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Introduction 

Clear aligner therapy (CAT) refers to a progressive sequence of clear thermoplastic 

appliances which incrementally move teeth to a pre-programmed position. Driven by 

societal demands for aesthetic orthodontic treatment, the popularity of CAT has risen. 

Despite this surge in demand, studies have shown that tooth movement with CAT is 

characterised by simple crown tipping and control of root movements remains inferior to 

traditional fixed appliances. Functional, aesthetic, and stable orthodontic treatment 

requires control of root movements. Specifically, incisor tip or mesio-distal inclination 

is one of the determinates of the amount of space they occupy in the arch. Unique for 

CAT, teeth are held within the constraints of the aligner; thus, the amount of space they 

occupy impacts the fit of the aligner and the subsequent ability for the aligner to express 

the desired tooth movements, making root uprighting even more critical. In principle, the 

addition of composite attachments bonded to the tooth surface improves the 

biomechanics and increases aligners' potential to achieve more complicated tooth 

movements, including root movement. However, how this translates clinically is thus far 

largely anecdotal. This research attempts to bridge the gaps identified by investigating 

whether lower incisor root movement is clinically achievable with the Invisalign® 

appliance. Furthermore, it aims to quantify how well the digital prescription correlates 

with the clinical outcome and to quantify the influence of attachments on the efficacy of 

root movement. A customised method for measuring root tip and classifying orthodontic 

tooth movement (OTM) type was developed to address the aims of the study. Lower 

incisor tip was measured on digital models, pre-treatment, from the predicted post-

treatment models and on the achieved post-treatment models to determine the predicted 

and achieved root tip. Originally, this thesis also planned to look at root movement in the 

sagittal plane, torque, however, due to difficulties encountered with COVID-19 this has 

not been possible. The focus thus remains on root movement in the coronal plane, root 

tip. The results and discussion are presented together as well as a general discussion of 

the limitations of this research and directions for future research in this rapidly evolving 

field of orthodontics.  
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Summary of Thesis  

The present work, which investigates predicted and achieved root movement of lower 

incisors with the Invisalign® appliance, is presented in a hybrid thesis format, whereby 

the material ready for publication is presented as a chapter.  The thesis is divided into 

chapters as outlined below.  

Chapter 1- Review of the literature  

A general discussion of CAT and the predictability of tooth movements is presented in 

this first chapter. This review focuses on the importance of root movement in 

orthodontics, both in terms of torque and tip. A review of biomechanics, aligner materials 

and attachments is presented as a direction for improving outcomes with this modality of 

treatment. In addition, the measurement of orthodontic tooth movement (OTM) and 

different types of OTM are reviewed.    

Chapter 2- Predictability of lower incisor root tip with the Invisalign 
appliance  

This chapter covers the methodological details including, study design, patient sample, 

registration of models and outlines the method for measuring root tip. This chapter also 

reports the results of the study and a discussion of the findings. It is formatted as a 

manuscript for publication. 

Chapter 3- Conclusions and directions for future research 

The third and final chapter of this thesis highlights the study’s conclusions and explores 

the future direction for clear aligner research.  

Chapter 4- Appendices  
Further details of the methodology used in the study and supporting documents can be 

found in this chapter. 
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1.1 Introduction  

The primary objectives in orthodontics are to achieve optimal aesthetics and a functional 

occlusion. In 1972 Andrews located the casts of 120 non-orthodontic patients with 

normal occlusion that he considered aesthetically pleasing and, in his opinion, would not 

benefit from orthodontic treatment (1). He then described six keys of ‘normal occlusion’ 

that were found consistently in all of the models. In his opinion, the absence of just one 

of these keys is predictive of incomplete and unsatisfactory treatment (1).  Andrews’ 

second and third keys of occlusion, angulation (tip) and inclination (torque), rely on the 

ability of an appliance to control roots. The degree of tip of incisors determines the 

amount of mesio-distal space they occupy in the arch and has a considerable effect on 

posterior occlusion and anterior aesthetics (2). Additionally, alignment of the roots of 

teeth in progressively distal axial inclinations is critical for the correct alignment and 

occlusion of the teeth. Adequate control of root torque of the upper incisors is related to 

pleasing aesthetics (3), correct anterior guidance and stability of the dentition. With 

improper torque control, there can be shortening of the dental arch (2), poor buccal 

interdigitation (4), and the potential for over-eruption of the incisors (1). Proper treatment 

planning requires careful consideration of individual tooth positions in relation to tip and 

torque. It is imperative that orthodontic appliances advocated for comprehensive 

orthodontic treatment can control these movements.  

Clear aligner treatment (CAT) has grown in popularity over the last decade. The increase 

in popularity for CAT has, in part, been due to adults seeking an aesthetic alternative to 

fixed appliance therapy (5). CAT has some potential benefits over traditional fixed 

appliances, including improved aesthetics (5), improved oral hygiene (6,7), and less self-

reported initial pain (8). There is emerging evidence to suggest that treatment with 

Invisalign® (Align Technology, Santa Clara, Calif), a brand of clear aligners (CA), 

results in clinically insignificant levels of root resorption (9,10). However, larger 

prospective studies, ideally with fixed appliance control groups, are needed to validate 

these findings (10).  One of the main benefits of CAT to clinicians is a significantly 

reduced number of emergency appointments. In addition, digital treatment planning via 

the propriety software, ClinCheck®, allows the treating clinician to determine the 
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treatment sequence, movement of individual teeth and speed of movement for each stage 

of treatment. It also enables visualisation of a diagnostic setup before extraction(s) are 

performed and enhances communication with patients (11). Despite the potential 

benefits, it has been reported that the mean accuracy of tooth movement using CAT is 

50% (12). Therefore, there are still questions to its effectiveness, efficiency and 

limitations. 

Marketing claims, case reports and key opinion leaders have formed the basis for a large 

part of the professions knowledge on CAT to date. Given the popularity of this treatment 

modality, there is a real and urgent need for further high-quality research. One of the 

challenges facing CAT research is the pace at which technology is developing. This 

makes research into aligner efficacy difficult as technological evolution regularly 

surpasses data collection, analysis and publication (13). Early research into Invisalign® 

cannot accurately inform clinical decisions as the material, appliance design, movement 

staging, and manufacturing are now vastly different. Despite these challenges, it is 

paramount that scientific literature keeps pace in order for clinicians to make evidence-

based decisions when treating patients with this mode of orthodontic armamentarium. 

1.2 History of clear aligners  

In 1945 Kesling developed the tooth positioner appliance (14). The tooth positioner was 

a one-piece rubber appliance that entirely occupied the freeway space and covered the 

labial, buccal and lingual surfaces of maxillary and mandibular teeth. In contrast to fully 

banded appliances, the tooth positioner did not alter the mesial-distal width of teeth or 

interfere with the interproximal contact points. Treatment was first carried out with fully 

banded fixed appliances to correct major rotations and alignment. Following this, the 

patient was debanded, and the final artistic detailing was achieved with the tooth 

positioner. This included closing minor spaces and establishing the correct arch form.  

Kesling felt that the tooth positioner was a more customised approach to orthodontics, 

where the appropriate arch form and tooth positions unique for each individual could be 

taken into account. He concluded that the potential for the tooth positioner to achieve 

more complicated movements could be accomplished by changing the teeth on the setup 
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incrementally and fabricating a series of positioners. However, this did not seem practical 

at the time. In 1964, Nahoum described the use of a thermoplastic vacuum-formed 

appliance for simple orthodontic movements, such as closing anterior spaces and 

correcting minor rotations (15). This differed from the tooth positioner in that the 

maxillary and mandibular appliances were separate and were made of a clear plastic 

polymer, significantly improving the aesthetics. Like Kesling, Nahoum also noted the 

potential for more complex movements with incremental movements and fabrication of 

sequential appliances. He also explained how extraoral anchorage, such as headgear, 

could be used in conjunction with the thermoplastic appliance for ‘en masse’ movements 

or hooks bonded to the plastic for interarch anchorage. Ponitz, McNamara and Sheridan 

further popularised using clear plastic vacuum-formed appliances for orthodontic tooth 

movement (16–18). Ponitz called the appliances ‘invisible retainers’. He outlined the 

technique and its limitations, including incorrect temperature or insufficient vacuum 

pressure in the fabrication process. However, he felt the challenges faced with plastic 

today would be tomorrow’s accomplishments. 

One such accomplishment has been Align Technology (Santa Clara, CA, US), which 

introduced Invisalign®, a brand of clear aligners (CA), into the orthodontic market in 

1998 (19). Invisalign® uses 3-dimensional (3-D) imaging and Computer-Aided 

Design/Computer-Aided Manufacturing (CAD-CAM) techniques to fabricate a series of 

stereolithographic (SLA) models. Subsequently, sequential aligners are fabricated on the 

SLA models using 0.75mm polyurethane material. This revolutionised the once limited 

and laborious process of sectioning individual teeth off stone models and has made the 

treatment of more complex malocclusions a possibility.  Each aligner fabricated is 

currently designed to yield a maximum of 0.25mm of linear movement, 2 degrees of 

rotation and 1 degree of root torque. The polyurethane material covers the buccal, lingual 

and occlusal surfaces of the teeth and has an integrated elastomer designed to exert a low 

constant force. Patients are instructed to wear the aligners for 20-22 hours each day for 

1-2 weeks before changing to the next aligner in the series.   

Before approving the appliance for manufacturing, the treating clinician is able to 

visualise the sequential tooth movements in ClinCheck® software. The software shows 

a virtual treatment simulation, with each stage representing a new aligner. Individual 
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tooth movements can be visualised in the tooth movements table (TMT), and the clinician 

is free to modify the tooth movement. Limited information is known regarding the 

method in which the tooth movement values in the TMT are calculated. In particular, the 

‘root’ movement values are hypothesised to be an extrapolation of the tooth crown 

movement; however, no details are available in the literature or from the company 

website.  

To date, over 10 million patients have been treated orthodontically with the Invisalign® 

appliance (19). While there is no doubt the appliance has evolved since its inception, it 

has not transcended all limitations. There is still debate regarding the ability of CA to 

accurately and consistently control root movements, however most studies agree this is 

a limitation of the appliance (20–24).  

1.3 Predictability of orthodontic tooth movements with clear 
aligners 

As described above, the ClinCheck® represents a virtual simulation of the tooth 

movements that are planned to occur with each aligner in the treatment sequence. 

Assuming excellent patient compliance, failure to clinically achieve the proposed tooth 

movements constitutes an inaccuracy in the system. As there is some flexibility inherent 

to the polymer, these inaccuracies don’t always present at each aligner stage. Instead, 

inaccuracies accrue throughout the treatment, eventually compromising the aligners 

biomechanics and potentially causing unwanted tooth movements. Clinically, 

inaccuracies necessitate the use of auxiliaries, the treatment being paused while new 

aligners are ordered, or accepting a compromised final result.   

The first large scale prospective study of the efficacy of tooth movement with the 

Invisalign® system was completed in 2009 (25). At this point in time, around 300,000 

patients had been treated globally with Invisalign®, and the authors estimated that 70-

80% of patients required midcourse corrections, refinements or conversion to braces to 

finish treatment (25). This study, although limited to anterior movements, reported a 

mean accuracy of tooth movement of 41% with the Invisalign appliance®. Extruding 



 

 

6 

teeth and de-rotating conical teeth, such as canines, were difficult movements with CAT, 

movements that are still considered challenging over a decade later. 

Research into the accuracy of orthodontic tooth movements (OTM) with aligners has 

steadily increased over the last decade. The first systematic review was completed in 

2005 and included two studies (26). Since then, several systematic reviews have been 

undertaken in the broad category of aligners (6,27–34). Rossini et al. 2015 asked whether 

CAT was effective in controlling OTM in non-growing subjects (27). This review 

included 11 studies: four retrospective non-randomised, five prospective non-

randomised, and two randomised clinical trials. Similarly to the results reported earlier, 

they found CAT was not effective in controlling rotations, especially canines. The 

rotation of canines had an accuracy of 36%. However, the amount of rotation 

programmed per aligner impacted the accuracy. Smaller increments of rotation per 

aligner correlated with improved accuracy. Moreover, CAT was ineffective at controlling 

anterior extrusion, with only 30% of the predicted extrusion achieved. Intrusion of lower 

central incisors was the most accurate movement reported, with an accuracy of 47%. The 

majority of the studies included in this systematic review presented some methodology 

issues, including lack of controls, small sample sizes and studies conducted in graduate 

orthodontic clinics with less cumulative clinical experience and knowledge using CAT. 

This systematic review was updated two years later to include an additional eight studies, 

including three randomised prospective trials, highlighting the increase in higher quality 

research focused on CAT (34).  

More recent research has focused on the predictability of transverse changes with 

Invisalign®. The accuracy of maxillary expansion has been reported in the range of 68.3 

to 88.9%, with decreasing accuracy from the canine to the first molars (20,35). This has 

been postulated to be due to the anatomical difficulties of expanding more posteriorly, 

such as dense cortical bone and soft tissue resistance from the cheeks. The decrease in 

accuracy may also be due to the inferior mechanical efficiency of the aligner posteriorly. 

The terminal end of the aligner is more flexible than the canine region, and thus may 

struggle to generate sufficient buccally directed force (20).  In both of these studies, arch 

expansion was mainly achieved by dental tipping rather than bodily movement, 
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reinforcing the conclusion that OTM with CA is characterised by tipping movements and 

struggles to achieve predictable control of root movements (20,24,35).  

In contrast to these findings in the transverse plane, bodily OTM has been reported in the 

sagittal plane. Simon et al. reported a high accuracy (88%) of distal bodily movement of 

the upper molars (36). Additionally, a second study reported similar results with 

distalisation of maxillary molars of 2.52mm without significant distal tipping (37).  The 

contrasting results may be due to differences in the staging of movements, increased 

force from the use of intermaxillary elastics and  the presence of attachments in the later 

studies.  

The most recent prospective clinical trial was performed as a follow-up from the original 

2009 study with the same treating clinician (12). Although the methodology is vastly 

different, posterior teeth were included, aligner wear time was reduced, sequencing and 

over-engineering of tooth movement was planned; it is interesting to note the mean 

accuracy has improved from 41% to 50%. No doubt the cumulative experience gained 

by the treating clinician over the last decade has contributed to this improvement. Tipping 

movements remain a characteristic of the appliance, while rotation and intrusion remain 

the weakness.  

Despite some of the limitations present in the earlier research, it has provided evidence 

that the tooth movements shown in the ClinCheck® software do not express in their 

entirety. Given the complex biological interactions that are required for OTM, it is 

virtually inevitable that some inaccuracies will be present. ‘Over-engineering’ or ‘over-

correcting specific movements in the ClinCheck may make up for some of the 

biomechanical shortcomings of aligners; thus, the overall accuracy becomes less 

important than the clinical outcome. . In addition, these studies provide the first evidence 

to suggest that root control inadequacies with CAT might be due to difficulties related to 

the application of a force couple. Furthermore, this emerging evidence supports the 

theory that attachments may improve biomechanical control; however, there have been 

few attempts to quantify the influence of attachments on root movement.  
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1.4 Treatment outcomes achieved with clear aligners 

Many clinicians plan over-correction as part of their digital plan to overcome some of 

the accuracy limitations of OTM with CAT. Thus, the overall outcome and quality of 

treatment have become clinically important features to report on. Several studies have 

included the use of objective assessment and grading systems to evaluate treatment 

results. 

In 2005 Djeu et al. (38) published perhaps the earliest study to report on outcomes with 

the Invisalign® appliance using the American Board of Orthodontics Objective Grading 

System (ABO-OGS). The ABO-OGS works by assigning deductions based on deviations 

from an ‘ideal occlusion’. Eight criteria are assessed, including alignment, marginal 

ridges, buccolingual inclination, occlusal relationships, occlusal contacts, overjet, 

interproximal contacts, and root angulation. A case must have fewer than 30 deductions 

to pass the model portion of the exam (39). Djeu et al. compared 48 cases completed with 

Invisalign® with 48 cases treated with fixed appliances. The Invisalign® group had an 

average failure rate of 79.2% compared to 52.1% in the fixed appliance group. The study 

had a major limitation in that the Invisalign® cases included were the first 48 cases 

completed by the orthodontist. The difference in skill of the operator between the two 

techniques is vast and cannot be ignored; however, the relatively high failure rate in the 

fixed appliance group shows the stringent passing criteria of the ABO-OGS, even for an 

experienced orthodontist.  

Buschang et al. (40) compared 27 post-treatment digitised models with their predicted 

post-treatment ClinCheck® models provided by Invisalign®. One calibrated investigator 

compared measurements based on the ABO-OGS. On average, the ClinCheck® models 

scored 14-point deductions, and the post-treatment models scored 24 points. The median 

difference was 9 points, which was highly significant (P < .001). The post-treatment 

models lost the most deductions for alignment, marginal ridges and occlusal contacts 

compared to the ClinCheck® models. Despite the ClinCheck® models not accurately 

reflecting the patient’s final occlusion at the end of treatment, an average deduction of 

24 points still represents a clinically acceptable result. As CAT completely covers the 
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occlusal surfaces, it is possible some improvement would have been attained after time 

for occlusal settling.  

Kassas et al. (41) had also previously looked at outcomes using models and the ABO-

OGS. In their study, 31 cases treated non-extraction with the Invisalign® appliance were 

included. To meet the inclusion criteria of mild-moderate severity, the authors used the 

ABO Discrepancy Index (DI) to measure the severity of the case. According to the ABO 

DI guidelines, a DI score of 7-15 is considered mild, 16-24 is moderate, and 25 or higher 

is considered severe. The mean initial DI score was 13.03. All cases showed a significant 

improvement in the model grading system at the end of treatment. The greatest 

improvement was for alignment and buccolingual inclination categories. A modest 

improvement was found for overjet, marginal ridges, and interproximal contacts. 

Occlusal contacts and occlusal relationships worsened with treatment. Overall, 3% of 

cases received an ABO-OGS passing score, 26% were considered borderline, and, like 

Djeu et al. (38), 71% of cases failed. This study showed Invisalign’s ability to 

successfully treat mild to moderate malocclusions but highlighted the weakness of 

finishing with the appliance. 

Gu et al. (42) carried out a retrospective case-control studying comparing reduction in 

Peer Assessment Rating (PAR) scores between 48 Invisalign® patients and 48 patients 

treated with fixed appliances in a university setting. They classified a ‘great 

improvement’ as being a reduction in PAR score above 22, or if the PAR score was 

originally less than 22 than a weighted PAR score of zero. All patients improved by at 

least 30%; however, significantly more subjects in the fixed appliance group were 

classified as ‘greatly improved’ (p=0.015). The treatment time in the Invisalign® group 

was significantly less than in the fixed appliance group, 13.5 months vs 19 months 

(p=0.004).   

CAT enables clinicians to programme or stage tooth movements efficiently to avoid 

roundtripping and limit any unnecessary movement. This has been suggested as one 

possible explanation for a reduced treatment duration with CAT compared to fixed 

appliances. Nonetheless, as CAT is entirely dependent on compliance from the patient, 

it is also plausible that patients may accept a less than perfect ABO-OGS outcome rather 
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than complete refinement at the end of treatment, reducing the overall treatment time, at 

a compromise to the result.  A recent meta-analysis of non-extraction treatment 

somewhat corroborated this theory, showing treatment with Invisalign® was more 

efficient than fixed appliances (mean difference -6.31 months), but the treatment 

outcomes were significantly worse than fixed appliances (31). This disparity in treatment 

outcomes may also be due to intrinsic limitations of finishing and detailing with the 

Invisalign® appliance. Studies comparing the outcomes of Invisalign® with fixed 

appliances have focused on mild to moderate non-extraction treatments, hence no 

conclusions can be made regarding treatment outcomes with extractions. 

1.5 Principles of biomechanics  

The biomechanical concepts that form the foundation of tooth movement are critical to 

understand in order to assess tooth movement produced by a new appliance. A tooth will 

move if a force(s) is applied to the crown (43). A force is characterised by a point of 

application, a magnitude, a line of action and a sense (43). Depending on the 

characteristics of this force the resulting movement can be described as pure translation, 

pure rotation or a combination of translation and rotation (43,44). A force can produce 

any of these movements, depending on its line of action relative to the ‘balancing point’ 

of a tooth; its centre of resistance (CRes) (44). Unlike a free object which CRes coincides 

with the centre of mass, the CRes of a tooth will depend on the size and anatomy of the 

tooth and also the level of supporting structures in which it is restrained (43,45). The CRes 

of a single rooted tooth it is found at approximately 33-40% of the length of the root from 

the alveolar crest (45,46). 

A force applied through the CRes will cause a pure translation movement (44). Given the 

CRes is located within the alveolar bone, a more likely point of force application for 

orthodontic movement will be at the crown of a tooth, a distance from CRes.  As such, the 

resulting movement will consist of both translation and rotation (44). The rotational 

component, the moment of force, is determined by the magnitude of force and the 

distance from the line of action at the crown to the CRes. To achieve bodily movement 

while applying the force at the crown, a counter moment equal to the moment of force 
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must be applied to prevent the rotational component, tipping (47). This counterbalancing 

moment is generated by a couple. Likewise, to achieve pure rotation, there must be two 

equal and opposite non-linear forces acting on the crown. The result of this couple is that 

the translational forces cancel each other out, but the moments act in the same direction, 

becoming additive. Thus, there is no translational force but a moment, causing a pure 

rotation movement.  Root movement is essentially a pure rotation, with the centre of the 

rotation at or approaching the incisal edge. OTM with aligners must be able to satisfy the 

same biomechanical principles in order to generate a counter moment at the crown and 

prevent the tooth from undergoing a simple tipping movement (21). The point of force 

application with CA, although often diagrammatically drawn to collide with attachments, 

is complex, and is dependent on a magnitude of factors. The point of force application 

depends on the tooth’s anatomy, the presence and position of attachments, the amount of 

activation programmed in that particular aligner and the aligner material properties (48–

50). To further complicate this, the adaption of the aligner to the tooth (51), which is at 

least in part determined by the patients accurate seating of the aligner, will further change 

how a force is applied to the tooth.   

1.6 Material properties of aligners 

The orthodontic force produced by an aligner is dependent on the mechanical properties 

and thickness of the material (52). Invisalign® aligners were initially fabricated from 

Essix A+, a commercially available co-polymer. Align Technology cycled through 

several material variations until a reformulated Exceed-30 (EX-30) material was 

developed (53). EX30 is a medical-grade polymer made of polyurethane methylene 

diphenyldiisocyanate 1,6-hexanediol (53). It demonstrated enhanced elasticity and was 

more adaptable than the previous material, Proceed 30. Polyurethane is however, not an 

inert material and is thus sensitive to the hostile intraoral environment (54). In addition, 

the material needs to withstand the forces of occlusion and shear stresses of insertion and 

removal of the aligners.   

The intraoral properties and performance of EX30 were reported in a study that retrieved 

aligners from patients after approximately two weeks of wear (22 hours per day) (55). 
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Microscopic analysis relieved an irreversibly absorbed proteinaceous film and calcium 

phosphates. The same study also reported an increase in the hardness of the buccal areas 

in the worn aligners compared to un-worn aligners, attributed to cold work during 

mastication. Furthermore, it is apparent to any clinician treating patients with Invisalign® 

that some wear and abrasion is present on the cusp tips or incisal edges after completing 

two weekly aligner changes. Often this presents with craze lines in the aligner and with 

prolonged use, cracking of the aligner (54,55). The increase in hardness reported 

previously was not supported by a similar study in 2015 (56). In contrast, they found a 

decrease in hardness and a reduction in indentation modulus, implying a weakening of 

the force delivery capacity of the appliance. Furthermore, deformation, as measured by 

creep, demonstrated a weakening of the material and thus a reduced ability for force 

delivery. The clinical effects of both inorganic material in the aligner and changes to the 

mechanical properties are challenging to determine. One could postulate that these 

changes would affect the expression of tooth movement. However, there is little research 

that has been able to measure this impact. A clinical study looking at two weeks wear 

time vs changing aligners after one week to a duplicate aligner, to remove material 

fatigue showed similar amounts of tooth movement (24), suggesting material fatigue over 

time does not play a huge role in the inaccuracies of tooth movement. A potential 

limitation was that the activation of the aligner used in the study was higher than 

recommended. Higher activations have been shown to be  associated with lower forces 

than the same appliance with less activation (52). 

In 2013, the next generation of material from Align Technology was introduced to the 

orthodontic market, labelled SmartTrack® material. SmartTrack® is a multilayer 

aromatic thermoplastic polyurethane/co-polyester (23). It was marketed as being able to 

maintain a more constant force, achieve sustained tooth movement, and have improved 

adaptability to the tooth surface due the increase in elasticity of the material (23). 

Independent testing confirmed SmartTrack® material has a greater elastic recovery and 

adaptation to the tooth than EX30 (53), however a clinical study assessing reduction in 

PAR scores between patients treated with either SmartTrack® or EX30 has shown no 

difference between the two materials in terms of clinical outcomes (57).  



 

 

13 

1.7 Attachments  

CA have demonstrated limitations in the expression of complex orthodontic tooth 

movements. These include rotations of conical teeth, extrusion and root movement 

(12,20,27,58). The need to overcome these limitations has led to the incorporation of 

composite resin attachments, which are bonded to the tooth surface. Attachments 

increase the aligners’ potential by enabling the construction of more complicated force 

systems at the crown.  

The concept of attachments was first introduced in 1988 by Martin Martz. He described 

a removable tooth positioning appliance and proposed bonded composite ‘buttons’ to 

provide or increase undercuts, which an aligner could engage to facilitate orthodontic 

tooth movements (59). Sheridan also described the mechanics of tooth movement using 

composite ‘mounding’ (60). In his method, the model was modified with block-out 

compound wax or a window was cut in the thermoformed retainer. This technique 

allowed space into which the teeth could move.  A composite mound was bonded onto 

the patients’ tooth to provide the force necessary to push the tooth into space. The 

magnitude and direction of the tooth movement was dependent on the size and location 

of the composite mound. The recommended starting point was a 1mm mound 

incrementally increasing up to 3mm until the desired tooth position was achieved.  A 

cervically placed buccal mound in combination with an incisal cap could be used to 

generate a couple necessary to produce lingual root movement (figure 1). This basic 

concept has been popularised in early aligner research as it was believed this approach 

was more efficient than traditional edgewise appliances for torquing movements as the 

distance between moments is larger (60).  
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To improve the biomechanics of the Invisalign® system, Align Technology developed 

composite attachments that could be bonded onto the tooth surface, increasing the surface 

area and potential movements. The basic attachment shapes originally available to 

clinicians were ellipsoid, and rectangular (figure 2). The attachments can be orientated 

vertically or horizontally and the rectangular attachments have the option of a bevelled 

surface, which the aligner can engage under, increasing the retention significantly (61).  

 

Figure 2 Conventional attachment configurations 

Canines are typically considered a difficult tooth to rotate with CA, as the conical shape 

makes engagement of the aligner on a pushing surface challenging. Kravitz et al. 

measured the accuracy of canine rotations with and without vertically orientated ellipsoid 

Figure 1 Mounding technique for lingual root torque with aligners 

Incisal cap and cervical force-inducing mound (FIM) produce root movement (dashed line= 
vertical axis before torquing. Redrawn from Tooth Movement with Essix Mounding, 
Sheridan et al 2004  
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attachments placed centred on the labial surfaces (58). The attachment did not convey 

any statistical or clinical improvement in the achieved rotation compared to the no 

attachment group (33.3% vs 30.8%).  

Hennessy makes a distinction in the evolution of aligners, describing the first generation 

of aligners as those prior to the availability of attachments and the second generation of 

aligners as those with the initial basic attachment shapes (47).  Smart force® features 

developed by Align Technology in 2013 perhaps mark the start of the third generation of 

aligners. These features include ‘optimised’ composite attachments that are customised 

based on the shape of the crown and the type of movement (23). The concept of optimised 

attachments is not far removed from Sheridan’s mounding technique.  Space is provide 

in the aligner for the tooth movement to express into, while there is a physical collision 

between the ‘active’ surface of the attachment and the aligner. This is achieved by 

altering the angulation of the attachment and the aligner, as shown in figure 3.   

Although the concept of optimised attachments is promising, there clinical efficacy 

remains uncertain and the limited research to date suggests they offer no biomechanical 

advantage over regular conventional attachments (36,62). 

Figure 3 Active surface of an optimised attachment 

A optimised rotation attachment from Align Technology®, the activation angle is 
demonstrated by the difference in angulation between the attachment (pink) and the 
aligner (blue).  
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As there is now a plethora of different attachment configurations available, it is often 

difficult to obtain sufficient sample sizes of the same attachment, on the same tooth, 

planned for the same movement to assess its clinical performance. In addition, it is 

impossible to measure the complex force systems resulting from the aligners interaction 

with attachments on OTM in vivo. As a result, in vitro studies have contributed 

significantly to the current knowledge and recommendations regarding attachments.  

3-D force sensors were utilised to investigate the force systems generated by aligners 

with the addition of horizontal gingivally bevelled rectangular attachments for 

distalisation of molars and optimised rotation attachments for premolar rotation (50). 

They found the addition of attachments resulted in higher forces or moments, which 

corresponded to the direction of movement desired. These forces were within the 

recommended values for these movements (63). Furthermore, cylindrical teeth with no 

attachments did not generate sufficient force for OTM (50). The main drawback of force 

sensors is that activation involving more than two teeth cannot be simulated (64). This 

limits the generalisability of the results, as most aligner treatments will have multiple 

teeth moving thus the resulting force may be different clinically.    

The Invisalign® aligners tested in this in vitro study were duplicates from patients 

undergoing treatment. These patients were clinically followed in a separate study to 

measure the clinical efficacy of the attachments (36). Neither the optimised rotational 

attachments or the horizontally gingivally bevelled attachments offered improvement in 

OTM compared to the same movements with no attachments (36). This highlights some 

of the difficulties of in vitro studies transferring to clinical outcomes.  

A second in vitro method for studying the effects of attachments utilises finite element 

modelling (FEM). FEM has been used to model the biological responses resulting from 

the presence, position, and configuration of different attachments under loading forces 

(65–69). The method involves digital construction of the tooth and its supporting 

structures using a number of predetermined elements. Each element represents an 

anatomical component, such as alveolar bone or the periodontal ligament (PDL) and is 

assigned a property (Young’s modulus and Poisson’s ratio) (64,70,71). Collectively, a 

number of key points may be taken from these studies. Firstly, the addition of 
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attachments appears essential in order to generate sufficient force for OTM with aligners 

(65,67,68,72). Secondly, without the presence of attachments, the pattern of OTM seems 

to favour more simple tipping movements (65). Finally, the position of the attachment 

influences the expression of OTM (66,67). For example, regardless of the type of 

attachment, a palatally positioned attachment was more suitable than a buccally 

positioned attachment for extrusion of incisors (67). FEM is cost effective and has greatly 

contributed to the current knowledge of attachment biomechanics. It is however entirely 

dependent on the properties assigned to anatomical structures, hence the size and shape 

of the crown and root need to be carefully determined (68). Sophisticated analysis have 

used Cone Beam Computed Tomography (CBCT) imaging combined with digital intra 

oral scans to construct an precise digital model composed of reconstructed crown and 

root anatomy as well as the accurate reconstruction of the jawbone anatomy, improving 

the accuracy of the digital elements (66,67,69). Most finite element models assume that 

the PDL is isotropic and responds linearly to force. Previous finding however, suggest 

that the mechanical response is non-linear and anisotropic (73). Furthermore FEM cannot 

simulate the intra-oral environments effect on the aligner material, nor the influence of 

mastication or the effects of multiple teeth programmed for movement at one stage. 

Clinical trials are still required to assess the clinical outcomes from attachments.  

A prospective randomised clinical trial reported distal translation of maxillary molars 

with the use of vertical attachments (37). 2.03 mm of maxillary first molar distalisation 

was achieved without significant tipping of the crown. Vertical attachments located on 

the buccal aspect from canine to second molar were suggested to create a sufficient 

moment to oppose the tipping (37). This conclusion was also supported in a FEM of the 

same clinical situation (72). In contrast however, the FEM did not achieved sufficient 

bodily movement to satisfy the clinical scenario of correcting class II molars. In the 

clinical trial, the addition of class II elastics likely contributed heavily to the distalising 

forces thus the outcomes cannot be attributed solely to the presence of attachments. In 

this study, all teeth distalising from canine to second molar received a vertical rectangular 

attachment. Thus no assessment can be made regarding the clinical effect of the 

attachment as compared to no attachment.  
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The addition of composite attachments has the potential to improve the biomechanics of 

aligners greatly. However, despite Invisalign® being available for over 20 years (19), 

there is very little evidence to verify whether tooth movements are being clinically 

achieved. It is plausible that when an aligner does not fit accurately, attachments could 

not only decrease force delivery but, in some instances, cause counter-moments and 

movements in the wrong direction (50).  Further research exploring the influence of 

attachments on the accuracy of OTM with CAT is essential to improving clinical 

outcomes.  

1.8 Torquing movements 

In orthodontics, the word torque has taken on a unique meaning. Primarily torque is the 

force that causes twisting of an edgewise wire. It is synonymous with a moment 

generated by the torsion of the rectangular wire in a bracket slot (74). Torque is also used 

to describe the effect on a tooth of the force delivered by a twisted (torqued) wire. This 

effect is that the roots move in a buccolingual direction while the incisal edge remains 

relatively stationary with respect to its initial position. 

The force couple generated by a thermoplastic aligner torquing an upper incisor palatally 

consists of a tipping force near the gingival margin and a resulting force produced by 

movement of the tooth against the opposite inner surface of the appliance. This is near 

the incisal edge (49). The challenge with this couple is that the gingival margin of the 

aligner is a ‘free edge’ and is less rigid than the incisal portion of the aligner. Hahn et al. 

found that in vitro, the aligner was not able to generate the appropriate forces required in 

this region to satisfy a torquing couple, and an unwanted intrusion force resulted (49). 

This may explain the characteristics of aligners producing tipping movements, as the 

occlusal or incisal part of the aligner can deliver heavy forces, large enough to generate 

a but the cervical region cannot, hence the biomechanics ultimately favours a tipping 

movement (21). Accepting the limitations of in vitro studies outlined above, this  study 

has been one of the first to explain why the theoretical strength of CAT for torquing 

movements have not clinically come to fruition.   
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Align Technology adapted the thermoplastic material at the gingival margin creating a 

twist or elevation of the material termed a power ridge. The aim of this elevation was to 

add force at the free edge of the aligner in order to improve the force couple required for 

root torque. In contrast to the previous in vitro study, Simon et al. measured the initial 

moment for a maxillary incisor torque moment with a power ridge, reporting an initial 

mean moment of 7.9N.mm (50). With an ellipsoid attachment, this was 6.7N.mm. Both 

of these values are consistent with measurements reported in the literature for torquing 

movements (63). The benefit of the ellipsoid attachment was the reduction in the 

unwanted intrusion force, as previously reported by Hahn et al. (49). Clinically, they 

reported a mean accuracy of torque planned (>10degrees) as 51.5% with power ridges 

and 49.1% with ellipsoid attachments (36). Castroflorio et al. also attempted to 

demonstrate the efficacy of power ridges to deliver root torque (75).  The authors reported 

that when a mean root torque of 10.4 degrees was required on an upper central incisor, 

an expression of 98% was detected. Thus, the authors concluded “torque loss” is 

negligible with aligners. The major limitation of this study and the former is determining 

torque from crown tip when measuring just the crown angulations in relation to a 

horizontal reference plane. When this methodology is used, uncontrolled tipping to 

correct the crown angulation can be viewed the same as palatal root torque. The later 

study also had a limitation in that it was a pilot study with six patients, hence the results 

cannot be generalised.  

Tepedino et al. investigated a different aligner system and material, marketed as 

Nuvola®( GEO S.r.l., Rome, Italy)  aligners (76). Their results showed high accuracy 

with no statistical difference between planned versus achieved torque. It should be noted 

however that Nuvola® aligners have a maximum of 12 aligners per ‘set’. After this initial 

12 aligners new impressions are needed for the next set of aligners. This study was 

measuring torque planned compared with torque expressed in this first set of aligners, 

and thus the average torque planned of 2.4° for an upper central incisor could be seen as 

negligible to detect a difference.  
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Biomechanically it is fundamental to have proper torque control with aligners. “Under 

torqued” maxillary incisors can be a cause of posterior open bites at the end of treatment 

(figure 4).  

Conventional orthodontic brackets and wires do not completely fill the bracket slots, 

which results in the wire being able to twist. This twist leads to a loss of moment, known 

as the “torque play” (63). As such, modern edgewise brackets have over-correction built 

in to their prescription to accommodate for this torque loss. It is clinically very relevant 

to understand the amount of torque loss inherent to an appliance in order for this 

overcorrection to be planned. Clinical research on the ability of aligners to torque roots 

and the predictability of torque has thus far provided minimal evidence. Major limitations 

being methodology and sample sizes. In 2013 Align Technology introduced a new 

aligner material called SmartTrack® to the orthodontic market. This new material 

consists of a bilaminar 0.75mm polyurethane co-polymer. To what extent the new aligner 

material influences the efficacy of tooth movements and the ability of aligners to torque 

roots is yet to be investigated.  

1.9 Mesio-distal axial inclination  

Andrews’ second key of occlusion describes crown angulation or tip (1). The gingival 

portion of the crowns should be more distal than the incisal portion. The degree of tip of 

incisors, determines the amount of mesio-distal space they occupy (77), has a 

Figure 4 Anterior torque and relationship to posterior open bite with aligners  

Screen shots taken from an Invisalign® ClinCheck at the refinement stage, showing 
under torqued maxillary incisors as a potential cause of the posterior open bite. The 
posterior open bite is seen visually as space between the upper and lower molar teeth in 
the left and right image.  
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considerable effect on the posterior occlusion (1) as well as anterior aesthetics (3). 

Additionally, proper root parallelism and bone distribution are beneficial for long-term 

periodontal health (78).  

Aligners encase the entire arch, and thus the amount of mesio-distal space a tooth 

occupies has a considerable effect on the overall treatment. If one or more teeth fail to 

upright, and consequently occupy more space than planned, a ‘tracking’ issue can occur. 

This is where the aligner no longer engages the tooth surfaces accurately, and if severe, 

no longer fit at all. Hussels and Nanda calculated the amount of arch perimeter occupied 

by a tipped maxillary incisor and found that for a given height width ratio, an incisor 

tipped by 20 degrees could occupy 0.55 mm of additional space (figure 5) (2,79). The 

space created from up righting incisors maybe utilised in the digital treatment plan for 

other tooth movements, such as derotation of an adjacent canine or for resolving 

crowding. The ability of aligners to accurately upright roots as per the virtual simulation 

is therefore critical to the fitting of the aligners and overall tracking of the treatment (79).   

Figure 5 The effect of mesio-distal tip of a theoretical lower incisor on arch length 
occupied 

Assuming a length of 21mm, a lower incisor tipped by 20 degrees can occupy an additional 
0.5mm of space. (Redrawn from Weir et al, Chapter 6, Orthodontic Aligner Treatment: A 
Review of Materials, Clinical Management, and Evidence 2021) 
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According to the manufacturers, the introduction of optimised root control attachments 

for maxillary central incisors has improved the predictability of root tip by 100% (23). 

These attachments are placed as a pair of small semi-circular attachments when greater 

than 5 degrees  of root tip is programmed in the ClinCheck software. According to Align 

Technology they are designed to facilitate mesio-distal root up righting as well as bodily 

tooth movement in a mesial or distal direction. Although previous FEM studies have 

shown a necessity for attachments to prevent crown tipping movements, no current 

independent studies have shown any statistically significant advantages of these 

optimised attachment over regular conventional attachments in controlling root 

uprighting (65). Furthermore, these attachments are low on the hierarchy of attachments 

placed by the software and are currently not placed for lower incisors.  

Invisalign® has been shown in numerous case reports to be indicated for space closure 

and root uprighting after a lower incisor extraction (80,81). However minimal research 

has been conducted to assess the efficacy of aligners to control mesio-distal root tip of 

lower incisors. Kravitz et al. published the first evidence back in 2009 (25). They reported 

a mean accuracy of 39% for mandibular central incisors and 48.6% for mandibular lateral 

incisors, however there was a large standard deviation of 34.3% and 35.1% respectively. 

This study did not disclose their methods for measuring tip hence conclusions cannot be 

drawn regarding the type of OTM. In a follow up study 10 years later, tip of mandibular 

central incisors had a accuracy of 47% (12). For lateral incisors the combined mesial and 

distal tip accuracy was 45% showing a modest improvement (12). 

No optimised attachments currently exist for controlling root tip on lower incisors and 

thus the lower incisor has been chosen for this study in order to remove the potential 

confounding factor of different attachment designs.  Case reports commonly recommend 

adding vertical rectangular attachments to improve the aligners control of mesio-distal 

angulations and root movement (22,80,81), however this has not been studied and 

warrants further investigation.   
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1.10 Measuring orthodontic tooth movement  

OTM is a process in which the application of a force induces bone resorption on the 

pressure side, and bone apposition on the tension side. Thus, conventional tooth 

movement results from a biological cascade of resorption and apposition caused by the 

mechanical forces (63). The measurement of the resulting OTM has typically been 

measured in 2-dimensions, in either the sagittal, coronal, or transverse planes. 

Superimposition of serial cephalometric radiographs are traditionally used to measure 

movements in the sagittal plane, allowing anterior-posterior and vertical OTM 

measurements (82). The limitation of 2-dimensional analysis is that teeth can move in 3-

dimensions and orthodontic tooth movement is often multiplanar. For example, a 

maxillary incisor torquing palatally will also be subject to a mesial root tip (1). Analysed 

only in the sagittal plane, the transverse movements cannot be assessed. In addition, 

because the left and right sides of the dental arches are overlapped on lateral 

cephalometric radiographs precise measurement of OTM is difficult (83).  

Digital models are becoming the main stream method for acquiring patient records in 

orthodontics. They present numerous advantages to the clinician, including space-saving, 

improved patient comfort and improved communication with patients and between 

clinicians (84–86). In addition, digital models present a unique potential to measure 

orthodontic tooth movements in 3-dimensions (3D). Previous studies comparing OTM 

measured on digital models with OTM measured on traditional lateral cephalometric 

radiographs and CBCTs, shows excellent correlation (87). This suggests that model-

based movements can be used to estimate incremental tooth movement with no additional 

radiation exposure to the patient (24).  

To assess tooth movement in 3D, six different types of movement, or six degrees of 

freedom (6DoF) need to be assessed (64,88). There are three translational movements, 

(mesio-distal, intrusive-extrusive and bucco-lingual) and three rotational movements, 

(tip, torque and rotation) that should be considered when measuring OTM in 3D (figure 

6).  
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In order to measure all six types of movement, three landmarks needs to be used, if only 

one landmark is used then the analysis of tooth movement is limited to 3 degrees of 

freedom (64). The landmark on a tooth chosen to measure its displacement longitudinally 

will also influence the outcome being measured. For example, Houle et al. measured 

transverse accuracy with Invisalign® and, as previously discussed, found a marked 

difference in the amount of expansion achieved when making the measurement at the 

cusp tip or the gingival margin (35). Studies using coronal landmarks will be influenced 

by simple tipping movements and may be inadequate to define the true displacement of 

a tooth (89,90). It is probable this study would find a further discrepancy if the transverse 

changes were also measured from the CRes (89). For this reason, the CRes has been 

suggested as a suitable landmark to define a tooth’s displacement (64,89). Using a 

 

Figure 6 Tooth movements with six degrees-of-freedom 

Image redrawn courtesy from Dr. Austin Kang 
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rectangular (X,Y,Z) coordinate system, the tooth’s CRes can serve as the origin to 

represent the translation and rotation of the whole tooth.  

1.11 Registration of digital models 

Digital models of the same patient obtained at different time points can be registered in 

the same coordinate system, which allows the assessment of OTM with 6DoF.  In order 

to measure OTM longitudinally, registration (i.e. superimposition) of the sequential 

digital models is required on a stable reference. Several studies have attempted to define 

a stable reference point in the palate, with reference to anatomical landmarks, 

cephalometric points and even mini-screws (91–94). The general consensus is that 

although the shape of the third palatal rugae, particularly the median aspect, is the most 

reliable reference point, there is an element of vertical displacement in this region, 

particularly in growing individuals. The first and second rugae, rugae length, and the 

lateral third rugae have been shown to undergo anteroposterior, transverse, and vertical 

change with orthodontic treatment. Therefore, the median aspect of the third palatal rugae 

is considered the most stable reference point in the palate, and can be reliable in adult 

patients, but must be cautiously used in growing patients.  

Studying planned versus achieved movements when comparing a digital treatment plan 

from the ClinCheck® with what clinically occurred presents a challenge, in that the 

palatal rugae are not available in the exported ClinCheck® STL file. Moreover, unlike 

in maxilla, no stable anatomical landmarks have been found in the mandible (95). 

Previous research into the efficacy of tooth movements with CAT have used various 

means of superimposition, including cephalometric radiographic analysis (37,96), 

superimposition of posterior teeth with no tooth movement planned (24,25,36), 

fabrication and superimposition on reference planes (76) and measurement from the 

median raphe for transverse changes (97). Recently a refined technique of 

superimposition has been proposed that overcomes some of the inaccuracies present 

when superimposing on assumed stable teeth. Grünheid (98) proposed initially 

registering the two models on the most stable teeth using a global alignment tool. This is 

then refined by 50 iterations of a closest-point (ICP) algorithm to achieve the best fit of 
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the occlusal surfaces. This technique has subsequently been used to measure achieved 

and predicted tooth movements with the Invisalign® appliance (99,100). 

1.12  Measuring the type of orthodontic tooth movement: torque and 
tip 

Understanding the type of OTM programmed and achieved with CAT would increase 

our knowledge on the applicability of the appliance and aid in appropriate case selection. 

Despite the substantial body of literature looking at the accuracy of tooth movements, 

very few studies have described the type of OTM achieved (24,37,101). Many studies 

present unclear definitions of the type of tooth movement. A review of the current 

methods and limitations for describing torque and tip will be discussed.  

Andrews’ procedure for measuring the facial axis of the clinical crown (FACC) 

inclination to measure torque was prone to error. According to the methodology, a 

functional occlusal plane was chosen and the dental cast trimmed parallel to this occlusal 

plane. A protractor was then used to measure the inclination of an axis tangent to the 

convex surface of the clinical crown, a difficult axis to measure. More recently digital 

models have been evaluated for the accuracy of measuring tip and torque. One method 

describes plotting the gingival and occlusal limits of the buccal FACC relative to an 

occlusal reference plane taken as a plane passing through the lingual gingival margins of 

all teeth. This method uses an XYZ plane of reference and was found to have adequate 

reproducibility and small measurements of random error (102). It has subsequently been 

used for studying anterior torque with CAT (76). The limitation of this method for 

longitudinal studies comparing treatment changes is that the gingival or potentially the 

occlusal limit of the FACC may change with treatment. For example, if any intrusive or 

extrusive mechanics are used, the gingival limit of the FACC may alter. This can lead to 

an error in the estimation of the tooth inclination with respect to the reference plane (102). 

Recently a novel approach of using a long axis through the centroid of the crown has 

been suggested to overcome the limitations of the facial axis (99).  
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Furthermore, the type of OTM; torque, uncontrolled tipping or controlled tipping, cannot 

be accounted for by only assessing the change in angulation relative to an occlusal or 

horizontal reference plane. In this method, uncontrolled tipping can incorrectly be 

described as torque. The same limitations exist in the literature regarding tip. Often 

accuracies around tip are quoted without accurate explanation of whether the movement 

was crown tip or root tip or even the point where the measurement was taken. 

The centre of rotation is useful in order to describe OTM with more precision. The centre 

of rotation (CRot) may be defined as a point about which a body appears to have rotated, 

as determined from its initial and final positions (44). The CRot lies at or approaches 

infinity for translation, as there is no rotational component. It is located approximately at 

the apex for controlled tipping and moves further towards the centre of resistance for 

uncontrolled tipping (44). As previously mentioned, root movement (torquing and 

tipping) have the centre of rotation at the incisal or occlusal edge (figure 7).  A single 

centre of rotation can be constructed for any start and end position of a tooth. Burstone 

and Smith describe a simple method for determining the centre of rotation by taking two 

points on a tooth and connecting the same two points at T1 and T2. The intersection of 

a. b. c. d. 

Figure 7. Orthodontic tooth movement types 

Orthodontic tooth movement as described by centre of rotation (black circle) in sagittal 
plane. (a), uncontrolled tipping; (b), controlled tipping; (c), torque; (d), bodily translation. 
Note the angulation relative to a horizontal reference plane does not differ for a, b and c. 
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the perpendicular bisectors on these lines will be the centre of rotation (44).  This is an 

oversimplification, as a tooth will not follow that single point for an entire movement, 

but it is a commonly accepted term throughout the literature and is a clinically relevant 

means to describe the type of tooth movement.  

Two studies using CBCT have been published looking at the type of OTM with aligners 

using the CRot (24,101). The primary objective in the first study was to test the hypothesis 

that replacing the aligner after one week wear with the exact same aligner for a second 

week would improve the expression of planned movements (24), the rationale being that 

material fatigue may play a role in reducing the efficacy of OTM with aligners. They 

found no difference in the amount of OTM between the different aligner protocols and 

the control group. Superimposing the pre and post-treatment CBCTs showed the target 

incisor that was planned for 2mm of bodily protraction experienced uncontrolled tipping. 

The centre of rotation, on average, was located at a distance of 41% of the root length 

apical to the facio-lingual crestal bone. The incisal edge moved more than the centroid 

of the clinical crown in all cases, and the apex of the tooth was shown to move in the 

opposite direction, demonstrating OTM by uncontrolled tipping.  

Jiang et al defined 4 types of OTM dependant on the position of CRot relative to CRes 

(101). They demonstrated that the type of OTM achieved was often different than the 

type planned, especially for controlled tipping and translation. Interestingly, they found 

that torque and pure tipping (controlled tipping) were achieved in 100% of the cases that 

had this type of movement programmed. This study only included cases where the CRot 

was either within 2mm of CRes (pure tipping), 2mm of the incisal edge (torque), 2mm of 

the apex (controlled tipping) or 6 times the length of CRes from the crestal bone height 

(translation). This was done to exclude any cases that did not fit definitely within the type 

of OTM categories. It is unknown how the cases outside of these cut off zones would 

have performed.   

These studies have been able to report OTM using the CRot by superimposing serial 

CBCT images. The advancement of CBCT scans has allowed for accurate visualisation 

of the roots of teeth in 3-D. Roots can be sectioned out of the CBCT and superimposed 

with intra oral scans to provide high resolution imaging of both the crown and root (103–
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105). Furthermore, when updated intraoral scans are taking during treatment the 

previously sectioned teeth can again be superimposed with the new crown position to 

visualise a simulated root position. This technique is very promising as it enables the 

visualisation of roots for longitudinal OTM using just one CBCT.  

The clinical benefits of accurate root visualisation using CBCT imaging, needs to be 

carefully weighed against the increased patient exposure to the stochastic effects of 

ionising radiation. CBCT imaging exposes patients to 3 to 6 times more effective 

radiation than conventional panoramic radiographs taken for treatment planning and 

diagnosis (106). CBCT imaging maybe justified in cases where there are impacted teeth, 

presurgical orthodontics or the presence of anomalies and pathology. However they 

cannot, as this current time, be justified for routine orthodontic treatment (107,108). 

1.13  Simulation of roots 

Using digital models to asses OTM poses an issue to analyse root movement, as no 3D 

information regarding the position of roots is available. Various methods are currently 

being explored in the literature aiming to construct or simulate root morphology without 

the need for additional ionising radiation.  

A parametric model has been proposed from the data available in a routine panoramic 

radiograph (109). Parametric modelling involves the creation of a digital model based on 

a series of pre-programmed rules or algorisms, ‘parameters’. The parametric root model  

was found to be comparable with a model obtained from a CBCT scan, with clinically 

acceptable errors. It did however simplify the surface anatomy and as this was only a 

pilot study, the method still requires refinement before it could be employed in larger 

scale studies (109). The parametric modelling technique is not new to orthodontics and 

is used frequently in building the digital plan with aligners (22). For instance, when a 

clinician submits an intra oral scan to Align technology, often tight interproximal areas 

will have missing data. This does not present as a hole in the mesh, which would trigger 

the clinician to rescan this region. Instead it becomes apparent when the teeth on the 

digital model are sectioned to be moved individually in the 3D simulation. The region of 
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the missing data which was previously not visible, may in the final setup be very visible. 

Thus, the anatomy of this region is necessary to model in order for the  subsequent fit of 

the aligner to be accurate. 

For the purpose of this research, accurate 3D reproduction of root morphology was not 

an objective, rather fabricating a reproducible long axis that could be used to represent 

the CRes and the estimated apex was the intention. A new methodology employing 

metrology software has recently been suggested for incisors (99). This method employs 

an algorithm to create a vector based on the surface mesh of the tooth’s crown. The vector 

can be extrapolated beyond the tooth crown to represent the long axis of the tooth. Used 

in the sagittal plane this technique cannot take into account the significant variations of 

the collum angle that exist. Likewise, in the transverse plane the projected vector cannot 

account for the tendency of the apical end to curve slightly distally in mandibular 

incisors. It does however provide a simple and reproducible means to predict a change in 

root position based on a change in the crown surface mesh position, provided there is no 

change to the anatomy on which the vector is created.  

1.14 Conclusion 

Orthodontic treatment using clear sequential aligners is growing in popularity both with 

specialist orthodontists and general dentists around the world. This is despite scientific 

evidence regarding tooth movement efficacy and limited attempts to describe the type of 

OTM achieved with this appliance. Functional, aesthetic and stable orthodontic treatment 

requires adequate control of root movements. Inaccuracies in orthodontic tooth 

movements and prescriptions not being fully expressed are a source of frustration for 

clinicians and patients alike. Inaccuracies often result in treatment being paused while 

new aligners are ordered or a compromised final result is accepted.   

To this day, there is no clear consensus as to whether clear aligners can effectively control 

root movement. This research aims to contribute to the evidence by describing the 

orthodontic tooth movement achieved with clear aligners by using the centre of rotation. 

In addition, we will quantify the predictability of the digital prescription for lower incisor 
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root tip. Although this study suffers from the limitations of being retrospective, there is 

currently very little evidence available to indicate whether root movement is possible and 

to plan over-correction, if required, into the digital prescription. Likewise, there is little 

evidence to guide clinicians in selecting attachments to enhance root movement. This 

presents an exciting an unexplored field of research. We hope this research will bolster 

current evidence and ultimately improve treatment planning with clear aligners. 

1.15 Research Objectives  

1.15.1 Research Question 

Can aligners express root movement on lower incisors? and if so, to what extent is the 

prescription expressed?  

1.15.2 Objectives 

i.) To describe the type of orthodontic tooth movement achieved with CAT 

using an estimated centre of rotation relative to an estimated centre of 

resistance  

ii.) To investigate the relationship between root tip prescribed in the digital 

prescription and that clinically achieved. 

iii.) To investigate whether vertical rectangular attachments incorporated into 

Invisalign® aligners influence the efficacy of root tip and quantify the 

magnitude of this influence. 
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2.1 Abstract 

Introduction: Root tip (orthodontic movement of the root in a mesio-distal direction) 

occurs when a high moment-to force ratio is applied to the crown of a tooth. In this 

situation the centre of rotation is located approximately at the incisal edge. Uprighting 

incisors in the coronal plane is particularly important with clear aligner therapy (CAT). 

The tip of a tooth determines the amount of space it occupies (mesio-distally) and 

subsequently the fit of the aligner. 

Objectives: To investigate the ability of ClinCheck® to accurately predict lower incisor 

root tip by comparing simulated movements with actual clinical outcomes and to 

determine whether the presence of a vertically orientated rectangular composite 

attachment influences the efficacy of root tip. 

Methodology: This retrospective study included 66 lower incisors from 42 non-

extraction adult patients treated using the Invisalign® appliance. Twenty-one incisors 

had vertical attachments while 45 incisors did not have any attachments. A customised 

method for measuring tip and classifying orthodontic tooth movement (OTM) type was 

developed. Lower incisor root tip was measured at T0 (pre-treatment), T1 (predicted 

post-treatment) and T2 (achieved post-treatment) on digital models using metrology 

software (Geomagic Control X). The change in position from T0 to T1 (predicted) and 

T0 to T2 (achieved) was measured from the estimated centre of resistance (CRes) of each 

tooth. The estimated centre of rotation (CRot) was plotted relative to the CRes to describe 

the type of tooth movement predicted and achieved.  

Results: A positive correlation was found between predicted root tip and achieved root 

tip (R2 = 0.55; p< 0.001). For every degree of root tip planned 0.4 degrees of tip was 

achieved. The presence of an attachment resulted in 1.2 degrees greater root tip (F=3.7; 

p =0.062) and 0.5mm greater movement of the predicted apex of the tooth (F=4.3; p 

=0.042) compared with the no attachment group. The type of OTM achieved differed 

from the type predicted. Sixty-seven percent of incisors investigated were predicted to 

move by root movement, while only 46% achieved this type of movement.  
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Conclusions: The amount of root tip achieved was on average substantially less than the 

ClinCheck® displayed. Vertically orientated rectangular attachments are recommended 

where substantial root movement is planned, and their presence slightly improves apex 

movement.  
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2.2 Introduction 

The therapeutic position of lower incisors in the sagittal plane remains a controversial 

subject in orthodontics (1). In contrast, the position of the lower incisors in the coronal 

plane, as represented by their correct angulation or mesio-distal tip, has scarcely been 

investigated (2–4). Andrews’ seminal paper describes the optimum mesio-distal tip as 

the “second key of occlusion”, as this determines the amount of mesio-distal space (arch 

length) required for alignment (4). It also contributes to anterior aesthetics, and ultimately 

posterior occlusion (2,4,5). 

The achievement of a correct mesio-distal tip has become even more relevant with the 

increasing popularity of clear aligner treatment (CAT). Not only does the tip influence 

the final occlusion, but it also has a considerable effect on the fit of the aligner. If one or 

more teeth fail to upright and subsequently require more space than planned, the aligner 

will become distorted. Initially, this distortion, commonly referred to as a ‘tracking’ 

issue, may not be detected. However, as these errors accrue throughout treatment, the 

adaption of the polymer to the teeth becomes problematic, and the biomechanics of the 

aligner are compromised. Unwanted or inefficient tooth movements, resulting in 

unsatisfactory treatment outcomes may then result.  

Despite the seemingly rapid uptake of CAT since the inception of Invisalign® (Align 

Technology, Santa Clara, CA, US) in the late 1990s, limitations with regard to 

biomechanics and reliability of orthodontic tooth movement (OTM) remain. It is well 

documented that the proposed tooth movements shown in the ClinCheck® software do 

not express in their entirety (6–13).A recent follow-up prospective clinical trial found a 

mean accuracy of movements predicted by ClinCheck to be 50% (14); this represents 

only a modest improvement from the 41% accuracy reported ten years prior (8).  

One of the fundamental biomechanical challenges of CAT is controlling root movements 

(15,16). Previous studies have shown that root movements with CAT are under-

expressed compared to crown movement (17–21). Despite advances in CAT, it remains 

difficult to routinely achieve adequate root movement without the use of auxiliaries or 

extensive and time consuming refinements. 
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Root tip occurs when a high moment-to-force ratio is applied to the tooth, and its centre 

of rotation (CRot) is located approximately at the incisal edge (22). It requires two equal 

and opposite forces (i.e. force couple) acting on the crown along different lines of action. 

The result of this couple is that the  forces cancel each other out, leaving a ‘pure’ moment 

acting, which rotates the tooth (23). To satisfy these mechanical requirements, 

Invisalign® introduced root control attachments, a pair of semi-circular attachments, 

automatically placed by the software if more than 5 degrees of maxillary incisor root tip 

is planned. These optimised attachments are designed to facilitate mesio-distal root 

uprighting, as well as bodily movement in the mesial or distal direction. Internal research 

carried out by Align Technology claims a 100% increase in root tip predictability with 

the addition of root control attachments (24). There is no independent clinical data 

available to validate this statement, nor is there an equivalent attachment  available for 

lower incisors. Rectangular vertical attachments are often recommended to increase the 

surface area available for an effective couple with a greater moment arm (25). There is 

some preliminary evidence to suggest vertical attachments may increase bodily 

distalisation of maxillary molars (26). However, most attachment recommendations are 

based on anecdotal clinical experience rather than evidence. There is very little research 

available to verify that tooth root movements are being achieved (27), and there is a lack 

of evidence supporting the recommendation of each attachment.  

To the best of our knowledge, the effect of vertical rectangular attachments on 

mandibular incisor root tip efficacy with the Invisalign® appliance has not been 

investigated. A better understanding of factors influencing the effectiveness of root tip 

with clear aligners is critical to improving occlusal outcomes, aligner fit, and the overall 

quality of treatment results. This study aims to investigate the accuracy of ClinCheck® 

predictions compared to the actual clinical outcome for lower incisor root tip and to 

determine whether the presence of conventional rectangular vertical attachments 

improves the efficacy of root tip. 
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2.3 Materials and Method 

This retrospective study was approved by the University of Otago Ethics Committee 

(HD20/004). The patients included in this study were treated between 2013 and 2019. 

Data was collected and analysed over a two-year period (2020-2021) in a university 

setting. The research report conforms to STROBE guidelines for observational studies. 

2.3.1 Patient Sample 

The patient sample was selected from an independent database of Invisalign® cases 

compiled by a network of specialist orthodontists. At the time of the data collection, the 

database consisted of approximately 7000 Invisalign® cases treated by private practising 

orthodontists in Australia and New Zealand, each with at least ten years of experience in 

CAT.  Patients treated with the Invisalign® appliance were selected according to the 

following inclusion criteria: adult age (i.e. > 18 years); Class I or Class II molar occlusion 

with minimal anterior-posterior movement planned; mild crowding; a minimum set of 

14 aligners; aligners made with SmartTrack® material; at least one mandibular incisor 

with root tip planned equal to or greater than 5 degrees as displayed in the ClinCheck® 

Tooth Movements Table (TMT). The exclusion criteria were: tooth extractions planned 

as part of orthodontic treatment; extensive tooth crown restorations made during 

treatment; interproximal reduction (IPR) of lower incisors > 0.2mm per contact; absence 

of final intraoral scans; attachments remaining on the lower incisor in the final intraoral 

scan; use of intermaxillary elastics or hybrid appliances (e.g. auxiliaries, power arms, 

brackets). 

The sample size was estimated based on previously published data of standard deviation 

for incisor root movements (SD 4.9 degrees) (28). By setting type I error at 0.05 and type 

II error at 0.10 (i.e. 90% power), it was estimated that 44 cases were sufficient to detect 

a clinically relevant difference of root movement equal to or greater than 5 degrees. The 

entire database was screened for the inclusion and exclusion criteria by a single examiner 

(TW). 60 cases were included for screening by a second examiner (JS). Of those 60 cases, 

a further 18 cases were excluded due to: excessive IPR, use of intermaxillary elastics, 
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attachments being present on the lower incisors in the final intraoral scan and corrupt 

ClinCheck® files.  

The final sample consisted of 42 patients (28 female,14 male), from which 66 incisors 

were identified as eligible, these were predominately lateral incisors (64%). The 

descriptive statistics of the sample is presented in Table 1. The vast majority of patients 

changed their aligners every two weeks (71%), and the mean number of aligners was 

27.6 (SD 9.4). Twenty-one (32%) incisors had vertical rectangular conventional 

attachments, while 45 (68%) incisors had no attachment present.  

Table 1 Descriptive statistics 

 

 

 

 

 

 

 

 

 

2.3.2 Study Procedure 

Pre-treatment (T0) and predicted post-treatment (T1) digital models of the initial and 

final stages of each patients’ treatment plan were obtained for each patient and exported 

as stereolithography (STL) files through the proprietary software for Invisalign® 

ClinCheck® (Align Technology, San Jose, California, USA). A post-treatment (T2) 

“achieved” intraoral scan, showing the actual occlusal outcome, was also obtained at the 

 N % 
Patients   

Female 28 67% 
Male 14 33% 

Mean age (range) 34y9m (18y-77y7m)  

Lower Incisor   

32 22 33.3% 
31 14 21.2% 
41 10 15.1% 
42 20 30.3% 

Wear time prescription   

1 Week 12 29% 
2 Weeks 30 71% 

Vertical rectangular attachment   

Yes 21 32% 
No 45 68% 

Number of aligners   

Mean (range) 27.6 (14-58)  

ClinCheck® predicted root tip   

Mean (range) 7.8° (5°-17.3°)  
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end of the initial series of aligners. The T0 and T1 models were registered in 3D (i.e. 

superimposed) to analyse the predicted change in lower incisor tip. Likewise, the T0 and 

T2 models were registered to analyse the achieved change in lower incisor tip. 

2.3.3 Individual cartesian coordinate system  

To describe tooth movement in a clinically relevant manner, individual teeth were 

aligned to a cartesian coordinate system using Geomagic® Control X metrology software 

(Geomagic, Morrisville, NC, USA). A single operator (JS) placed a reference coordinate 

system with the origin (0,0,0) at the estimated centre of resistance (CRes) of the T0 lower 

incisor. The CRes was traced at approximately two-thirds of the estimated root length 

(21mm) along the long axis of the tooth. The long axis was calculated by interpolating 

multiple cross-sectional areas of the tooth crown surface mesh. This function is built into 

the software, and thus the tooth mesh was selected in its entirety using the flood selection 

tool and a vector extracted to represent the long axis. The axes of the coordinate system 

were orientated so that the x-axis represented mesio-distal, the y-axis represented bucco-

lingual, and the z-axis represented occluso-gingival directions for each tooth. The axes 

were set by the operator using reference planes. Once the cartesian coordinate system 

was set, the model was aligned to this coordinate system so that any future models 

registered to this model would be located within the same coordinate system. Only one 

origin could be set for alignment; thus, if multiple incisors were eligible, the above 

process and below registration process were repeated for each incisor. Reference points 

were placed at set distances along the three axes to describe the tooth movement with six 

degrees of freedom (6DoF) (Figure 1). 

2.3.4 Digital model registration 

The predicted post-treatment and achieved post-treatment models were individually 

registered on the pre-treatment model using Geomagic Control X® metrology software 

using the best-fit surface registration (global and fine) feature with a 50-iteration count. 

The registration was further refined by using best-fit on the posterior molar occlusal 

surfaces with minimal movement planned.  
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Figure 8 Method for measuring root tip 

Root tip described as the change in angulation of the long axis from T0 to T1. A, arbitrary point 
coordinates on T1 with the three axes aligned to the reference planes representing the direction 
of tooth movement. OG=occluso-gingival, z-axis. MD=mesio-distal, x-axis. BL=bucco-lingual, 
y-axis. B, the origin of the three axes at T1 reorientated to coincide with CRes of T0. C, tipping 
movement assessed as the rotation around the y (bucco-lingual)- axis.  
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2.3.5 Outcome variables  

The change in position from T0 to T1 (predicted) and T0 to T2 (achieved) was measured 

from CRes and described with 6DoF. Root tip was calculated as rotation about the y 

(bucco-lingual) axes (Figure 1). This was calculated by subtracting the translational 

movement of the CRes and then using trigonometry to calculate the rotation. The 

following equation was used:  

 

To describe the type of OTM, a reference point was placed at the incisal edge (IE) by 

intersecting the long axis and the surface mesh of the crown. A second point was placed 

21mm from the incisal edge along the long axis of the tooth, representing the estimated 

apex of the tooth (AP). The ratio of AP/IE translation along the frontal plane (x-axis) was 

then used to plot the CRot relative to the estimated CRes and could be used to classify OTM 

type as either translation (TR), root movement (RM), controlled tipping (CT), 

uncontrolled tipping (UCT) or clinically insignificant movement (CIM). The 

classification criteria are shown in Table 2. For the analysis and discussion RM and TR 

are grouped together as both movements require a high moment:force (M:F) ratio which 

is accompanied by pronounced movement of the root.  

The percentage of accuracy was calculated as:  

  

 

Directionality was accounted for; however, no allowance was made for percentages 

above or below 100%. This allowed for incisors that have considerably under tracked or 

even over tracked the predicted movements to be included.  
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Percentage of accuracy = 100% - ([(predicted-achieved)/predicted] x 100%) 

 

Percentage of accuracy = 100% - ([(predicted-achieved)/predicted] x 100%) 

 

Percentage of accuracy = 100% - ([(predicted-achieved)/predicted] x 100%) 

 

Percentage of accuracy = 100% - ([(predicted-achieved)/predicted] x 100%) 
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Table 2 Classification of OTM type 

 

Classification of 
OTM Explanation AP/IE ratio 

Distance of 
CRot from 
CRes (mm) 

Root Movement CRot close to incisal edge, 
displacement of IE is 

minimal 

IF AP/IE < -1.5 OR 
AP/IE  ³ 2.4 AND “Ap 
movement” ≥ 0.5mm 

6 < CRot ≤ 30 

Uncontrolled 
Tipping 

CRot close to CRes, 
displacement of IE and AP 
similar in magnitude but 

opposite in direction 

IF -1.5 ≤ AP/IE ≤ -0.2 

AND “Ap movement” 
≥ 0.5mm AND “IE 

movement” ≥ 0.5mm 

-3 ≤ CRot ≤ 6 

Controlled Tipping 

 

CRot close to apex, 
displacement of Ap is 

minimal 

IF -0.2 < AP/IE  ≤  0.5 

AND “IE movement” 
≥0.5mm 

30 ≤ CRot < -3 

Translation CRot approaching infinity, 
displacement of Ap and IE 
similar in magnitude and 

direction 

IF 0.5 < AP/IE  < 2.4 
AND “Ap movement” 

≥ 0.5mm AND “IE 
movement” ≥ 0.5mm 

CRot > 30 OR 

CRot < -30 

Clinically 
Insignificant 

Movement (CIM) 

A/IE fits within above 
category but Apex 

AND/OR IE movement 
<0.5mm 

  

(RM) 
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2.3.6 Error Study 

To determine intra-examiner reliability, 25% of the sample was randomly selected using 

the random number generator in Microsoft excel software (version 16.52). After a 

washout period of 2 weeks, 17 incisors were remeasured. The error of the method for 

each variable (root tip predicted and root tip achieved) was calculated using the intraclass 

correlation coefficient and the Dahlberg formula (29). 

2.3.7 Statistical Analysis  

Descriptive statistics were used to estimate means, ranges and standard deviations for 

each outcome measured. Absolute values were used for mean calculations as the 

predicted and achieved values included both positive and negative values indicating 

direction. This prevents the mean averaging close to zero and misleadingly or inflating 

the accuracy level.   

Relationships between predicted and achieved changes for angular and linear 

measurements were described using scatter plots, linear regression analyses, and Bland-

Altman plots. Cohen’s kappa was used to estimate the agreement between the predicted 

and achieved movement types (30). 

Pearson’s correlation coefficients and coefficients of determinations (R2) were used to 

test the correlation between different variables and the amount of variance attributed to 

the relationship. Linear mixed model analyses were used to test the influence of 

rectangular attachments on root tip, apex movement and consequently movement type 

after controlling for wear time and the number of aligners. To account for a small number 

of repeated measurements from multiple teeth obtained from the same patient, a random 

term was entered to identify patients.  

Statistical analyses were performed using SPSS software (version 20.0, IBM 

Corporation, Chicago, Illinois, USA). The level of statistical significance was set at p £ 

0.05. 
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2.4 Results  

The intraclass correlation coefficients (ICCs) for predicted and achieved root tip varied 

between 0.97 and 0.99, demonstrating excellent intra-examiner reliability. Likewise, the 

Dahlberg error ranged from 0.1 to 0.6 degrees for predicted and achieved root tip 

demonstrating excellent reproducibility.  

The relationship between predicted and achieved movements are described using scatter 

diagrams, linear regression equations, and Bland Altman plots (Figure 9). A significant 

positive correlation was found between predicted root tip and achieved root tip (R2 = 

0.55; p< 0.001). The regression coefficient shows that for every degree of root tip 

predicted, 0.4 degrees of tip was achieved. The strongest correlation was found for 

predicted and achieved movement of the incisal edge (R2 = 0.73; p<0.001). For every 

1mm of incisal edge movement planned, 0.7mm was clinically achieved. A weaker 

correlation (R2 = 0.54; p<0.001) was found for movement of the apex. For every 1mm 

of apex movement planned, 0.4mm was achieved.  
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Figure 9 Scatter diagram, linear regression and Bland Altman plots for root tip, mesio-
distal translation of root apex and incisal edge movements 
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The mean difference between predicted and achieved root tip was 2.8 degrees (SD 2.7). 

The mixed model analysis showed that root tip, as represented by the absolute value, was 

not influenced by the number of aligners worn (F=0.5; p=0.499) or the wear time (F=0.7; 

p= 0.424). On average, 1.2 degrees greater mean root tip was achieved in the attachment 

group than no attachment group, however this was not statistically significant (F=3.7; p 

=0.062). 

The movement of the apex (absolute value) was also not influenced by the number of 

aligners worn (F=1.0; p=0.313) or the wear time (F=0.1; p= 0.763), but it was 

significantly influenced by the vertical attachments (F=4.3; p =0.042). The presence of a 

vertical attachment resulted in 0.5mm (95% confidence intervals 0.2-0.9mm) greater 

apex movement than the no attachment group.  

The accuracy of predicted movement showed a large variation from -187% to 217%. The 

negative percentage of accuracy reflects 12 incisors (18%), which moved in the opposite 

direction to the planned movement.  The type of OTM achieved was also likely different 

to that predicted (Kappa = 0.13, 95% CI 0.01-0.26; Chi-Square p = 0.054). Table 3 

presents a cross-tabulation of the results. Forty-five incisors (67%) were predicted to 

move by RM/TR, while 30 incisors (46%) achieved this type of OTM. When incisors 

were programmed for CT, 17% followed this type of tooth movement, while 25% showed 

UCT. Seventeen incisors (26%) were classified as achieving CIM as there was 

insufficient movement of the crown or apex to meet the classification criteria.  
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Table 3 Cross-tabulation of predicted and achieved movement types 

  
                         Achieved  

 

  
CIM CT RM/TR UCT Total 

   
   

   
Pr

ed
ic

te
d 

 

CIM 0 0 2 1 3 

CT 4 2 3 3 12 

RM/TR 12 2 25 6 45 

UCT 1 3 0 2 6 

 
Total  17 7 30 12 66 

2.5 Discussion 

Lower incisors frequently present fanned out or with incorrect root positioning and 

require root tip as part of comprehensive orthodontic treatment. Adequate uprighting of 

lower incisors is particularly critical for gaining space (as a mesio-distally tipped incisor 

occupies more space than an upright incisor) and reducing the appearance of black 

triangles (2). The present study aimed to determine the predictability of lower incisor 

root tip with the Invisalign® appliance and to quantify the influence of vertical 

attachments on the expression of root tip. All incisors included in the study had at least 

5 degrees of root tip programmed in the ClinCheck® software. The majority of incisors 

achieved some form of controlled root movement (56% either classified as CT or 

RM/TR) however, the type of OTM achieved was unpredictable. The efficacy of root 

movement was significantly less than planned, although the presence of an attachment 

did improve the mesio-distal translation of the simulated root apex.  

 

  

Movement classified as, clinically insignificant movement (CIM), controlled tipping (CT), root 
movement (RM)/ translation (TR) and uncontrolled tipping (UCT). Each cell count represents 
the number of incisors classified for each movement type.  
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2.5.1 Predictability of lower incisor root tip  

A threshold of five degrees of lower incisor root tip was chosen for this study as previous 

studies have demonstrated an average length of a lower incisor to be 21mm (31), which 

would equate to 1.8mm of apex movement. This was considered clinically relevant. 

There was a weak correlation between the ClinCheck® software predicted root tip value 

from the TMT and our methodology used to calculate root tip (R2 = 0.30). As a result, 

the type of OTM of three incisors included in the study were classified as ‘clinically 

insignificant movement’ for the predicted movement type despite the TMT reporting at 

least 5 degrees of root tip. It is currently unknown how predicted root movements are 

calculated in the TMT, and clinicians should interpret this table with some caution.  

Mesio-distal translation of the incisal edge showed the highest predictability, with 0.7mm 

achieved for every 1mm of movement predicted. The region of the aligner covering the 

incisal edge is the thickest and subsequentially the strongest area thus can engage and 

control this part of the tooth with more accuracy. Using the incisal edge as a reference 

point to measure tooth movement can led to an inflated assumption of tooth movement. 

This has been demonstrated with previous studies that show better predictability of the 

cusp tip/incisal edge compared to the centroid or root of the tooth (17,18). The accuracy 

of lower incisor crown tip with Invisalign® has been reported in the range of 38.5%-

51.5% (13). These studies have looked at crown tip only, hence there can be no direct 

comparison to the root movements presented in this study.  

The overall accuracy of lower incisor root tip in this study was 35%. Nonetheless, this 

mean value conceals substantial individual variation that was observed (-187% to 217%). 

The negative values of accuracy represent cases where the achieved tip occurred in the 

opposite direction to what was planned. This occurred in a relatively large proportion of 

the sample (18%). A possible explanation for this was demonstrated in one case where a 

type C anchorage was planned with the lower posterior segments mesialising. A loss of 

anterior anchorage appeared to have caused distal crown tipping of the lower incisors 

rather than the planned mesial tip.  A study looking at Invisalign® G6 setup for first 

premolar extractions showed a similar loss of anchorage with first molars that were 

planned to tip distally instead tipping mesially and translating more than predicted (32). 
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The results of this study did not indicate a significant difference between 1- weekly or 2- 

weekly wear protocols and expression of lower incisor root tip. The majority of cases 

(71%) included were 2-weekly aligner changes hence there may have been insufficient 

power to detect a difference. Furthermore, some clinicians change aligners weekly but 

halve the tooth movement velocity, thus the rate of tooth movement is the same as two 

weekly change protocol making interpretation of this challenging.  

2.5.2  Describing orthodontic tooth movement 

Improving our understanding of OTM with aligners is critical in order to move teeth 

more predictably and efficiently. A descriptive analysis of tooth movement types was 

attempted using the ratio of movement of the incisal edge reference point (IE) and the 

apex reference point (AP). This method enabled the CRot to be plotted relative to the 

estimated CRes and the type of tooth movement defined. There is often inconsistency in 

the literature regarding the type of tooth movement achieved with CAT. Regarding root 

movement, torque has previously been reported as a change in angulation in the sagittal 

dimension when in actual fact the same change in angulation could have been achieved 

through uncontrolled tipping (28,33). In this study, the equivalent of torque in the frontal 

plane, root tip, was defined as when the CRot was close to the incisal edge and the 

displacement of IE was minimal. The AP movement needed to be equal or greater than 

0.5mm to satisfy this movement type.  

Our results demonstrated a poor correlation between predicted and achieved movement 

types. This could be attributed to the large number of achieved cases being classified as 

CIM (26%), as IE or AP did not achieve 0.5mm of movement despite the ratio reflecting 

an alternative OTM type. Once again, this highlights the under-expression of tooth 

movement clinically achieved compared to digitally predicted.  

The lack of correlation between predicted and achieved movement types was also 

reported by previous authors (16), who looked at pre and post treatment Cone Beam 

Computer Tomography (CBCT) to determine the type of OTM occurring in the sagittal 

plane. In contrast, they found when root torque was programmed 100% of teeth achieved 

this type of tooth movement. In this study, when root movement was programmed only 

56% of incisors achieved this type of movement.  
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In our study significantly more of the achieved movements were classified as 

uncontrolled tipping (18%), compared to predicted movements (9%).  Similarly, a second 

study used CBCT images to assess the type of OTM occurring with CAT over an 8-week 

period during which bodily protraction of a central incisor was planned (18). In this study 

CBCT imaging illustrated the crown and root moving in opposite directions, exhibiting 

OTM by uncontrolled tipping (18). 

It was previously thought that CAT could be more effective than fixed appliances at root 

movement as the crown is encased in the aligner, thus the distance between two potential 

points of force application could be further, increasing the moment arm. The limitation 

of this theory is the ability of aligners to generate adequate force levels near the cervical 

margin. Experimental models have shown the applied force at the free gingival margin 

of an aligner to be insufficient to generate a counter moment. Thus the force application 

differential ultimately favours a tipping moment (34,35). 

When the type of tooth movement is considered, the efficacy of tooth movement showed 

an interesting finding. Of the cases where RM was programmed and achieved, the 

accuracy was 37.9%. In comparison, for CT, the accuracy was 49.7%, and for UCT, 

74.7%. This finding suggests that when the type of OTM predicted is achieved, the type 

of OTM may determine the amount or accuracy of the predicted tooth movement that is 

clinically achieved, with more difficult movements achieving less accuracy. Given the 

complex biological interactions that are required for OTM (particularly root movement 

which requires more bone resorption and deposition), it is virtually inevitable that some 

inaccuracies will be present. Just like the torque over-correction already built into pre-

adjusted edgewise appliances, clinicians should be prepared for shortfall when 

programming root movements with the Invisalign® appliance.  

2.5.3  Influence of vertical rectangular attachments 

Composite attachments bonded to the tooth surface increase the surface area available 

for an aligner to engage and exert force on a tooth (36). They also theoretically make 

more complex tooth movements possible with CAT (37–40). In our study, the presence 

of a vertically orientated rectangular attachment resulted in significantly more translation 

of the experimental root apex (0.5mm; CI 0.2-0.9mm). An additional 1.2 degrees of root 

tip was achieved with an attachment; however, this was not statistically significant. The 
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greater apex translation is small but clinically relevant and provide clinicians with an 

initial recommendation for adding vertical attachments to lower incisors requiring 

considerable root movement.  

The presence of an attachment however had no influence on the type of OTM achieved 

as represented by absolute tip. This was an unexpected finding, as previous studies have 

reported attachments are required to generate a force couple to prevent simple tipping 

movements (26,41). It is feasible that individual crown morphology and the accessibility 

of the mesial and distal contact surfaces for the aligner to push against (i.e., due to a 

labially positioned incisor or a staging pattern that first create interproximal spaces), may 

also be sufficient to generate a counter moment. In addition, Invisalign® rectangular 

attachments are available in 3mm, 4mm, and 5mm configurations. Increasing the length 

of the attachment would potentially increase the moment arm of the couple thus 

generating a more effective moment for root movement. Due to the limited sample size, 

no differentiation of attachment size could be made. As only one-third of the sample had 

an attachment placed, it is also possible there is insufficient power to detect a difference 

in the type of OTM. Furthermore, no allowance could be made for attachments that may 

have worn or completely debonded during the treatment.   

Invisalign® has gained popularity over the last twenty years with more than 10 million 

patients treated worldwide with the appliance (42). Despite this, there is still little 

evidence to support the use of different attachment configurations for different movement 

types. This is likely due to the difficulty in obtaining adequate sample sizes, which is 

further compounded by a plethora of different optimised attachment types available, 

making selection of attachment type challenging. Previous studies reporting accuracy of 

tooth movements have often relied on an experienced orthodontist to make decisions 

regarding the choice of optimised and/or conventional attachments, with little details 

provided (8,14). In order for CAT to be truly customised to the patient and optimised for 

the type of OTM required, further reporting on attachments should be attempted.  

2.5.4  Limitations 

The present study has several limitations. Firstly, the data was retrospectively collected 

from non-extraction adult patients, thus limiting the external validity of the results. Adult 

patients were selected for this study to reduce the effect of growth and the difficulties 
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that arise with superimpositions of dentitions in growing patients. Adult patients also 

represent the majority of Invisalign® treatments therefore despite applying strict 

inclusion/exclusion criteria an adequately large sample size could still be collected. As 

only Invisalign® aligners were include in this study, the results cannot be generalised to 

other aligner systems. Furthermore, as only non-extraction cases were included, the 

results cannot be applied to extraction cases where root tip control may be more 

challenging. 

The superimposition technique chosen was based on a previously reported protocol by 

Grünheid et al (43) using best-fit (global and fine) registration. This was further refined 

by including cases with only minimal sagittal movement of mandibular molars. Unlike 

the palatal rugae in the maxilla, no stable structures have been reported for 

superimposition of the mandible. Furthermore, when using predicted models from the 

ClinCheck® software, only clinical crowns are available for superimposition. In the 

future, anatomical landmarks on CBCTs may improve the accuracy of superimpositions.  

The vector representing the long axis of the tooth may not represent the true long axis of 

the crown and root. However, as this vector is based on the surface mesh of the crown, 

which is not altered by treatment, the vector is reproducible and can be used to simulate 

the change in root movement. Significant amounts of anterior IPR, anterior restorations 

during treatment or attachments remaining in the final scan were therefore excluded to 

avoid any potential changes in the crown mesh. This unique methodology improves our 

understanding of how teeth move with aligners. Moreover, by measuring OTM from the 

estimated CRes rather than the incisal edge, tooth displacement is not influenced by simple 

tipping movements (10). It was assumed that the CRes was 14.5mm from the incisal edge 

as experimentally CRes has been estimated at approximately two thirds of the root length 

for incisors (44). However, accurate placement of CRes was not an objective of this study 

since individual factors such as periodontal support, attachment levels, and root 

morphology will influence this position (44,45). Given the numerous assumptions made 

regarding the position of CRes, the exact magnitude and type of OTM should be 

interpreted with caution. Previous studies have used CBCT’s to access root movement 

more accurately (18), though the sample sizes are often small due to the increased 

radiation exposure. For the patients included in this study, the diagnosis and treatment 

planning would not have been altered by taking CBCT’s pre-treatment and could not be 
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justified post-treatment while adhering to ALARA (as low as reasonably possible) 

principles. In future, graphic modelling of root positioning from crown data may provide 

a means to predict root movements more reliably without further radiation exposure to 

the patient (46). 

Finally, as with almost every study looking at the predictability of tooth movements using 

Invisalign®, multiple teeth from the same patient were included. This presents a 

limitation as one tooth cannot reasonably move without an effect on adjacent teeth or 

anchorage units. This study has limited this as much as possible by only looking at one 

type of tooth movement: mesio-distal root tip on lower incisors. However, some patients 

had multiple incisors included. 

2.6  Conclusion  

The primary objective of this study was to quantify how much of the predicted lower 

incisor root tip is achieved clinically and attempt to describe the type of OTM achieved 

with aligners. Given the limitations of the present study, it is difficult to incorporate a 

clinical recommendation in the conclusion, though our findings may support a need to 

plan for over-correction at the end stages of treatment. Interestingly, using the 

classification of OTM type, most incisors did achieve root movement. Thus, within the 

limitations of the study, it is possible to move roots using Invisalign® but not as 

predictably as ClinCheck® suggests. Moreover, the amount of root movement achieved 

was on average substantially less than the ClinCheck® predicted. Vertical rectangular 

composite attachments are recommended when large amounts of root movement are 

planned, and their presence improves the ability to translate the root apex. Future research 

should be directed at lower incisor extraction cases in which large amounts of root 

movement are required to achieve root parallelism and stable treatment outcomes. A 

better understanding of OTM may be obtained if sequential digital scans are taken 

throughout the treatment rather than from only two time points. This would enable further 

assessment of the pattern of OTM with aligners.  
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3.1 Conclusions 

The aim of this research project was to explore the ability of CA, specifically Invisalign® 

to achieve root movement on lower incisors. The objectives were to investigate the 

relationship between root tip prescribed in the digital prescription and that clinically 

achieved. Owing to the commonly recommended advice to add vertical composite 

attachments, we also aimed to investigate whether vertical rectangular attachments 

clinically influenced the efficacy of root tip. A customised method using metrology 

software was developed to measure tooth movement with 6DoF from the estimated CRes. 

Root tip was found to be less than the digital prescription displayed. As previous research 

has shown, crown movement was more predictable than root movement in this study. 

The presence of vertical attachments was associated with 0.5mm more movement of the 

estimated apex than no attachment, which, accepting the limitations of the study, would 

seem a clinically relevant improvement. Our ambition was to have had a greater sample 

of lower incisors with vertical attachments present, however the methodology developed 

required a strict criterion with regards to the crown anatomy remaining unchanged, this 

resulted in a large proportion of cases screened being excluded due to IPR and a small 

number being excluded due to attachments remaining on the post-treatment scan. We 

hypothesise that the strength of the association may improve if a greater sample had been 

obtained.  

In line with our objective to describe the type of OTM achieved with CAT, a relationship 

between the estimated CRes and CRot was defined. The seminal work describing the 

position of CRot from the incisal edge, as a function of the M:F ratio at the crown, is very 

useful in an experimental setting, however, cannot be used for clinical scenarios where 

statically indeterminate force systems occur (1). This concept was adapted for looking at 

the displacement ratio of the crown and root in the horizontal plane as a function of the 

CRot of the tooth measured from the CRes. The CRot varied with the AP/IE ratios following 

a curve of hyperbola. The majority of incisors included in this study did achieve some 

form of root movement, however this was likely different to that predicted. The 

descriptions and ratios used refer to an average lower incisor, and thus can serve only as 

a guide. This methodology has gone some way towards enhancing our understanding of 

the type of OTM achieved with CA. It has the potential to be used in future studies where 
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individualised information pertaining to root lengths and the position of CRes could 

improve the accuracy of this experimental model.  

3.2 Future directions for CAT research 

CAT is just one tool in an orthodontist’s armamentarium, a comprehensive understanding 

of the shortfalls and inadequacies of this particular mode of treatment is critical in order 

to improve clinical outcomes; compensatory movements and over-correcting certain 

movements can then be built into the digital treatment plan, or alternatively CA can be 

combined with alternative techniques to achieve the most favourable result. The wide 

range of accuracy shown in our study supports the idea that over-correction of root tip 

might be more appropriately planned at the end stages of treatment rather than as a 

progressive over-correction through the treatment. As a caveat, very little is known about 

over-correction. We often prescribe it as a way of overcoming the intrinsic limitation of 

the CA system, however over-correction itself creates a mismatch between the intimate 

fitting surface of the tooth/attachment interface and the aligner. We need to better 

understand to what degree over-correction helps the clinical outcome before it actually 

starts to hinder it.  

The clinical scenario that immediately comes to mind with respect to large amount of 

lower incisor root movement is the extraction of a lower incisor. A logical progression 

from this study would be to explore the model of OTM type on lower incisor extraction 

cases where root movement is more pronounced.  

More broadly, although attachments may improve the biomechanics of CAT, the greatest 

improvement may come from furthering our knowledge of aligner materials. 

Modifications and customisable regional variations in the thickness and or properties of 

the polymers may enhance the type of OTM planned or increase anchorage where OTM 

is not desired. For every type of OTM, there may be a different efficient and effective 

optimum output from the aligner, that one type of material, or one uniform thickness, 

cannot satisfy. In the not too distant future, direct 3-D printing of aligners may reduce 

the errors in fabrication and also allow different materials and thicknesses to be used for 

different types of tooth movement or stages of treatment. Of course many challenges still 

exist and this mode of orthodontic treatment is still in its infancy. As technology 
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continues to advance, the challenge from a research perspective will be, keeping pace in 

a rapidly changing field of orthodontics.  
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4.1 Methodology 

4.1.1 Study Design 

This retrospective cohort study was approved by the University of Otago ethics 

committee on 28th January 2020 (HD20/004). The study conforms to STROBE 

guidelines for observational studies (1).  

4.1.2 Setting and Participants  

The study sample was retrospectively drawn from the records of adult patients treated 

with the Invisalign® appliance by specialist orthodontists in Australia and New Zealand 

who had individually at least 10 years’ experience with the Invisalign appliance®.  

The patients included were treated between 2013-2019 and the data was collected and 

analysed over a two-year period (2020-2021) in a university setting.  

The sample were selected according to the following inclusion criteria: 

1. Adult patients aged over 18 years old 

2. Class I or Class II molar occlusion with minimal anterior-posterior movement 

planned 

3. Mild crowding 

4. At least one mandibular incisor with 5 degrees of root tip planned as shown in the 

ClinCheck® Tooth movements table (figure 1) 

5. Minimum treatment time of 14 aligners 

6. Treatment with SmartTrack® aligner material 

The following exclusion criteria were as follows: 

1. Extractions planned as part of orthodontic treatment 

2. Extensive tooth crown restorations during treatment  

3. Anterior Interproximal Reduction (>0.2mm) 

4. Incomplete records or records not taken close to the projected end of treatment 

5. Attachments remaining on the lower incisor in the final intraoral scan.  
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6. The use of intermaxillary elastics or hybrid appliances (e.g auxiliaries, power 

arms, brackets, and buttons). 

4.1.3 Obtaining digital models  

To obtain pre-treatment (T0) and predicted post-treatment (T1) digital models, the initial 

and final stages of each patient’s treatment plan were exported as stereolithography 

(STL) files through Align Technology’s ClinCheck® software. An achieved treatment 

(T2) intraoral scan was provided at the end of the initial series of aligners in STL format 

from the treating clinician. The pre-treatment and predicted post-treatment models were 

superimposed to analyse the predicted change in lower incisor tip. Likewise, the pre-

treatment and achieved treatment models were superimposed to analyse the achieved 

change in lower incisor tip. All model registrations (superimpositions) and measurements 

outlined were made using Geomagic Control X® metrology software (Geomagic, 

Morrisville, NC).  

4.1.4 Estimating Centre of Resistance  

To describe each tooth’s movement in all three planes, each incisor was aligned to an 

individual cartesian coordinate system. The CRes has been suggested as a suitable 

landmark to define a tooth’s displacement as it is not affected by simple tipping 

movements (2,3). An estimated CRes was used as the CRes for a given tooth depends on 

many factors, including periodontal support, attachment levels, root morphology and 

direction of force application (4–6); individual factors that could not be determined for 

each tooth.  In single-rooted teeth, it is accepted that the CRes is 33-40% of the length of 

Figure 1 Tooth movements table in ClinCheck® software 

An example of the ClinCheck® tooth movements table, highlighting (orange box) the predicted 
amount of root tip (angulation mesial/distal) for tooth 1.1 (upper right central incisor, tooth 11) 
is 4.8 degrees. Note, ‘root’ should be selected as the tooth basis. Screenshot taken from 
ClinCheck® software, Oct 21st 2019.    
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the root from the alveolar crest (7,8). The average length of mandibular central and lateral 

incisors is 21mm (9), thus CRes was placed at 14.5mm from the incisal edge along the 

long axis of the tooth. This theoretical CRes was used as the origin (0,0,0) of the reference 

coordinate system. 

The steps outlined below were used to place the estimated CRes for each tooth (figure 2). 

1.) Long axis: the long axis was calculated by interpolating multiple cross-sectional 

areas of the tooth crown surface mesh.  This function is built into the software by 

selecting the tooth crown surface mesh in its entirety using the flood selection 

tool and a vector extracted to represent the long axis.  

2.) Incisal edge reference plane: a reference plane was then generated at the incisal 

edge by intersecting the long axis vector with the surface mesh of the tooth crown 

3.)  CRes reference plane: a second reference plane was then placed parallel to the 

incisal edge reference plane, offset towards the predicted apex by 14.5mm 

4.) CRes point: the intersection of this second reference plane and the long axis 

represented the CRes and was marked with a point.  
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4.1.5 Tooth position in the cartesian coordinate system  

To describe tooth movement in a clinically relevant manner, the axes of the coordinate 

system were aligned to the direction of tooth movement to be measured (figures 3 and 

4).   

Figure 2 Estimating the CRes reference point 

(1.), A vector representing the long axis is placed using the flood selection tool; (2), the incisal 
edge reference plane is placed at the intersection of the tooth crown mesh and the long axis; (3), 
a second reference plane is placed offset apically by 14.5mm; (4), the intersection of this plane 
and the long-axis was marked with a point (orange) to represent the estimated CRes and serve as 
the origin (0,0,0). Images created used Geomagic® Control X software.  
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5.) Horizontal reference plane: a reference plane was placed to bisect the incisor 

through the mesial and distal contact points. The plane tool was selected, and the 

tooth crown mesh was again selected with the flood selection tool. If the plane 

did not pass exactly through the mesial and distal contact than the operator 

manually adjusted this using the rotation tool. The plane was rotated around the 

long axis.  

6.) Sagittal reference plane: a second reference plane was then placed using the 

rotation tool, rotated 90 degrees to the horizontal reference plane to bisect the 

tooth in the sagittal plane. 

 

Figure 3 Horizontal reference plane 

(5.), a horizontal reference plane intersecting 
the mesial and distal contacts points of the 
lower incisor. The reference plane place by 
the software (teal) is adjusted by 3 degrees 
(orange) to align with the contact points. The 
plane is rotated about the long axis.  Image 
created from Geomagic® Control X software.  

 

 

 

Figure 4 Sagittal reference plane 

(6.), a sagittal reference plane is placed by 
rotating the previously placed horizontal 
reference plane 90 degrees about the long 
axis of the tooth.  Image created from 
Geomagic® Control X software.  

 

5. 6. 
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The T0 model was then aligned using coordinate alignment with the CRes as position 

(0,0,0). The horizontal reference plane was aligned to the x-axis, representing mesial- 

distal movement. The sagittal reference plane was aligned to the y-axis, representing 

bucco-lingual movement while the long axis was aligned to the z-axis representing 

occulso-gingival. The model was duplicated and could then be used for registering the 

T1 and T2 models.  

Figure 5 Coordinate alignment 

Coordinate alignment showing the reference planes being used to align the coordinate system. The 
highlighted horizontal reference plane (teal colour), is being aligned to the x-axes Note the image 
below shows the model origin at the estimated CRes for the lower right lateral incisor (tooth 42) with 
the axes aligned to the previously constructed reference planes. Images created from Geomagic® 
Control X software.  
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4.1.6 Registering the digital models  

Superimpositions were performed using the best-fit surface registration (global and fine) 

feature with a 50-iteraction count. This was further refined by superimposition onto the 

most stable molars. 

First the re-aligned T0 model was imported into Geomagic Control X. The model was 

moved to reference data by right clicking the model manager and selecting move to 

reference. The T1 model was then imported and initially aligned using the ‘initial 

alignment’ function. Next, the registration was refined by using the ‘best fit alignment’ 

with a 50-iteration count. The registration was further refined by best fit alignment on 

the most stable molars.   

  
A 
A. 
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Once the two models were registered, steps 1-6 outlined above for the T0 model were 

repeated for the T1 model.   

 

  Figure 7 Repeated reference planes 

Steps 1-6 repeated for the T1 model; long axis, incisor reference plane, CRes reference plane, 
CRes point, horizontal and sagittal reference planes were placed. Images created using 
Geomagic® Control X. 

Figure 6 Registration of dental models 

The T0 model is first imported into Geomagic and moved to the reference (A). The model to be 
measured is then imported. The models are aligned using the best fit function with the lower first 
molars selected and the iteration count set to 50 (B). Image created using Geomagic® Control 
X. 

B B. 
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The reference planes were repeated on the T1 incisor to enable accurate placement of 

arbitrary reference points, from which rotational movements could be measured (figure 

8).  

 

The first arbitrary point, MD (mesio-distal) point, was set at 5 mm along the x axes (figure 

9). A reference plane was placed at a distance of 5 mm offset from the sagittal reference 

plane. The intersection of this reference plane, the horizontal reference plane and the CRes 

reference plane was used to place the MD point. The corresponding point on the T0 

model would be (5,0,0). The second arbitrary point, BL (bucco-lingual) point, was placed 

at 5mm along the y axes (figure 10). Using the same technique as described above, a 

Figure 8 Diagrammatic drawing of the x,y,z arbitrary points 
at the level of CRes 

The MD (mesio-distal) point is placed at 5 mm from the CRes along 
the x-axes, the BL (bucco-lingual) point is placed at 5 mm from 
the CRes along the y-axes and the OG (occluso-gingival) point is 
placed at 14.5 mm from the CRes along the z axes. 

BL point 
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reference plane was placed 5mm offset from the horizontal reference plane. The 

intersection of this reference plane, the sagittal reference plane and the CRes reference 

plane was used to place the BL point. The corresponding point on the T0 tooth would be 

(0,5,0). The final arbitrary point, OG (occluso-gingival) point was placed at the 

intersection of the long axis and the incisor reference plane. The corresponding point on 

the T0 tooth would be (0,0,14.5). The same steps would then be repeated for the T2 tooth.  

  Figure 9 X axes arbitrary point (MD point) 

The image on the left shows the reference plane placed 5mm offset to the sagittal reference plane. 
The image on the right shows the MD (mesio-distal) point placed at the intersection of the offset 
plane, sagittal reference plane and CRes reference plane. Image created using Geomagic® 
Control X.  

A. B. 

Figure 10 Y axes 
arbitrary point 
(BL point) 

 

BL (bucco-lingual) point 
(orange) placed at the 
intersection of the sagittal 
reference plane, CRes reference 
plane, and reference plane offset 
5mm from the horizontal 
reference plane (teal planes). The 
horizontal reference plane is 
shown in green. Imaged created 
using Geomagic® Control X 
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4.1.7 Describing tooth movement with 6DoF 

Each tooth was measured individually and the change in position from T0 to T1 and T0 

to T2 were assessed and described with 6DoF. The mesio-distal, bucco-lingual and 

occluso-gingival movements were assessed as the change in the location of CRes from T0 

to T1 and T0 to T2 in the x,y,z axes respectively. T0 to T1 was described at predicted 

movements and T0 to T2 as achieved movements.  

Translation movements were not an objective for this study however data was collected 

for future analysis and results from the below calculations are also presented later in the 

appendices.  

Figure 11  Z axes arbitrary point (OG point) 

z axes arbitrary point, OG (occluso-gingival) point, at the intersection of the long axis and 
incisor reference plane. Note the T0 tooth in blue and T1 in yellow. Image created used 
Geomagic® Control X  
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The torque, tip and rotation movements were assessed as the predicted rotations from T0 

to T1 around the mesio-distal (x), bucco-lingual (y) and occluso-gingival (z) axes, 

respectively. Achieved rotations were calculated using the same method for T0 to T2. 

The arbitrary points placed along the three axes at set distances were used to calculate 

the rotational movements.  

Root tip, the objective of this study was calculated as rotation around the y axes as shown 

in the below equation: 

 

 

 

 

 

Figure 12 Equation for calculating translational movement 

Mesio-distal translation predicted  
Δx	(mm)	=		x1	-	x0 

Mesio-distal translation achieved 

Bucco-lingual translation predicted  
Δy	(mm)	=		y1	-	y0 

Bucco-lingual translation achieved 

Occluso-gingival translation predicted  
Δz	(mm)	=		z1	-	z0 

Occluso-gingival translation achieved 
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Figure 13 Predicted root tip calculated as rotation around the y 
axes 
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Figure 14 Method for measuring root tip 

Root tip described as the change in angulation from T0 to T1. A, arbitrary point coordinates on 
T1 with the three axes aligned to the reference planes representing the direction of tooth 
movement. OG=occluso-gingival, z-axis. MD=mesio-distal, x-axis. BL=bucco-lingual, y-axis. 
B, the origin of the three axes at T1 reorientated to coincide with CRes of T0. C, tipping movement 
assessed as the rotation around the y (bucco-lingual)- axis.  

A 

B C 
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The x,y,z coordinates for each arbitrary point were exported from Geomagic Control X 

directly into an excel spreadsheet. The above formulas were pre-set in the excel 

spreadsheet to calculate translational and rotational movements for predicted (T1) and 

achieved (T2) movements. 

 

 

 

 

  

POINT X Y Z

X         
(M-D)

Y             
(B-L)

Z            
(I-E)

X 
(torque)

Y       
(Tip)

Z     
(Rot) X Y Z

X          
(M-D)

Y             
(B-L)

Z             
(I-E)

X 
(torque)

Y       
(Tip)

Z       
(Rot)

CRes -2.6 -1.4 -3.4 -2.64 -1.40 -3.39 -11.56 9.11 18.63 -0.8 0.1 -1.0 -0.83 0.15 -0.96 -7.29 0.41 13.16
MD 2.0 0.2 -4.5 4.0 1.3 -1.1
BL -4.4 3.2 -4.3 -2.0 5.0 -1.6
IE -0.4 2.3 10.5 -0.7 2.0 13.4
Ap -3.6 -3.1 -9.6  -0.9 -0.7 -7.4  

T1 T2
Translation Rotation Translation Rotation

Case 3 
#32

Co-ordinate Co-ordinate

Figure 15 Excel spreadsheet showing x,y,z coordinates for T1 and T2 and the resulting 
movement with 6DoF. 
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4.1.8 Describing Orthodontic Tooth Movement Type 

To describe the type of OTM a point was placed at the incisal edge (IE) by intersecting 

the long axis and the surface mesh of the crown. A second point was placed 21mm from 

the incisal edge along the long axis of the tooth, representing the apex of the tooth (AP) 

(figure 16).  

The ratio of AP/IE displacement along the frontal plane (x-axis) was then used to describe 

the relationship of CRot to CRes and subsequently define the type of OTM.  

A hyperbola (figure 17) was formulated to describe the relationship of the AP/IE ratio to 

the distance of CRot from CRes using the equation:  

The relationship between CRot and CRes is commonly used to descriptively define different 

types of tooth movement (6,10). The transition from one type of tooth movement to 

21
m

IE 

21
m

m
 

Figure 16 Describing orthodontic tooth movement type 

T0 (pink), T1 (yellow) and T2 (blue) positions for a lower lateral incisor showing the 
extrapolated long axis vector, inicsal edge point (IE) and apex point (AP). Image created from 
Geomagic® Control X. 
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another is however un-defined. For example, controlled tipping is defined as, when the 

centre of rotation is at the apex of the tooth (6,10). However, when the centre of rotation 

lies somewhere between the apex of the tooth, controlled tipping, and the negative 

infinity, translation, the type of tooth movement or transition point for defining the tooth 

movement type is unknown. For this reason, arbitrary thresholds were defined to 

descriptively transition between different types of tooth movements. 

Root movement or root tip, as described earlier, is essentially a pure rotation with the 

centre of rotation at or approaching the incisal edge. IE point is displaced minimally 

while the AP point is significantly displaced. For this movement type to be satisfied the 

ratio of AP/IE had to be less than -1.5 or equal to/ greater than 2.4. Furthermore, to ensure 

only cases that actually achieved what we considered, a clinically significant movement 

were included, a second criteria was added. There had to be at least 0.5mm of apex 

movement in the coronal plane (x-axes) to be classified as root movement. The 

definitions used to classify the 4 types of OTM are presented in table 1. An additional 

classification, clinically insignificant movement (CIM) was also defined to include cases 

where minimal tooth movement occurred.
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Classification of 
OTM Explanation AP/IE ratio 

Distance of 
CRot from 
CRes (mm) 

Root Movement 
CRot close to incisal edge, 

displacement of IE is 
minimal 

IF AP/IE < -1.5 OR 
AP/IE  ³ 2.4 AND 
“Ap movement” ≥ 

0.5mm 

6 < CRot ≤ 30 

Uncontrolled 
Tipping 

CRot close to CRes, 
displacement of IE and 

AP similar in magnitude 
but opposite in direction 

IF -1.5 ≤ AP/IE ≤ -0.2 

AND “Ap movement” 
≥ 0.5mm AND “IE 

movement” ≥ 0.5mm 

-3 ≤ CRot ≤ 6 

Controlled Tipping 

 

CRot close to apex, 
displacement of Ap is 

minimal 

 

IF -0.2 < AP/IE  ≤  0.5 

AND “IE movement” 
≥0.5mm 

30 ≤ CRot < -3 

Translation CRot approaching infinity, 
displacement of Ap and 
IE similar in magnitude 

and direction 

IF 0.5 < AP/IE  < 2.4 
AND “Ap movement” 

≥ 0.5mm AND “IE 
movement” ≥ 0.5mm 

CRot > 30 OR 

CRot < -30 

Clinically 
Insignificant 

Movement (CIM) 

A/IE fits within above 
category but Apex 

AND/OR IE movement 
<0.5mm 

  

Table 1 Classification of OTM type 
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(UCT
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Figure 17 Hyperbola graph plotting relationship of AP/IE ratio to CRot  

Distance CRot from Cres= 
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4.3 Supporting graphs  

Figure 12 Scatter diagram and linear regression equation for the relationship of ClinCheck® 
predicted root tip and predicted root tip using the study’s methodology.  

Figure 13 Bland-Altman plot for ClinCheck root tip vs predicted root tip as calculated using this 
study’s methodology. 
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Figure 15 Accuracy of lower incisor root tip.   

The accuracy was calculated as: percentage of accuracy = 100% - ([(predicted-
achieved)/predicted] x 100%). The negative accuracy reflects incisors where the movement 
achieved was in the opposite direct to that planned.  

 

Figure 14 Accuracy of lower incisor root tip.   

The accuracy was calculated as: percentage of accuracy = 100% - ([(predicted-
achieved)/predicted] x 100%). The negative accuracy reflects incisors where the movement 
achieved was in the opposite direct to that planned.  

 

Figure 16 Scatter diagram and linear regression equation for the relationship of predicted 
and achieved rotation of lower incisors   
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4.4 Ethical Approval  

 

28 January 2020

Academic Services
Manager, Academic Committees, Mr Gary Witte

HD20/004

Professor M Farella
 Faculty of Dentistry
Division of Health Sciences

Dear Professor Farella,

I am writing to you concerning your proposal entitled “Can aligners move roots? Let’s
torque about it”, Ethics Committee reference number HD20/004.

The above research was submitted and reviewed as a ‘Minimal Risk Health Research – Audit
and Audit related studies’ proposal. The outcome of that consideration was that the
Committee was of the view that the study as described is consistent with Rule 11(2) (c) of the
Health Information Privacy Code 1994 and was approved.

The standard conditions of approval for all human research projects reviewed and approved
by the Committee are the following:

Conduct the research project strictly in accordance with the research proposal submitted and
granted ethics approval, including any amendments required to be made to the proposal by
the Human Research Ethics Committee.

Final report: A Final Report is required by the Committee upon completion of the study. The
Final Report template can be found on the Human Ethics Web Page

https://www.otago.ac.nz/council/committees/committees/HumanEthicsCommittees.html

Adverse or unforeseen events: Inform the Human Research Ethics Committee immediately
of anything which may warrant review of ethics approval of the research project, including:
serious or unexpected adverse effects on participants; unforeseen events that might affect
continued ethical acceptability of the project; and a written report about these matters must
be submitted to the Academic Committees Office by no later than the next working day after
recognition of an adverse occurrence/event. Please note that in cases of adverse events an
incident report should also be made to the Health and Safety Office:

http://www.otago.ac.nz/healthandsafety/index.html

Discontinuation: Advise the Committee in writing as soon as practicable if the research
project is discontinued.
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Amendments: Make no change to the project as approved in its entirety by the Committee,
including any wording in any document approved as part of the project, without prior written
approval of the Committee for any change. If you are applying for an amendment to your
approved research, please email your request to the Academic Committees Office:

gary.witte@otago.ac.nz

jo.farrondediaz@otago.ac.nz

Locality authorisation: Studies requiring locality authorisation, i.e. permission from the
organisations at which the study is taking place or from which participants are being
accessed, must be confirmed before the study commences.

Approval period: Approval is for up to three years from the date of this letter. If this project
has not been completed within three years from the date of this letter, re-approval or an
extension of approval must be requested. If the nature, consent, location, procedures or
personnel of your approved application change, please advise me in writing.

Yours sincerely,

Mr Gary Witte
Manager, Academic Committees
Tel: 479 8256
Email: gary.witte@otago.ac.nz

 c.c. Professor R D Cannon     Faculty of Dentistry
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University of Otago Human Ethics Committee (Health) 
1st Floor, Scott/Shand House  
90 St David’s Street 
Dunedin 
University of Otago  
 
 
Tuesday, 1 October 2019 
 
 
To Whom it May Concern, 
 
I approve the collection of data from my private practice database for use in the proposed 
study by Dr Julia Smith titled ‘Can aligners move roots? Let’s torque about it.’ The patients 
who are to have their data used have all signed an appropriate consent (copy of consent form 
attached) and will also be provided with information that their data is to be used for research 
purposes in this study. 
 
The data will be collected by me and de-identified before provision to the researcher. A list 
recording the de-identified data (each record will be given a unique code) against the actual 
patient names will be maintained in my practice in a password protected computer for future 
reference if re-identification is ever needed.  
 
The researcher will thus have no means of identification of the individuals involved and will 
only receive digital files, each with a unique code identifier to differentiate each piece of data 
from the next. The researcher will retain those files on a password protected computer.  
 
I therefore give permission for the researcher, Dr Julia Smith to access this data for this 
population under my gatekeeper’s authority.  
 

 
 
 
Dr Tony Weir  
M.D.S (Adel) B.D.Sc (Qld)  
 
Tony Weir Orthodontics  
PO Box 443, Corinda Qld 4075  
+61 07 3278 1492 
Tony@tonyweir.com.au 
 



 
101 

4.5 Maori Consultation 

 

 

 

  
  
 

Monday, 18 November 2019 

Professor Mauro Farella 
Faculty of Dentistry - Department of Oral Diagnostic and Surgical Sciences 
 

 
 

Tēnā Koe Professor Mauro Farella 

Can aligners move roots? Let's torque about it. 

The Ngāi Tahu Research Consultation Committee (the Committee) met on Tuesday, 12 
November 2019 to discuss your research proposition. 

By way of introduction, this response from the Committee is provided as part of the 
Memorandum of Understanding between Te Rūnanga o Ngāi Tahu and the University. In the 
statement of principles of the Memorandum it states ″Ngāi Tahu acknowledges that the 
consultation process outline in this policy provides no power of veto by Ngāi Tahu to 
research undertaken at the University of Otago″. As such, this response is not ″approval″ or 
″mandate″ for the research, rather it is a mandated response from a Ngāi Tahu appointed 
committee. This process is part of a number of requirements for researchers to undertake 
and does not cover other issues relating to ethics, including methodology as they are 
separate requirements with other committees, for example, the Human Ethics Committee. 

Within the context of the Policy for Research Consultation with Māori, the Committee base 
consultation on that defined by Justice McGechan: 

″Consultation does not mean negotiation or agreement. It means: setting out a proposal not 
fully decided upon; adequately informing a party about relevant information upon which the 
proposal is based; listening to what the others have to say with an open mind (in that there is 
room to be persuaded against the proposal); undertaking that task in a genuine and not 
cosmetic manner. Reaching a decision that may or may not alter the original proposal.″ 

The Committee suggests dissemination of the findings to relevant Māori health 
organisations, for example the National Māori Organisation for Dental Health, Oranga Niho, 
and to Professor John Broughton and Malcolm Dacker who are involved in Māori Dental 
Health at the University of Otago.  
 
This letter of suggestion, recommendation and advice is current for an 18-month period 
from Tuesday, 12 November 2019 to 1 April 2021.  The Committee requests a copy of the 
research findings.   
 

The recommendations and suggestions above are provided on your proposal submitted 
through the consultation website process. These recommendations and suggestions do not 
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necessarily relate to ethical issues with the research, including methodology. Other 
committees may also provide feedback in these areas. 

Nāhaku noa, nā 

 

Claire Porima 
Kaiwhakahaere Rangahau Māori 
Office of Māori Development 
Te Whare Wānanga o Otākou 
Ph: +64 3 4798081 
Email: claire.porima@otago.ac.nz 
Web: www.otago.ac.nz 
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4.6 Patient Consent  

 

PATIENT’S INFORMED CONSENT AND AGREEMENT
REGARDING INVISALIGN® ORTHODONTIC TREATMENT
Your doctor has recommended the Invisalign system for your
orthodontic treatment. Although orthodontic treatment can
lead to a healthier and more attractive smile, you should also
be aware that any orthodontic treatment (including orthodontic
treatment with Invisalign aligners) has limitations and
potential risks that you should consider before undergoing
treatment.

DEVICE DESCRIPTION
Invisalign aligners, developed by Align Technology, Inc.
(“Align”) consist of a series of clear plastic, removable
appliances that move your teeth in small increments.
Invisalign’s product combines your doctor’s diagnosis and
prescription with sophisticated computer graphics technology
to develop a treatment plan which specifies the desired move-
ments of your teeth during the course of your treatment. Upon
approval of a treatment plan developed by your doctor, a
series of customised Invisalign aligners is produced specifically
for your treatment.

PROCEDURE
You may undergo a routine orthodontic pre-treatment
examination including radiographs (x-rays) and photographs.
Your doctor will take impressions or intra-oral scans of your 
teeth and send them along with a prescription to the Align 
laboratory. Align technicians will follow your doctor’s prescrip-
tion to create a ClinCheck® software model of your prescribed 
treatment. Upon approval of the ClinCheck treatment plan by 
your doctor, Align will produce and ship a series of customised 
aligners to your doctor. The total number of aligners will vary 
depending on the complexity of your malocclusion and the 
doctor’s treatment plan. The aligners will be individually num-
bered and will be dispensed to you by your doctor with specific 
instructions for use. Unless otherwise instructed by your doctor, 
you should wear your aligners for approximately 20 to 22 hours 
per day, removing them only to eat, brush and floss. As directed 
by your doctor, you will switch to the next aligner in the series
every two weeks or as directed by your doctor. Treatment
duration varies depending on the complexity of your doctor’s
prescription. Unless instructed otherwise, you should follow
up with your doctor at a minimum of every 6 to 8 weeks. 

Notice to treating office: This form is to be signed by your Invisalign® patients prior to treatment and kept for your records and should not be sent

to Align Technology, Inc.

INVISALIGN® INFORMED CONSENT AND AGREEMENT FOR THE INVISALIGN PATIENT 1 of 3

Some patients may require bonded aesthetic attachments and/
or the use of elastics during treatment to facilitate specific 
orthodontic movements. Patients may require additional 
impressions or intra-oral scans and/or refinement aligners after 
the initial series of aligners. 

BENEFITS
t�*OWJTBMJHO�BMJHOFST�PGGFS�BO�BFTUIFUJD�BMUFSOBUJWF�UP
   conventional braces.
t�"MJHOFST�BSF�OFBSMZ�JOWJTJCMF�TP�NBOZ�QFPQMF�XPO�U�SFBMJTF
    you are in treatment.
t�5SFBUNFOU�QMBOT�DBO�CF�WJTVBMJTFE�UISPVHI�UIF�$MJO$IFDL
   software.
t�"MJHOFST�BMMPX�GPS�OPSNBM�CSVTIJOH�BOE�nPTTJOH�UBTLT�UIBU
   are generally impaired by conventional braces.
t�"MJHOFST�EP�OPU�IBWF�UIF�NFUBM�XJSFT�PS�CSBDLFUT�BTTPDJBUFE
   with conventional braces.
t�5IF�XFBSJOH�PG�BMJHOFST�NBZ�JNQSPWF�PSBM�IZHJFOF�IBCJUT
   during treatment.
t�*OWJTBMJHO�QBUJFOUT�NBZ�OPUJDF�JNQSPWFE�QFSJPEPOUBM�	HVN

   health during treatment.

RISKS AND INCONVENIENCES
Like other orthodontic treatments, the use of Invisalign
product(s) may involve some of the risks outlined below:

(i) Failure to wear the appliances for the required number of
hours per day, not using the product as directed by your
doctor, missing appointments, and erupting or atypically
shaped teeth can lengthen the treatment time and affect the
ability to achieve the desired results;

(ii) Dental tenderness may be experienced after switching to
the next aligner in the series;

(iii) Gums, cheeks and lips may be scratched or irritated;

(iv) Teeth may shift position after treatment. Consistent
wearing of retainers at the end of treatment should reduce
this tendency;

(v) Tooth decay, periodontal disease, inflammation of the
gums or permanent markings (e.g. decalcification) may occur
if patients consume foods or beverages containing sugar, do
not brush and floss their teeth properly before wearing the
Invisalign products, or do not use proper oral hygiene and
preventative maintenance;
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(vi) The aligners may temporarily affect speech and may result
in a lisp, although any speech impediment caused by the
Invisalign® products should disappear within one or two weeks;

(vii) Aligners may cause a temporary increase in salivation or
mouth dryness and certain medications can heighten this
effect;

(viii) Attachments may be bonded to one or more teeth during
the course of treatment to facilitate tooth movement and/or
appliance retention. These will be removed after treatment is
completed;

(ix) Attachments may fall off and require replacement;

(x) Teeth may require interproximal recontouring or slenderising 
in order to create space needed for dental alignment to
occur;

(xi) The bite may change throughout the course of treatment
and may result in temporary patient discomfort;

(xii) In rare instances, slight superficial surface wear of the 
aligner may occur where patients may be grinding their teeth or 
where the teeth may be rubbing and is generally not a problem 
as overall aligner integrity and strength remains intact;

(xiii) At the end of orthodontic treatment, the bite may require
adjustment (“occlusal adjustment”);

(xiv) Atypically shaped, erupting and/or missing teeth may 
affect aligner adaptation and may affect the ability to achieve 
the desired results;

(xv) Treatment of severe open bite, severe overjet, mixed 
dentition, and/or skeletally narrow jaw may require 
supplemental treatment in addition to aligner treatment;

(xvi) Supplemental orthodontic treatment, including the use
of bonded buttons, orthodontic elastics, auxiliary appliances/
dental devices (e.g. temporary anchorage devices, sectional
fixed appliances), and/or restorative dental procedures may be
needed for more complicated treatment plans where aligners
alone may not be adequate to achieve the desired outcome;

(xvii) Teeth which have been overlapped for long periods of
time may be missing the gingival tissue below the interproximal
contact once the teeth are aligned, leading to the
appearance of a “black triangle” space;
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(xviii) Aligners are not effective in the movement of dental
implants;

(xix) General medical conditions and use of medications can
affect orthodontic treatment;

(xx) Health of the bone and gums which support the teeth may
be impaired or aggravated;

(xxi) Oral surgery may be necessary to correct crowding or
severe jaw imbalances that are present prior to wearing the
Invisalign product. If oral surgery is required, risks associated
with anesthesia and proper healing must be taken into account
prior to treatment;

(xxii) A tooth that has been previously traumatised, or
significantly restored may be aggravated. In rare instances the
useful life of the tooth may be reduced, the tooth may require
additional dental treatment such as endodontic and/or
additional restorative work and the tooth may be lost;

(xxiii) Existing dental restorations (e.g. crowns) may become
dislodged and require re-cementation or in some instances,
replacement;

(xxiv) Short clinical crowns can pose appliance retention issues
and inhibit tooth movement;

(xxv) The length of the roots of the teeth may be shortened
during orthodontic treatment and may become a threat to the
useful life of teeth;

(xxvi) Product breakage is more likely in patients with severe
crowding and/or multiple missing teeth;

(xxvii) Orthodontic appliances or parts thereof may be
accidentally swallowed or aspirated;

(xxviii) In rare instances, problems may also occur in the jaw
joint, causing joint pain, headaches or ear problems;

(xxix) Allergic reactions may occur;

(xxx) Teeth that are not at least partially covered by the aligner
may undergo supraeruption;

(xxxi) In rare instances, patients with hereditary angioedema 
(HAE), a genetic disorder, may experience rapid local swelling 
of subcutaneous tissues including the larynx, HAE may be 
triggered by mild stimuli including dental procedures.

INVISALIGN® INFORMED CONSENT AND AGREEMENT FOR THE INVISALIGN PATIENT
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INFORMED CONSENT
I have been given adequate time to read and have read the
preceding information describing orthodontic treatment with
Invisalign aligners. I understand the benefits, risks, alternatives
and inconveniences associated with treatment as well as the
option of no treatment. I have been sufficiently informed
and have had the opportunity to ask questions and discuss
concerns about orthodontic treatment with Invisalign`s product
with my doctor from whom I intend to receive treatment.
I understand that I should only use the Invisalign product
after consultation and prescription from an Invisalign trained
doctor, and I hereby consent to orthodontic treatment with
Invisalign’s product that have been prescribed by my doctor. 
Due to the fact that orthodontics is not an exact science, I
acknowledge that my doctor and Align Technology, Inc.
(“Align”) have not and cannot make any guarantees or assur-
ances concerning the outcome of my treatment. I understand
that Align is not a provider of medical, dental or health care
services and does not and cannot practice medicine, dentistry
or give medical advice. No assurances or guarantees of any
kind have been made to me by my doctor or Align, its represen-
tatives, successors, assigns, and agents concerning any
specific outcome of my treatment. 

I authorise my doctor to release my medical records, including, 
but not be limited to, radiographs (x-rays), reports, charts, medi-
cal history, photographs, findings, plaster models or 
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impressions or intra-oral scans of teeth, prescriptions, 
diagnosis, medical testing, test results, billing, and other 
treatment records in my doctor’s possession (“Medical 
Records”) (i) to other licensed dentists or and organisations 
employing licensed dentists and orthodontists and to Align, its 
representatives, employees, successors, assigns, and agents for 
the purposes of investigating and reviewing my medical history 
as it pertains to orthodontic treatment with product(s) from 
Align and (ii) for educational and research purposes. 

I understand that use of my Medical Records may result in
disclosure of my “individually identifiable health information”
as defined by the Health Insurance Portability and Accountabil-
ity Act (“HIPAA”). I hereby consent to the disclosure(s) as
set forth above. I will not, nor shall anyone on my behalf seek
legal, equitable or monetary damages or remedies for such
disclosure. I acknowledge that use of my Medical Records is
without compensation and that I will not nor shall anyone on
my behalf have any right of approval, claim of compensation,
or seek or obtain legal, equitable or monetary damages or
remedies arising out of any use such that comply with the
terms of this Consent.

A photostatic copy of this Consent shall be considered as
effective and valid as an original. I have read, understand and
agree to the terms set forth in this Consent as indicated by my
signature below.

Align Technology

United Kingdom: 0800 91 71 643

Other (English): +31 (0)20 586 3615

WWW.INVISALIGN.CO.UK

© 2012 Align Technology, Inc. All rights reserved. U1060rev2

Signature

Print Name

Address

City

Date

Witness

Print Name

Signature of Parent/Guardian:

If signatory is under 18, the parent or legal Guardian must also 
sign to signify agreement.

INVISALIGN® INFORMED CONSENT AND AGREEMENT FOR THE INVISALIGN PATIENT
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4.7 Data 

 

 

POINT X Y Z

X         
(M-D)

Y             
(B-L)

Z            
(I-E)

X 
(torque)

Y       
(Tip)

Z     
(Rot) X Y Z

X          
(M-D)

Y             
(B-L)

Z             
(I-E)

X 
(torque)

Y       
(Tip)

Z       
(Rot)

CRes -2.6 -1.4 -3.4 -2.6 -1.4 -3.4 -11.6 9.1 18.6 -0.8 0.1 -1.0 -0.8 0.1 -1.0 -7.3 0.4 13.2
MD 2.0 0.2 -4.5 4.0 1.3 -1.1
BL -4.4 3.2 -4.3 -2.0 5.0 -1.6
IE -0.4 2.3 10.5 -0.7 2.0 13.4
Ap -3.6 -3.1 -9.6  -0.9 -0.7 -7.4  
Cres 1.7 1.1 -1.6 1.7 1.1 -1.6 -3.9 -9.7 5.0 0.5 0.2 -0.7 0.5 0.2 -0.7 -6.0 -5.0 2.8
MD 6.6 1.6 -0.8 5.4 0.5 -0.2
BL 1.3 6.1 -2.0 0.3 5.2 -1.2
IE -0.7 1.9 12.6 -0.8 1.7 13.7
Ap 2.8 0.8 -8.0 1.0 -0.4 -7.1
Cres -0.3 1.6 -1.4 -0.3 1.6 -1.4 -10.7 -4.4 -1.1 -0.3 0.4 -0.9 -0.3 0.4 -0.9 -13.4 -1.3 -1.2
MD 4.7 1.5 -1.0 4.7 0.3 -0.8
BL -0.1 6.5 -2.3 -0.2 5.3 -2.1
IE -1.3 4.3 12.8 -0.6 3.8 13.2
Ap 0.2 0.4 -7.8 -0.2 -1.1 -7.2
Cres -0.7 2.2 0.6 -0.7 2.2 0.6 3.1 5.3 3.9 0.1 0.4 -0.2 0.1 0.4 -0.2 -4.4 1.2 3.1
MD 4.3 2.5 0.1 5.1 0.7 -0.4
BL -1.0 7.2 0.8 -0.2 5.4 -0.6
IE 0.6 1.5 15.0 0.4 1.6 14.2
Ap -1.3 2.5 -5.9 0.0 -0.1 -6.7
Cres 1.9 2.1 0.7 1.9 2.1 0.7 18.7 -9.4 5.5 0.0 1.4 0.1 0.0 1.4 0.1 14.3 0.5 8.3
MD -3.0 1.6 -0.3 -5.0 0.7 -0.1
BL 2.7 -2.6 -0.9 0.7 -3.4 -1.2
IE -0.3 -2.8 14.2 0.1 -2.2 14.1
Ap 2.9 4.3 -5.3 -0.1 3.0 -6.2
Cres -1.7 0.0 -0.2 -1.7 0.0 -0.2 -5.6 4.6 19.7 -0.7 -0.6 -0.4 -0.7 -0.6 -0.4 -8.2 1.0 13.9
MD 2.9 1.7 -0.8 4.1 0.6 -0.6
BL -3.5 4.7 -0.7 -1.9 4.2 -1.1
IE -0.6 1.8 14.1 -0.4 1.5 14.0
Ap -2.2 -0.8 -6.7 -0.8 -1.6 -6.8
Cres 1.5 -0.2 -1.0 1.5 -0.2 -1.0 -3.9 -7.9 -5.7 1.0 -0.4 -0.9 1.0 -0.4 -0.9 -7.9 -4.4 -5.4
MD 6.4 -0.7 -0.3 5.9 -0.9 -0.5
BL 2.1 4.8 -1.3 1.5 4.5 -1.6
IE -0.5 1.0 13.3 -0.1 1.7 13.4
Ap 2.4 -0.7 -7.4 1.4 -1.3 -7.3
Cres 1.0 0.3 0.2 1.0 0.3 0.2 -5.7 -7.1 -2.8 0.5 0.2 0.6 0.5 0.2 0.6 -4.1 -4.8 -1.1
MD 6.0 0.0 0.8 5.5 0.1 1.0
BL 1.4 5.2 -0.3 0.6 5.1 0.2
IE -0.7 1.8 14.5 -0.7 1.2 15.0
Ap 1.8 -0.4 -6.2 1.0 -0.3 -5.9
Cres 0.5 -0.1 -0.2 0.5 -0.1 -0.2 -4.4 -4.7 -1.9 0.2 -0.2 0.1 0.2 -0.2 0.1 -3.6 -3.4 -1.7
MD 5.5 -0.2 0.2 5.2 -0.3 0.4
BL 0.7 4.9 -0.6 0.4 4.8 -0.2
IE -0.7 1.1 14.2 -0.7 0.8 14.5
Ap 1.0 -0.6 -6.7 0.6 -0.6 -6.4
Cres -1.3 1.5 -1.0 -1.3 1.5 -1.0 9.6 6.6 13.5 -0.3 0.1 -0.4 -0.3 0.1 -0.4 3.7 2.5 4.4
MD 3.5 2.7 -1.4 4.7 0.5 -0.6
BL -2.4 6.4 -0.2 -0.7 5.1 -0.1
IE 0.3 -0.5 13.2 0.3 -0.8 14.1
Ap -2.1 2.5 -7.4 -0.6 0.5 -6.9
Cres -0.8 0.0 1.1 -0.8 0.0 1.1 -12.6 1.2 12.7 -0.8 0.0 1.1 -0.8 0.0 1.1 -12.6 1.2 12.7
MD 4.1 1.1 0.8 4.1 1.1 0.8
BL -2.0 4.8 0.1 -2.0 4.8 0.1
IE -0.5 3.3 15.3 -0.5 3.3 15.3
Ap -0.9 -1.4 -5.2 -0.9 -1.4 -5.2
Cres -1.1 -0.2 0.1 -1.1 -0.2 0.1 -2.6 3.7 18.8 0.2 0.9 0.4 0.2 0.9 0.4 3.0 -2.5 8.6
MD 3.7 1.4 -0.3 5.2 1.7 0.6
BL -2.7 4.6 -0.1 -0.5 5.8 0.6
IE -0.1 0.8 14.5 -0.4 0.1 14.8
Ap -1.5 -0.6 -6.4 0.5 1.3 -6.1
Cres 1.0 0.0 0.5 1.0 0.0 0.5 -1.9 -4.4 -11.1 0.4 0.5 0.9 0.4 0.5 0.9 2.5 -1.0 -6.6
MD 5.9 -1.0 0.9 5.4 -0.1 1.0
BL 2.0 4.9 0.3 1.0 5.4 1.1
IE -0.1 0.7 14.9 0.2 -0.1 15.4
Ap 1.5 -0.3 -6.0 0.5 0.7 -5.6

Case 12   
#32

Case 13   
#32

Case 13   
#41

Case 9  
#32

Case 9   
#42

Case 10    
#31

Case 10   
#32

Case 11   
#31

Case 8  
#42

Case 3 
#32

Case 4 
#42

Co-ordinate Co-ordinate

Case 5 
#42

Case 7 
#31

T1 T2
Translation Rotation Translation Rotation
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Cres 0.0 -1.7 1.9 0.0 -1.7 1.9 -15.3 -2.8 40.2 -1.1 -0.2 1.1 -1.1 -0.2 1.1 -2.6 3.0 27.7
MD 3.8 1.6 1.4 3.3 2.1 0.7
BL -3.2 2.0 0.9 -3.4 4.2 0.9
IE -0.7 1.6 16.1 -0.3 0.8 15.6
Ap 0.3 -3.1 -4.4 -1.5 -0.7 -5.3
Cres -1.2 -0.9 -0.6 -1.2 -0.9 -0.6 -16.1 6.8 -0.8 -1.2 -0.9 -0.6 -1.2 -0.9 -0.6 -16.1 6.8 -0.8
MD 3.7 -1.0 -1.2 3.7 -1.0 -1.1
BL -1.3 3.9 -2.0 -1.3 3.9 -1.9
IE 0.4 3.1 13.2 0.4 3.1 13.3
Ap -2.0 -2.7 -6.8 -2.0 -2.7 -6.8
Cres -0.3 -1.1 0.2 -0.3 -1.1 0.2 -12.7 -1.6 33.7 -0.1 -0.2 0.4 -0.1 -0.2 0.4 -0.3 3.1 4.3
MD 3.9 1.6 -0.2 4.8 0.2 0.1
BL -3.1 2.9 -0.7 -0.5 4.8 0.3
IE -0.7 1.8 14.4 0.6 -0.1 14.8
Ap -0.1 -2.4 -6.1 -0.5 -0.3 -6.1
Cres 1.4 -1.0 0.4 1.4 -1.0 0.4 -11.5 -6.3 -24.1 0.2 -0.3 0.3 0.2 -0.3 0.3 -2.1 -4.2 1.7
MD 5.9 -3.0 1.4 5.2 -0.1 0.7
BL 3.6 3.4 -0.5 0.0 4.7 0.1
IE -0.1 2.6 14.4 -0.9 0.2 14.8
Ap 2.1 -2.6 -5.8 0.6 -0.5 -6.2
Cres 2.1 0.3 0.3 2.1 0.3 0.3 1.0 -7.7 -0.9 0.7 -0.4 0.5 0.7 -0.4 0.5 -0.9 -0.4 -0.1
MD 7.1 0.2 1.0 5.7 -0.4 0.6
BL 2.2 5.3 0.4 0.7 4.6 0.4
IE 0.2 0.1 14.7 0.6 -0.2 15.0
Ap 3.0 0.4 -6.1 0.7 -0.5 -6.0
Cres 2.4 0.2 0.6 2.4 0.2 0.6 -9.5 -5.4 2.8 0.9 0.0 0.1 0.9 0.0 0.1 -7.0 -0.4 2.0
MD 7.4 0.4 1.1 5.9 0.2 0.1
BL 2.2 5.1 -0.2 0.7 5.0 -0.5
IE 1.1 2.5 14.9 0.8 1.8 14.5
Ap 3.0 -0.9 -5.8 0.9 -0.8 -6.4
Cres 0.3 -3.6 -1.0 0.3 -3.6 -1.0 2.6 10.7 -12.1 1.3 -3.7 -1.7 1.3 -3.7 -1.7 4.2 4.5 -7.4
MD 5.1 -4.7 -2.0 6.2 -4.4 -2.2
BL 1.4 1.2 -0.8 2.0 1.2 -1.4
IE 3.0 -4.9 13.2 2.4 -5.0 12.7
Ap -0.9 -3.1 -7.4 0.8 -3.2 -8.2
Cres 0.7 -4.7 -2.1 0.7 -4.7 -2.1 -25.1 2.7 -17.1 0.7 -0.7 -0.9 0.7 -0.7 -0.9 -7.3 -2.6 -14.0
MD 5.5 -6.1 -1.7 5.5 -1.9 -0.5
BL 2.2 -0.3 -4.2 1.9 4.1 -1.5
IE 1.3 1.3 11.1 0.0 1.3 13.5
Ap 0.4 -7.3 -8.1 1.0 -1.6 -7.3
Cres 0.0 -4.9 -1.5 0.0 -4.9 -1.5 -26.6 -1.4 11.0 -0.8 -0.3 0.2 -0.8 -0.3 0.2 -6.1 0.5 10.3
MD 4.9 -4.0 -1.9 4.2 0.6 0.1
BL -1.0 -0.6 -3.7 -1.7 4.6 -0.3
IE -0.3 1.5 11.5 -0.6 1.3 14.6
Ap 0.2 -7.8 -7.4 -0.8 -1.0 -6.3
Cres -0.8 -1.6 -1.4 -0.8 -1.6 -1.4 -9.3 1.8 21.5 -0.2 -0.3 -0.1 -0.2 -0.3 -0.1 -2.7 -0.5 12.6
MD 3.8 0.2 -1.8 4.7 0.7 -0.1
BL -2.7 3.0 -2.1 -1.3 4.5 -0.3
IE -0.4 0.9 12.9 -0.3 0.3 14.4
Ap -1.0 -2.7 -7.8 -0.1 -0.6 -6.6
Cres 0.5 -3.5 -0.9 0.5 -3.5 -0.9 -15.7 3.2 5.7 0.7 -0.8 -1.1 0.7 -0.8 -1.1 -3.0 0.9 0.9
MD 5.5 -3.0 -1.3 5.7 -0.8 -1.2
BL -0.1 1.3 -2.2 0.6 4.2 -1.4
IE 1.3 0.5 13.0 0.9 -0.1 13.4
Ap 0.2 -5.3 -7.1 0.6 -1.2 -7.6
Cres 2.5 -1.4 -0.7 2.5 -1.4 -0.7 -3.6 -7.4 -19.2 1.7 -0.6 -0.4 1.7 -0.6 -0.4 -0.4 -2.4 -13.3
MD 7.1 -3.0 0.1 6.5 -1.8 -0.2
BL 4.1 3.3 -1.0 2.8 4.2 -0.4
IE 0.6 0.2 13.6 1.1 -0.4 14.1
Ap -5.6 0.2 6.8 2.0 -0.8 -6.9
Cres -1.3 -0.9 1.9 -1.3 -0.9 1.9 1.9 8.2 19.5 -0.5 -1.4 1.0 -0.5 -1.4 1.0 -2.3 3.0 14.8
MD 3.3 0.7 1.2 4.3 -0.2 0.7
BL -3.0 3.8 2.0 -1.8 3.4 0.8
IE 0.8 -0.7 16.2 0.3 -0.7 15.4
Ap -2.2 -1.1 -4.6 -0.8 -1.8 -5.5
Cres -1.3 -0.7 0.7 -1.3 -0.7 0.7 -3.0 6.3 -0.3 -0.4 -0.7 0.3 -0.4 -0.7 0.3 -2.5 1.2 0.4
MD 3.7 -0.8 0.1 4.6 -0.6 0.2
BL -1.3 4.3 0.4 -0.4 4.3 0.0
IE 0.3 0.0 15.1 -0.1 0.0 14.7
Ap -2.0 -1.1 -5.8 -0.5 -0.9 -6.2
Cres -1.3 0.0 0.9 -1.3 0.0 0.9 -5.6 9.5 -11.4 -0.7 -0.3 0.4 -0.7 -0.3 0.4 -4.4 5.8 -8.7
MD 3.5 -1.0 0.2 4.3 -1.0 -0.1
BL -0.4 4.9 0.4 0.1 4.7 0.0
IE 1.1 0.9 15.2 0.8 0.6 14.8
Ap -2.4 -0.5 -5.5 -1.3 -0.7 -6.1
Cres -1.6 -1.0 -0.9 -1.6 -1.0 -0.9 -10.8 2.7 17.2 -0.8 -0.8 0.2 -0.8 -0.8 0.2 -4.0 1.4 14.0
MD 3.1 0.4 -1.5 4.0 0.4 0.0
BL -3.2 3.6 -1.8 -2.1 4.1 -0.2
IE -1.0 1.9 13.2 -0.5 0.3 14.6
Ap -2.0 -2.4 -7.3 -1.0 -1.3 -6.3

Case 23   
#32

Case 23   
#31

Case 23   
#41

Case 25   
#32

Case 21   
#42

Case 21   
#32

Case 22   
#32

Case 22   
#31

Case 22   
#42

Case 18   
#32

Case 18   
#42

Case 19   
#41

Case 19   
#42

Case 20   
#42

Case 15   
#32

Case 17   
#42
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Cres -0.6 -2.0 0.1 -0.6 -2.0 0.1 -16.4 -1.3 51.0 -0.6 -2.5 0.4 -0.6 -2.5 0.4 -15.3 1.0 46.0
MD 2.5 1.8 -0.8 2.8 1.0 -0.7
BL -4.5 0.9 -0.8 -4.2 0.7 -0.5
IE -0.9 1.7 14.1 -0.3 1.5 14.3
Ap -0.4 -3.7 -6.2 -0.7 -4.3 -5.8
Cres 0.1 -2.7 0.4 0.1 -2.7 0.4 -10.4 -6.0 -33.8 0.4 -2.1 0.2 0.4 -2.1 0.2 -8.8 -5.3 -18.6
MD 4.2 -5.4 1.5 5.1 -3.6 0.9
BL 3.0 1.4 -0.3 2.1 2.6 -0.6
IE -1.3 1.0 14.4 -0.9 0.6 14.4
Ap 0.8 -4.3 -5.9 1.0 -3.3 -6.2
Cres -0.3 -0.2 -0.1 -0.3 -0.2 -0.1 -8.6 -2.2 -20.5 -0.1 -0.1 0.0 -0.1 -0.1 0.0 -5.4 -1.1 -11.2
MD 4.4 -2.0 0.3 4.8 -1.1 0.2
BL 1.5 4.4 -0.8 0.9 4.8 -0.5
IE -0.8 2.1 14.2 -0.4 1.3 14.4
Ap 0.0 -1.3 -6.5 0.0 -0.8 -6.5
Cres -1.4 -0.7 -0.7 -1.4 -0.7 -0.7 3.3 9.6 5.4 -0.5 -0.4 -0.7 -0.5 -0.4 -0.7 3.8 4.5 7.9
MD 3.5 -0.2 -1.5 4.4 0.3 -1.0
BL -1.8 4.3 -0.4 -1.2 4.6 -0.3
IE 1.0 -1.3 13.6 0.6 -1.2 13.8
Ap -2.5 -0.4 -7.1 -1.0 0.0 -7.1
Cres -1.0 -1.6 -0.2 -1.0 -1.6 -0.2 -20.9 -6.1 37.4 0.1 -0.9 -0.6 0.1 -0.9 -0.6 -11.8 -8.7 20.3
MD 2.9 1.4 -0.7 4.8 0.8 -0.2
BL -4.0 2.1 -1.6 -1.5 3.7 -1.6
IE -2.5 2.4 13.6 -2.1 1.3 13.6
Ap -0.4 -3.5 -6.4 1.1 -1.9 -7.0
Cres -1.5 -1.8 -0.2 -1.5 -1.8 -0.2 -12.1 3.7 46.6 -1.1 -1.9 0.6 -1.1 -1.9 0.6 -13.9 1.0 42.9
MD 1.8 1.7 -1.4 2.5 1.4 -0.3
BL -5.3 1.5 -0.9 -4.5 1.5 -0.3
IE -0.6 2.2 13.7 -0.8 1.8 14.6
Ap -1.9 -3.6 -6.4 -1.2 -3.6 -5.7
Cres -1.1 0.6 -1.2 -1.1 0.6 -1.2 -8.3 6.7 -1.4 -0.5 0.7 -1.1 -0.5 0.7 -1.1 -5.5 2.3 -3.0
MD 3.8 0.4 -1.7 4.5 0.4 -1.2
BL -1.1 5.5 -1.9 -0.2 5.7 -1.5
IE 0.6 2.6 13.1 0.1 2.1 13.4
Ap -1.9 -0.4 -7.6 -0.7 0.1 -7.5
Cres -0.7 1.3 -2.6 -0.7 1.3 -2.6 -6.8 4.3 6.1 -0.6 0.3 0.6 -0.6 0.3 0.6 -0.3 4.3 1.2
MD 4.3 1.8 -3.0 4.4 0.4 0.2
BL -1.3 6.2 -3.1 -0.7 5.3 0.5
IE 0.4 3.1 11.8 0.5 0.4 15.0
Ap -1.2 0.5 -9.0 -1.1 0.3 -5.9
Cres -1.1 0.1 -2.7 -1.1 0.1 -2.7 -1.5 7.5 22.8 -0.2 0.4 0.2 -0.2 0.4 0.2 2.0 2.8 6.1
MD 3.5 2.0 -3.5 4.7 1.0 0.0
BL -3.0 4.7 -2.8 -0.8 5.4 0.4
IE 0.8 1.3 11.6 0.5 0.0 14.7
Ap -1.9 -0.4 -9.1 -0.6 0.6 -6.3
Cres -1.2 0.3 -2.2 -1.2 0.3 -2.2 -8.1 6.4 7.3 -0.6 -0.2 0.6 -0.6 -0.2 0.6 -1.8 4.6 7.0
MD 3.7 1.0 -2.9 4.4 0.4 0.2
BL -2.0 5.2 -2.9 -1.2 4.8 0.4
IE 0.3 2.6 12.0 0.6 0.4 15.0
Ap -2.0 -0.7 -8.6 -1.1 -0.5 -5.9
Cres -1.2 -0.5 0.0 -1.2 -0.5 0.0 -0.7 6.0 7.7 0.0 -0.2 -0.2 0.0 -0.2 -0.2 -0.8 -0.1 4.6
MD 3.8 0.2 -0.5 5.0 0.2 -0.2
BL -1.8 4.5 0.0 -0.4 4.8 -0.3
IE 0.4 -0.1 14.5 0.0 0.0 14.3
Ap -1.8 -0.6 -6.4 0.0 -0.3 -6.7
Cres -0.1 -0.1 -1.5 -0.1 -0.1 -1.5 -8.4 -1.2 -44.1 0.1 -0.3 -0.3 0.1 -0.3 -0.3 -5.8 -2.6 -34.4
MD 3.5 -3.6 -0.9 4.2 -3.1 0.2
BL 3.4 3.4 -2.0 3.0 3.8 -0.7
IE -0.4 2.3 12.8 -0.5 1.6 14.0
Ap 0.0 -1.2 -7.9 0.4 -1.2 -6.8
Cres -0.8 2.8 0.3 -0.8 2.8 0.3 13.3 -2.3 7.3 -0.6 -0.1 -0.1 -0.6 -0.1 -0.1 3.6 -1.4 0.5
MD 4.2 3.4 0.7 4.4 -0.1 0.0
BL -1.5 7.6 1.5 -0.6 4.8 0.2
IE -1.4 -0.6 14.4 -0.9 -1.1 14.4
Ap -0.5 4.3 -6.0 -0.4 0.3 -6.6
Cres 0.1 3.4 -0.9 0.1 3.4 -0.9 12.8 -4.0 -0.1 -0.6 0.5 -0.7 -0.6 0.5 -0.7 5.9 -5.2 3.2
MD 5.1 3.4 -0.5 4.3 0.8 -0.2
BL 0.1 8.3 0.2 -1.0 5.5 -0.2
IE -0.9 0.2 13.2 -1.9 -1.1 13.7
Ap 0.6 4.9 -7.2 0.0 1.2 -7.1
Cres -1.9 3.1 0.0 -1.9 3.1 0.0 14.2 3.1 -18.8 -0.8 0.5 -0.4 -0.8 0.5 -0.4 8.3 -5.8 -6.3
MD 2.8 1.5 -0.6 4.1 0.0 0.1
BL -0.2 7.6 1.2 -0.4 5.5 0.3
IE -1.1 -0.8 14.0 -2.3 -1.4 13.9
Ap -2.2 4.8 -6.2 -0.2 1.4 -6.8
Cres -2.6 1.9 -0.8 -2.6 1.9 -0.8 14.8 9.7 7.7 -0.5 -0.2 0.1 -0.5 -0.2 0.1 9.9 -1.8 2.9
MD 2.3 2.6 -1.4 4.5 0.0 0.3
BL -3.1 6.7 0.5 -0.8 4.7 1.0
IE -0.3 -1.5 13.1 -0.9 -2.7 13.9
Ap -3.7 3.5 -7.0 -0.3 1.0 -6.8

Case 39   
#42

Case 40   
#31

Case 40   
#32

Case 40   
#41

Case 40   
#42

Case 36   
#31

Case 37   
#31

Case 37   
#32

Case 37   
#41

Case 38   
#32

Case 28   
#42

Case 28   
#41

Case 31   
#42

Case 32   
#31

Case 36   
#32

Case 26   
#32
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Cres 1.6 0.6 -0.4 1.6 0.6 -0.4 0.3 -5.0 20.6 -0.4 0.0 -0.5 -0.4 0.0 -0.5 2.5 2.1 20.7
MD 6.2 2.4 0.1 4.3 1.7 -0.6
BL -0.2 5.3 -0.4 -2.1 4.6 -0.3
IE 0.3 0.1 14.0 0.2 -0.5 14.0
Ap 2.1 0.9 -6.9 -0.6 0.2 -7.0
Cres -0.7 -1.2 -1.5 -0.7 -1.2 -1.5 -17.0 8.5 0.2 0.2 -1.5 -0.4 0.2 -1.5 -0.4 -12.2 5.7 -1.9
MD 4.2 -1.2 -2.3 5.2 -1.7 -0.8
BL -1.0 3.6 -3.0 0.3 3.4 -1.4
IE 1.3 3.1 12.2 1.6 1.5 13.7
Ap -1.7 -3.1 -7.7 -0.4 -2.9 -6.7
Cres -1.0 0.3 -1.4 -1.0 0.3 -1.4 -16.1 6.3 8.9 -0.4 0.0 -0.3 -0.4 0.0 -0.3 -5.6 7.8 6.2
MD 3.9 1.0 -2.1 4.5 0.6 -1.0
BL -2.0 5.0 -2.7 -1.0 5.0 -0.8
IE 0.5 4.5 12.4 1.5 1.7 14.0
Ap -1.7 -1.7 -7.5 -1.3 -0.7 -6.7
Cres 2.1 0.0 -1.7 2.1 0.0 -1.7 -7.2 -5.1 -7.7 1.5 -0.9 -0.3 1.5 -0.9 -0.3 -4.7 -3.8 -8.9
MD 7.0 -0.7 -1.1 6.4 -1.7 0.1
BL 2.8 4.9 -2.3 2.3 4.0 -0.7
IE 0.8 2.0 12.6 0.5 0.4 14.1
Ap 2.7 -0.9 -8.1 1.9 -1.5 -6.8
Cres 1.0 0.6 1.2 1.0 0.6 1.2 -6.1 9.1 -6.1 0.6 0.5 0.3 0.6 0.5 0.3 -6.4 6.2 -6.9
MD 5.9 0.0 0.5 5.5 -0.1 -0.1
BL 1.5 5.5 0.7 1.1 5.5 -0.2
IE 3.3 1.9 15.5 2.1 2.0 14.7
Ap 0.0 0.0 -5.2 -0.1 -0.1 -6.1
Cres 0.6 0.2 1.3 0.6 0.2 1.3 4.2 9.7 26.1 -0.3 0.7 -0.7 -0.3 0.7 -0.7 2.0 7.5 17.9
MD 5.1 2.4 0.5 4.4 2.2 -1.4
BL -1.5 4.7 1.6 -1.9 5.4 -0.6
IE 3.1 0.3 15.6 1.6 0.8 13.7
Ap -0.5 0.2 -5.1 -1.2 0.6 -7.2
Cres -0.8 -0.7 1.8 -0.8 -0.7 1.8 2.8 16.9 15.6 -1.0 -1.9 0.3 -1.0 -1.9 0.3 -9.1 10.8 13.0
MD 3.8 0.5 0.3 3.8 -0.8 -0.8
BL -2.0 4.1 2.0 -2.3 2.9 -0.5
IE 3.4 -0.3 15.6 1.7 1.0 14.3
Ap -2.7 -0.9 -4.5 -2.2 -3.2 -5.9
Cres 0.0 2.1 -0.3 0.0 2.1 -0.3 -12.8 -8.3 -8.2 -0.4 2.3 -0.5 -0.4 2.3 -0.5 -14.3 -5.6 -4.4
MD 4.8 1.4 0.6 4.6 1.9 0.1
BL 0.9 6.9 -1.3 0.1 7.1 -1.7
IE -2.1 5.7 13.7 -1.8 6.0 13.5
Ap 0.9 0.5 -6.5 0.2 0.6 -6.7
Cres 0.9 -0.8 -0.5 0.9 -0.8 -0.5 -12.1 -7.5 9.6 0.0 0.3 0.1 0.0 0.3 0.1 -4.2 -2.4 4.8
MD 5.8 0.1 0.0 5.4 0.7 0.3
BL 0.1 4.1 -1.5 0.3 5.6 -0.3
IE -1.0 2.0 13.6 -0.5 1.4 14.5
Ap 1.7 -2.0 -6.8 0.3 -0.2 -6.4
Cres 1.8 0.3 -0.6 1.8 0.3 -0.6 1.6 -5.8 -10.1 0.7 0.5 0.1 0.7 0.5 0.1 1.9 -1.5 -8.2
MD 6.7 -0.6 -0.1 5.7 -0.3 0.2
BL 2.7 5.2 -0.5 1.5 5.4 0.3
IE 0.3 0.2 13.8 0.4 0.0 14.6
Ap 2.5 0.4 -7.1 0.9 0.7 -6.4
Cres 0.2 -1.8 -1.0 0.2 -1.8 -1.0 -8.9 3.5 12.1 -0.2 -0.9 -0.5 -0.2 -0.9 -0.5 -1.0 4.3 3.2
MD 5.1 -0.8 -1.5 4.7 -0.6 -0.9
BL -0.9 3.0 -1.7 -0.5 4.1 -0.6
IE 1.1 0.6 13.3 0.8 -0.6 14.0
Ap -0.2 -2.9 -7.4 -0.7 -1.0 -7.0
Cres 0.0 -1.6 -0.6 0.0 -1.6 -0.6 -12.3 2.7 9.9 -0.3 0.2 0.2 -0.3 0.2 0.2 -2.2 5.1 12.1
MD 4.9 -0.7 -1.0 4.6 1.3 -0.3
BL -0.9 3.2 -1.6 -1.3 5.1 0.0
IE 0.7 1.6 13.5 1.0 1.1 14.6
Ap -0.3 -3.0 -6.9 -0.8 -0.2 -6.3
Cres -1.1 1.8 -2.1 -1.1 1.8 -2.1 -1.7 5.0 19.2 -0.2 0.5 -0.1 -0.2 0.5 -0.1 -2.1 2.6 9.7
MD 3.6 3.4 -2.6 4.7 1.4 -0.4
BL -2.8 6.5 -2.2 -1.1 5.5 -0.3
IE 0.2 2.6 12.3 0.5 1.2 14.4
Ap -1.7 1.4 -8.5 -0.5 0.3 -6.6
Cres -1.5 -0.4 0.2 -1.5 -0.4 0.2 -0.9 6.2 9.7 -0.3 -0.1 0.1 -0.3 -0.1 0.1 -0.5 -0.1 9.8
MD 3.4 0.5 -0.4 4.7 0.7 0.1
BL -2.4 4.6 0.1 -1.1 4.8 0.0
IE 0.1 0.1 14.6 -0.3 0.0 14.6
Ap -2.2 -0.6 -6.3 -0.3 -0.2 -6.4
Cres -2.8 1.3 -1.8 -2.8 1.3 -1.8 -0.1 9.1 14.7 -0.8 0.3 -0.8 -0.8 0.3 -0.8 -3.4 2.8 7.4
MD 1.9 2.5 -2.6 4.1 0.9 -1.1
BL -4.1 6.1 -1.8 -1.5 5.2 -1.1
IE -0.5 1.9 12.5 -0.1 1.2 13.7
Ap -3.9 1.0 -8.2 -1.1 -0.2 -7.2
Cres 1.2 -0.7 0.0 1.2 -0.7 0.0 -3.9 -3.8 -27.9 0.2 -0.3 -0.3 0.2 -0.3 -0.3 -1.7 -2.1 -23.0
MD 5.6 -3.0 0.5 4.8 -2.3 0.0
BL 3.5 3.7 -0.3 2.2 4.3 -0.4
IE 0.2 0.8 14.4 -0.3 0.3 14.2
Ap 1.6 -1.3 -6.5 0.4 -0.6 -6.8

Case 57   
#42

Case 49   
#31

Case 49   
#41

Case 50   
#41

Case 52   
#32

Case 55   
#32

Case 44   
#31

Case 44   
#32

Case 45   
#42

Case 46   
#31

Case 48   
#42

Case 41   
#42

Case 42   
#31

Case 42   
#32

Case 42   
#42

Case 44   
#41



 
110 

 

 

 

 

Cres 1.8 0.0 0.1 1.8 0.0 0.1 1.4 -8.7 -17.0 0.9 0.3 -0.1 0.9 0.3 -0.1 1.6 -3.2 -12.9
MD 6.5 -1.5 0.9 5.8 -0.8 0.1
BL 3.3 4.8 0.3 2.0 5.1 0.0
IE -0.4 0.3 14.5 0.1 0.0 14.4
Ap 2.8 -0.2 -6.3 1.3 0.4 -6.6
Cres -1.6 0.1 -0.4 -1.6 0.1 -0.4 1.4 6.4 32.4 -0.5 0.1 -0.4 -0.5 0.1 -0.4 -0.5 2.0 19.5
MD 2.6 2.8 -1.0 4.2 1.8 -0.6
BL -4.3 4.3 -0.3 -2.2 4.9 -0.4
IE 0.0 0.8 14.0 0.0 0.4 14.1
Ap -2.3 -0.2 -6.9 -0.7 0.0 -6.9
Cres -1.1 0.4 -0.5 -1.1 0.4 -0.5 -0.5 5.9 5.4 -0.1 -0.1 -0.2 -0.1 -0.1 -0.2 0.7 0.6 3.0
MD 3.9 0.8 -1.0 4.9 0.1 -0.3
BL -1.6 5.3 -0.6 -0.3 4.8 -0.2
IE 0.4 0.6 13.9 0.1 -0.3 14.3
Ap -1.8 0.2 -7.0 -0.1 -0.1 -6.7
Cres -2.3 1.3 -3.3 -2.3 1.3 -3.3 0.7 9.8 -4.1 -1.1 0.9 -0.9 -1.1 0.9 -0.9 7.0 5.7 -5.1
MD 2.6 0.9 -4.2 3.9 0.5 -1.4
BL -2.0 6.2 -3.2 -0.6 5.9 -0.3
IE 0.1 0.9 11.0 0.3 -1.0 13.4
Ap -3.5 1.4 -9.7 -1.7 1.8 -7.3
Cres -2.2 0.0 -2.0 -2.2 0.0 -2.0 -4.0 7.5 9.6 -0.8 0.2 0.0 -0.8 0.2 0.0 2.6 3.0 3.4
MD 2.7 0.8 -2.7 4.2 0.5 -0.3
BL -3.0 4.9 -2.3 -1.0 5.2 0.2
IE -0.3 1.4 12.4 0.0 -0.4 14.4
Ap -3.0 -0.6 -8.4 -1.1 0.5 -6.5

Case 60   
#31

Case 58   
#42

Case 58   
#32

Case 59   
#32

Case 60   
#41


