation that can
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be expressed as: U = ?zl%()?lxi + 2,125 —3) + Z?zlbii
i

(J& —1)?, in which A; are the
deviatoric principal stretches obtained from the principal stretches, J€' is the elastic volume strain,
and u;, a; and D; are the parameters used in such a hyperelastic model [35]. The hyperelastic
constitutive model was also proposed to fit PDL’s viscoelastic behaviour [34], and has been adopted
widely in dental biomechanics [11, 36]. Its accuracy had also been validated [34] by correlating with
the previous in-vitro studies on PDLs of human cadavers [37] as well as other mathematical models
[37, 38].

Linear elastic and isotropic properties (Table 1) [11, 31, 39, 40] were assigned to the remaining
regions in the model, including the cancellous and cortical regions of the two-phase jaw model and
the dentition regions. The assumption of such two-phase jaw model was tested by comparing the

outcome with the results from a patient-specific heterogeneous jaw model [41, 42]. The difference in

the variation of the volume fraction of the PDL that exceeded capillary blood pressure was smaller

than 0.1%.
Table 1. Material properties adopted in tooth movement simulation
Material Young's Modulus (MPa) Poisson’s Ratio
Root (Dentin) 18,600 0.31
Cortical bone 14,700 0.31
Trabecular bone 490 0.3
PDL Hyperelastic (Ogden 4™) 0.45

Symmetric boundary conditions were prescribed to the sagittal plane of the mandibular section,
and full constraints were applied to the distal sectional planes (Figure 1e). The orthodontic forces
were applied through the premolar bracket, pointing in the buccal direction [11]. Friction and slipping

between the brackets and the arch wire were not considered in this study for simplification [11, 12].
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3. Results

3.1. Resorption Severity Overview

Figure 2a presents the orthodontic root resorption (ORR) patterns from both buccal and lingual
aspect views of the target premolars, under the two levels of orthodontic forces (25g and 225g) used
for each subject. An initial visual inspection suggests that on the buccal side, more craters were
formed in the cervical region (labelled in Figure 1c); while on the lingual side they had a tendency to
crowd around the apical regions (labelled in Figure 1c). In the apex areas, craters tended to develop
along the peri-groove regions while the roots with deep and clear grooves seemed to have more craters
than those without such features. Figure 2b summarises the distance of OTM in the lingual-buccal
direction from clinical measurement. Unfortunately, OTM for patient 8 and 9 were not recorded
properly because of human errors.

To quantitatively assess the resorption, Figure 2¢ summarises the total resorption volume and the
total number of craters in each patient. In general, the heavy orthodontic force led to more severe
resorption than the light force in terms of both volume (Light: 0.16 + 0.16 mm® vs. Heavy: 0.59 +
0.31 mm?, p < 0.001) and number of craters (Light: 24.8 £ 11.1 vs. Heavy: 37.9 £ 17.6, p < 0.05).
Resorption severity varied among the subjects. It is noted that for example patient 8 had minimal
resorption volumes, while patient 5 had substantially more severe resorption on both light and heavy
loaded teeth than the other subjects. Besides, an individual’s response to two different levels of force
varied dramatically among the subjects. In terms of resorption volume, the most significant
differences appeared in Patients 10 and 6, in which the heavy force led to 15.6 and 10.8 times of the
resorption than that of the light force, respectively. Patient 8 had the least difference with only 1.24

times. Interestingly, the number of craters is not necessarily proportional to the total volume of
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resorption. Patients 3 and 4 had fewer numbers of craters under the heavy force; and Patient 8 had
roughly the same number at both force levels.

Figure 2d indicates the distribution of crater sizes. Similarly to the total volume, the heavy force
caused both larger maximum craters (p < 0.001) and larger median size craters (p < 0.005) than the

light force in all subjects.
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Figure 2. Resorption Severity. a) Surface tomography of ten pairs of scanned 1st premolar roots, between heavy (225g) and light (25g) buccally directed orthodontic forces; b) Clinical
records of Orthodontic Tooth Movement (OTM) among patients. c) total resorption volume and number of resorption craters for each patient; d) crater sizes in each patient. The Heavy
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3.2. Individual Crater Characteristics

Figure 3 illustrates the characteristics of individual craters. The length of the long axis (Ax) at
the crater surface was used to evaluate their surface size. Figures 3a and 3b clearly indicate that the
length and depth of craters had a linear relationship for both groups, which had similar average slopes
with 0.094 for the light and 0.092 for the heavy group, implying that the ratio between surface size
and resorption depth was not much affected by the orthodontic loading magnitude.

Figures 3¢ and 3d exhibit the spatial orientation of individual craters. Craters were more prone
to orient along the longitudinal direction of the root in a range of 0° to 45° in both groups. This holds,
particularly, for elongated craters with a surface long axis to short axis ratio (i.e. Ax/Bx) > 2 (Figures
3c and 3d). Similarly to the relationship between depth and surface size, this individual orientation

pattern was marginally influenced by loading magnitude.
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Figure 3. Crater Characteristics. a) and b) Correlation between resorption crater surface area and depth under light and
heavy forces; c) and d) Correlation between crater orientation and surface aspect ratio, under light and heavy forces. Ax
represents the surface long axis of craters whereas Bx represents the surface short axis. Z-axis is the longitudinal axis of

the root.

3.3. Spatial Location of Resorption Craters

For a spatial analysis of resorption patterns, each root was divided into four sectors: lingual,
buccal, distal, and mesial regions (Figure 4a). Regional resorption volume of an individual patient is
summarised in Figures 4c and 4d for the light and heavy force groups, respectively. In the light force
group, most resorption appeared in the lingual and buccal regions for all the subjects except for Patient
2 who had considerable resorption in the mesial aspect. In the heavy force group, this pattern was
further emphasised, and all the subjects exhibited dominant resorption in the lingual-buccal direction,
along the loading axis.

As the lingual and buccal sectors appeared to be more prone to resorption, Figure 4b further
separates the root into four sectors along the long axis of the root, namely the cervical-buccal, apical-
buccal, cervical-lingual, and apical-lingual sectors. Figures 4e and 4f illustrate that most resorption
occurred in the cervical-buccal sector in every subject (p < 0.005); and the apical-lingual sector had
the second most severe resorption (p < 0.005). It is noted that the large difference of total resorption

volume was mainly due to the substantial volume increase in these two sectors in the heavy group.
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3.4. Hydrostatic Pressure in Periodontal Ligament

Figures 5a and 5b show the spatial distribution of the hydrostatic pressure in the periodontal
ligaments surrounding a pair of premolars under the two different loading conditions for one
representative patient (Patient 10 as an example), with both buccal and lingual cross-sectional views.
Deep blue (tensile) and dark red (compressive) indicate the affected areas where the hydrostatic stress
exceeds the capillary blood pressure (4.7 kPa). The heavy group generally had larger affected areas
than the light group did.

Similarly to Figures 4c-f, the sectional distribution of volume averaged hydrostatic stress (ay) 1s
summarised in Figures Sc-f for the two ways of subdividing the tooth into four sectors (see Figures
4a and 4b). In Figures 5c and 5d, the inward bars indicate the compressive hydrostatic stress and
outward bars indicate the tensile hydrostatic stress. Both groups experienced much higher tensile and
compressive stresses in the lingual and buccal sectors, as projected along the root. Under the heavier
orthodontic load, tensile stress became dominant in the lingual sector, while compressive stress was
dominant in the buccal sector (see Figure 5d).

Figures 5e and 5f focus on the buccal-lingual regions with the cervical and apical sectors being
separated along the mid-plane of the roots (Figure 4b). The heavy orthodontic loading induced up to
four-fold higher hydrostatic stress in the PDL than the light counterpart did. The apical-lingual and
cervical-buccal sectors experienced compression, corresponding to the maximal resorption, while the

other two sectors were in tension with minimal resorption observed.
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Figure 5. FEA Results of Hydrostatic Pressure in Periodontal Ligament. a) and b) the hydrostatic pressure distribution
in corresponding PDLs with both buccal and lingual sectional views; c¢) and d) the sectional distribution of tensile
(pointing outwards, translucent shaded) and compressive (pointing inwards, solid shaded) hydrostatic pressures in lingual,
buccal, distal and mesial sectors as defined in Fig. 4a); ) and f) the sectional distribution of tensile (translucent shaded)
and compressive (solid shaded) hydrostatic pressures in upper-buccal, upper-lingual, lower-buccal and lower lingual

sectors as defined in Fig. 4b), under both light and heavy forces.
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4. Discussion

4.1. Size and Shape Characteristics of Resorption Craters

Odontoclasts are a primary cell type responsible for ORR [18, 43]. In the early 1990s, Rygh et
al. had observed that TR AP-positive odontoclasts crowded in the root resorption sites [ 17], suggesting
that resorption craters resulted from the demineralisation activity of those multi-nucleated giant cells.
Therefore, the patterns of resorption craters were interpreted as the result of in-vivo odontoclast
activities induced by orthodontic forces, but we want to emphasize that this is a speculative
interpretation since our study did not include any direct observations of cell activity. It should be
noted that such a direct and timely-dependent observation of odontoclasts resorbing root and forming
resorption pits in human patients is challenging (if not impossible) with the current experimental
techniques available clinically.

Root resorption severity is quantified by the total resorption volume [29], which can be
determined by the number of resorption craters and the individual crater size. Our results indicated
that resorption severity was dependent on the magnitude of the applied orthodontic force. Compared
with light forces, heavy forces led to greater total resorption volumes in all subjects. This rise of the
total volume predominantly resulted from the increases in the volumes of individual craters, seen
from the maximum and median crater sizes (Figures 2b and c). The large craters observed in the
heavy group tended to have greater depth and larger surface dimension. In addition, we found a
general tendency of greater crater numbers in the heavy group, but the significance of this increase
(p <0.05) was less than that of the individual size increase (p < 0.001).

With respect to the knowledge that odontoclasts were the main cell type that demineralises root

surfaces [17, 18, 43], significant size increases of craters, such as those observed in this study, could
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be a consequence of both enhancement of odontoclast resorption activity, and an increased number
of odontoclasts acting in the same sites.

Although currently, no definitive characterisation of odontoclast responsive mechanisms to
mechanical loading exists, one can, however, speculate about odontoclast behaviour from the
relatively abundant studies on osteoclasts, attributable to the inherent similarities between these two
cell types [18-20]. In-vitro investigations of stress-induced RANKL/RANK-mediated osteoclast
behaviour are most relevant to the current study [19, 44, 45]. Osteoclast resorption activity
commences after the ‘seeding’ of cells on mineral tissue surfaces by the formation of adhesion
structures called sealing zones [21]. In-vitro studies have revealed that increasing mechanical stress
not only directly enhances activated-osteoclast resorption ability [ 19], but also prolongs their life span
[46, 47]. A combination of high mechanical stress and primary tissue breakdown may recruit more
macrophages to resorption sites via mechano-biological signalling pathways, which are then subject
to RANKL/RANK-mediated differentiation into new osteoclasts [19]. Based only on these
characterisations of osteoclast behaviour, the authors suggest that similar mechanisms, primarily due
to the improvements of odontoclast resorption ability and cellular recruitment, could be responsible
for the observed increases in individual crater size. Conversely, correlations between osteoclast
seeding, mechano-stimuli, and resorptive initiation have not been reported in the literature; and hence,
cannot be used to explain the change in crater numbers. Clearly, while the imaging-based metrics
used in this study provide certain evidence of cellular activity alone, odontoclast-specific in-vitro cell
culture investigations are needed before draw more indicative conclusions divulging the relevant
crater-formation mechanisms.

Further analysis of resorption crater shape revealed that the depth and surface aspect ratios
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showed no significant differences between the different loading magnitudes (Figures 3a and 3b),
suggesting an intrinsic proportional relationship between odontoclast resorption and progression
ability. Majority of resorption trails was oriented at approximately 20 + 10 degrees with respect to
the root longitudinal axis in both heavy and light loading groups. While this correlation implies a
preferential path for odontoclast progression, no direct evidence has been found in the literature to
explain this particular orientation of progression for either odontoclasts or osteoclasts. Osteoclasts
were reported to be sensitive to topographical discontinuities that were in the tens of microns in
culture matrices [21-24], but there has yet been any clear evidence concerning the determinant factors
for migration direction of such cells [24]. Possibly, odontoclast progression could be guided by
micro/macro-morphological patterns on root surfaces, such as macroscopic surface curvature or
surface asperities such as the micro-features resulted from PDL collagen fibre insertion and mineral
crystal orientation [48], or the gradients of local mechanobiological stimulation. Nevertheless, this

requires further investigation to reveal the underlying mechanisms dictating odontoclast progression.

4.2. Hydrostatic Pressure Distribution in PDL and Spatial Distribution of Craters

In this study, we calculated the volume averaged hydrostatic stress (6y) in the PDL to quantify
the initial mechanical stimulus for triggering root resorption. All PDLs were assumed to be 0.3 mm
in thickness as reported in literature [11, 15, 31]. A sensitivity study on the PDL thickness was
conducted in our in-silico models, showing that the differences of high tension/compression volume
fraction (above 4.7 kPa) were within the standard deviation of + 2.1% with virtually unchanged
interstitial fluid pressure pattern in the PDL. Performing a spatial correlation between the locations
where root resorption occurred and the distribution of &3, we can provide three statements specifying

the nature of the mechanical stimulus as follows.
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First, the sign of the mechanical stimulus is important, with compressive stresses much more
effectively triggering ORR than tensile stresses. To quantify how strongly resorption craters were
concentrated in compressively stimulated regions (compression above 4.7kPa), we calculated the
ratio between the percentage of resorption volume within the stimulated compressive/tensile region
and the percentage of stimulated compressive/tensile volume out of the total volume of each PDL (R-
MS ratio). Resorptions that occur randomly, i.e. independent from mechanical stimulus, would result
in an R-MS ratio of 1. The resulting R-MS ratios were much greater for compressive stresses (light
group: 1.96 and heavy group: 1.47) than for tensile stresses (light group: 0.70 and heavy group: 0.49).
Therefore, the in-silico models showed that the compressed regions, which were in cervical-buccal
and apical-lingual quarters due to the tipping nature of the orthodontic force, contained substantially
more resorptions than in the tensile regions. Previous in-vitro studies have revealed that high
compressive stresses lead to intense resorption activity; which is due to the increased localised tissue
breakdown (debris) and cellular response in secreting RANKL/RANK, with enhanced macrophage
recruitment and fusion to form odontoclasts [19, 45]. These biological responses to compressive
loading are well-reflected by the dense spatial distribution of resorption craters observed in high
compression zones, which also indicates the effectiveness of using gy as a measurement of
mechano-stimulus for ORR when modelled in-silico as performed here. Moreover, our modelling
results indicated that the increase of G in tension was greater than that in compression when heavy
loads were applied (Figure 5e and f). Nevertheless, we found no obvious changes of resorption
severity in tensile regions (Figure 4e and f), suggesting that odontoclasts might not respond to the
tensile mechano-stimulus evidently.

Second, not only is the sign of the stress important, but also the magnitude of stress is decisive
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in triggering ORR. Considering compressive stresses in the interval between 2.35 and 4.7 kPa, the
resulting R-MS ratio were 0.86 for light group and 0.72 for heavy, which is lower than 1 and
substantially lower than the corresponding values of 1.96 and 1.47 when considering compressive
stresses only above the threshold of capillary blood pressure (4.7kPa). Therefore, the present study
provides evidence that compressive stress gy needs to exceed a threshold value comparable to the
human capillary blood pressure to effectively initiate ORR.

Lastly, patient-specific factors, such as an individual’s living habits, bone density and genetic
factors, play an important multifactorial role in the mechanobiology for responsible for root
resorption [2, 9, 49]. Although those patient-specific factors were inaccessible with the experimental
design of this present study, we included the variation of individual’s susceptibility to provide
statistically comprehensiveness of the results. Following the rationale of this study by presenting the
results for each patient individually, we calculated the R-MS ratio in high compressive regions for all
the individuals and both teeth, the lightly and the heavily loaded. The results (see in Table 2) showed
obvious variation among the patients, suggesting the individual variation in response to increased
orthodontic forces. The larger values of the R-MS ratio for the light group in Table 2 are mainly due
to a smaller region that is above the threshold value of compressive mechanical stimulation. A
comparison between the values for the light and heavy loading in the same patient further shows no
correlation. Both values particularly high (or low) would provide us with an indication that the
mechano-regulation of ORR would have a high (or low) specificity in this patient. Rumpler et al. [50]
revealed that osteoclast resorption ability, measured as the depth of resorption pits, was
predominantly dependent on individual variation, and only marginally influenced by in-vitro

culturing matrix material and surface roughness. This may also apply to odontoclasts since similar
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variations in maximum crater size and depth between individuals were found in this study (e.g. Figure
2d, Figures 3a and 3b); and suggests a difference in the maximum resorption capability of
odontoclasts in different individuals. Meanwhile, no clear relation between resorption volume and
compressive oy in PDL were found (Figures 4 and 5), which also reflected individual variation in
odontoclast sensitivity to changes in loading magnitude. Therefore, the authors believe that the
mechano-stimulus in the PDL is one of the dominant factors of root resorption, but with substantial
influence from other biological factors.

In addition, while ORR was reported to be positive proportional to OTM [51, 52], no clear
correlation was found between the ORR severity and corresponding OTM distance of each tooth in
the experiment presented here, which further demonstrated that an individual’s response to

orthodontic loading can be multifactorial.

Table 2. The R-MS ratio in high compressive regions for each subject

Patient ID 1 2 3 4 5 6 7 8 9 10

Light

e 231 144 187 177 247 264 264 203 258 0.95
Group

H

cavy 1.67 1.51 130 150 1.64 1.04 156 130 1.00 244
Group

4.3. Limitation and Future Work

As with most numerical modelling studies on biological functional responses, the conclusions
drawn from this work are subject to a series of assumptions. First, the TIVA approach tended to
underestimate flat and shallow resorption craters, because deviations in the continuity of the surface
boundary in these cases were often too marginal to be identified. Second, osteoclasts and odontoclasts

have been assumed to behave physiologically in a similar way under mechanical loading. As a
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consequence, a study on odontoclastic mechanisms without specific cellular models can only provide
indirect evidence of in-vivo odontoclast activity. The present approach assumed that odontoclasts and
osteoclasts have similar behaviour under mechano-stimulus because they are of the same cellular
lineage and share the same mechanism of bio-molecule expression [18-20]. Additionally, the ex-vivo
nature of the imaging analysis was considered to provide end-stage results for the in-vivo resorption
phenomenon.

It should also be noted that the FE analysis in this study were based upon a population-generic
anatomical model. Generic crowns and simplified jaws were adopted for the FE models, since there
was a lack of accurate original anatomical information. However, such simplifications are widely
accepted, and their effects on mechanical results have proved to be small [11, 31, 39].

To further understand the observations described in this paper and validate the resultant findings,
odontoclast visualisation experiments should be conducted. Cryo-FIB/SEM can be utilised on animal
models to reveal different stages of odontoclast behaviour during resorption development [53, 54],
which will provide direct illustration of in-vivo circumstance. Potentially, a time-dependent multi-
scale FEA can then be performed to better simulate the stress-induced cellular progress of root
resorption, thereby creating an in-silico model describing odontoclastic activities with an improved

patient-specific predictability of ORR in orthodontic treatment.

S. Conclusion

The work presented in this paper adopted a 3D microCT image analysis technique to characterise
resorption craters on human root surfaces, which were further correlated to in-silico evaluations of
mechano-stimulus. Within the given limitations, it was found that a certain level of compression in

PDL predominantly augments individual crater size on root surface. A directional pattern of
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resorption trails was found in both light and heavy groups. Based upon conventional interpretations
of ORR, we speculate that these resorption trails reflect resorption and migration activities of
odontoclasts, which requires more direct evidences with the advancement of experimental techniques

to monitor in-vivo cellular behaviour at such an enclosed tissue interface.
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Table and Figure Caption List

Notes: Colour should be used for all figures in print.

Figure 1. Materials and Methods. a) An initial panoramic radiograph and lateral cephalogram
were taken for each patient to ensure no abnormalities and resorption defects were present before
treatment. b) Top view of orthodontic treatment setup including braces between the mandibular 1st
molar and the 1st premolar and cement on top of the 1st molars (bluish). White arrows indicate
buccally-directed orthodontic loads. Black arrows indicate the buccal and lingual directions, i.e. the
outwards direction to the cheek and inwards direction to the tongue. c) schematic diagram of the
Tomographic Interpolation and Volumetric Analysis (TIVA) procedure to determine resorption craters
from a scanned root, through masking tooth root (cyan), edging (white), contour repair (white:
original edge; red: repaired edge), re-masking (white), and mask subtraction (cyan: original tooth root
mask; red: resorption craters mask). Black arrows indicate the orientation of the tooth with cervical
defined towards the crown and apical towards the root apex. d) construction of a virtual assembly of
the mandibular section by using virtually repaired root contour; e¢) meshed finite element model in
commercial code ABAQUS with loading and boundary conditions.

Figure 2. Resorption Severity. a) Surface tomography of ten pairs of scanned 1st premolar
roots, between heavy (225g) and light (25g) buccally directed orthodontic forces; b) Clinical records
of Orthodontic Tooth Movement (OTM) among patients. c) total resorption volume and number of
resorption craters for each patient; d) crater sizes in each patient. The Heavy group generally had
larger craters than the Light group did. (The upper and lower box bands are the Ist and 3rd quartile,
representing 25% to 75% of size observations. The bands inside boxes represent the median crater

size for each subject. Craters with a size that exceeded 1.5 times that of the corresponding interquartile
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range are plotted as outliers in this box-whisker chart.)

Figure 3. Crater Characteristics. a) and b) Correlation between resorption crater surface area
and depth under light and heavy forces; c¢) and d) Correlation between crater orientation and surface
aspect ratio, under light and heavy forces. Ax represents the surface long axis of craters whereas Bx
represents the surface short axis. Z-axis is the longitudinal axis of the root.

Figure 4. Spatial Location of Resorption Craters. a) Subdivisions for the assessment of the
total resorption volume into four sectors: lingual, mesial, buccal and distal; b) Subdivisions for the
assessment of the total resorption volume in upper-buccal, lower-buccal, upper-lingual and lower-
lingual sectors along the root axis from apex; ¢) and d) Total resorption volume in individual patients
in the sectors defined by a) for the light and heavy forces, respectively; e) and f) Total resorption
volume in individual patients in the sectors defined by b) for the light and heavy forces, respectively.

Figure 5. FEA Results of Hydrostatic Pressure in Periodontal Ligament. a) and b) the
hydrostatic pressure distribution in corresponding PDLs with both buccal and lingual sectional views;
¢) and d) the sectional distribution of tensile (pointing outwards, translucent shaded) and compressive
(pointing inwards, solid shaded) hydrostatic pressures in lingual, buccal, distal and mesial sectors as
defined in Fig. 4a); ) and f) the sectional distribution of tensile (translucent shaded) and compressive
(solid shaded) hydrostatic pressures in upper-buccal, upper-lingual, lower-buccal and lower lingual

sectors as defined in Fig. 4b), under both light and heavy forces.
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Table 1. Material properties adopted in tooth movement simulation.

Material Young's Modulus (MPa) Poisson’s Ratio
Root (Dentin) 18,600 0.31
Cortical bone 14,700 0.31

Trabecular bone 490 0.3
PDL Hyperelastic (Ogden 4™) 0.45

Table 2. The R-MS ratio in high compressive regions for each subjects.

Patient ID 1 2 3 4 5 6 7 8 9 10
Light 231 144 187 177 247 264 264 203 258 0.95
Group
Heavy 1.67 151 130 150 1.64 1.04 156 130 1.00 244
Group
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