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Abstract 

 

Aim: To evaluate the accuracy of Invisalign technology in achieving predicted tooth 

positions with respect to six degrees of freedom. 

Materials and Methods: The post-treatment models of 30 patients treated with 

Invisalign were digitally superimposed on corresponding ClinCheck models using best-fit 

surface-based registration. Differences between the two models for each tooth were 

measured in six dimensions: the mesial-distal, buccal-lingual, and occlusal-gingival 

directions, as well as for tip, torque, and rotation. Differences were tested for statistical 

significance with P < 0.05 considered statistically significant. Differences larger than 0.5 

mm for linear measurements and 2 degrees for angular measurements were considered 

clinically relevant. 

Results: Maxillary second molars had statistically significantly more buccal crown 

torque than predicted in the ClinCheck models. This was the only difference that was also 

clinically relevant. Anterior teeth were positioned more occlusally than predicted, 

rotation of rounded teeth was incomplete, and movement of posterior teeth in all 

dimensions was not fully achieved; although these differences were statistically 

significant, they were not large enough to be clinically relevant. 

Conclusions: In general, Invisalign aligners are able to achieve predicted tooth positions 

with high accuracy.  
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Introduction 

 

The field of orthodontics has been revolutionized by technological advancements in the 

last two decades (Ghafari, 2015). Three-dimensional (3-D) imaging and modeling have 

expanded diagnostic and treatment planning abilities (Kau et al., 2005). Intraoral 

scanners now provide an alternative to traditional impressions, and digital models can 

replace plaster models for both orthodontic treatment planning and appliance fabrication 

(Keim et al., 2008; Rossini et al., 2016). Concurrently, computer-aided design and 

computer-aided manufacturing (CAD/CAM) have become more readily available 

(Müller-Hartwich et al., 2007). Combined with increasing patient demand for esthetic 

treatment options and the drive towards personalized treatment, these developments have 

given rise to a number of personalized orthodontic appliances (Ghafari, 2015). Clear 

aligners are one such group of appliances serving as an alternative to conventional 

bracket-and-archwire systems (Ali and Miethke, 2012; Malik et al., 2013). 

 

In 1999, Align Technology Inc. (Santa Clara, CA, USA) introduced Invisalign® as the 

pioneer clear aligner system for comprehensive orthodontic treatment (Align Technology, 

2016). Invisalign has been continually evolving through the development of the aligner 

material, attachments on teeth, staging of tooth movement, and incorporation of 
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interproximal reduction and inter-arch elastics in order to address a wider range of 

malocclusions (Phan and Ling, 2007; Simon et al., 2014b; Align Technology, 2016). 

Careful planning and coordination between the clinician and Align Technology 

technicians is required to design the aligners prior to initiating treatment. To begin the 

process for each patient, the clinician submits a set of pre-treatment records consisting of 

photographs, radiographs, and either a polyvinyl siloxane impression or intraoral scan of 

the dental arches along with a bite registration (Wong, 2002). An accompanying 

prescription details the desired treatment plan. An Align Technology technician then 

constructs a 3-D virtual model of the dentition and manipulates the teeth into the desired 

positions in incremental stages. ClinCheck® is the virtual modeling software that allows 

the clinician to view the simulated treatment and modify it until satisfactory. Once the 

finalized virtual treatment plan has been approved, stereolithographic models of each 

stage of tooth movement are printed and used as molds for fabrication of the aligners 

using a proprietary polyurethane material. The aligners are then shipped to the doctor’s 

office for provision to the patient.  

 

According to the company’s internal data, over 3 million patients have been treated with 

the Invisalign system in over 90 countries worldwide (Align Technology, 2016). Despite 

its widespread use, relatively few studies quantifying the system’s efficacy have been 

published. This is of significance since it has been suggested that Invisalign aligners have 

limitations when it comes to producing certain tooth movements (Phan and Ling, 2007; 

Brezniak, 2008). For instance, questions have been raised regarding the extent to which 
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they can control extrusion, rotations, bodily movement and torque (Phan and Ling, 2007; 

Brezniak, 2008). Some authors even doubt whether bodily movements or torque can be 

accomplished at all by aligners, and therefore recommend clear aligner therapy (CAT) 

only in cases that require tipping movements (Brezniak, 2008). The rationale of the 

present project was to add to the body of knowledge available on the accuracy of 

Invisalign technology in achieving predicted treatment outcomes with regard to tooth type 

and direction of movement.  
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Review of the Literature 

 

Digital Models 

The Invisalign system uses digital models for virtual treatment planning and production 

of stereolithographic models for aligner fabrication (Wong, 2002). Digital models have 

been thoroughly validated for use in the field of orthodontics (Brusco et al., 2007; 

Bootvong et al., 2010; Fleming et al., 2011; Akyalcin et al., 2013; Canto et al., 2015; 

Czarnota et al., 2016). Whether constructed from a scan of plaster models, an intraoral 

scan, or cone-beam computed tomography (CBCT), digital models can provide an 

accurate representation of the dentition (Brusco et al., 2007; Akyalcin et al., 2013; 

Grünheid et al., 2014). Measurements made on digital models have been shown to be 

reliable (Sousa et al., 2012; Canto et al., 2015; Czarnota et al., 2016; Rossini et al., 

2016), and equally as accurate as those made on plaster casts using conventional methods 

(Bootvong et al., 2010; Luu et al., 2012). The authors of a recent systematic review even 

suggested that digital models are superior to plaster models and could be deemed the new 

gold standard in orthodontic practice (Rossini et al., 2016).  

 

Aligner Material Properties 

Invisalign aligners are made of a polyurethane plastic material. Several studies have 

shown that this material is biocompatible, does not leach, and does not have cytotoxic or 

estrogenic properties (Eliades et al., 2009; Premaraj et al., 2014). After patients have 
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worn the aligners, the appliances typically show wear at the cusp tips, as well as 

adsorption of proteinaceous material and integument, and calcified biofilm substance 

(Schuster et al., 2004). Mechanical properties become worse following wear; i.e. the 

plastic becomes more brittle and has decreased creep resistance and increased hardness 

likely due to cold work hardening during mastication (Schuster et al., 2004; Bradley et 

al., 2016). In general, the forces generated by aligners are highest initially and decay 

exponentially with wear (Brezniak, 2008; Simon et al., 2014a). The magnitude of these 

forces is mostly within the range of typical orthodontic forces published in the scientific 

literature and it has been proposed that these forces are indeed high enough to generate 

torque and bodily movement in vitro (Simon et al., 2014a). To torque a tooth, the aligner 

generates a force couple by applying a tipping force at the gingival margin and a resulting 

force produced by the movement of the tooth against the opposite inner surface of the 

appliance near the incisal edge (Brezniak, 2008). Since the gingival margin of the aligner 

is elastic, it has been argued that it is difficult to create an adequate force couple to 

control buccal-lingual inclination (Brezniak, 2008).  

 

Auxiliaries 

Because of the suspected limitations of the aligner material with regard to force 

transmission and control of tooth movements, attachments are often incorporated into the 

treatment plan to increase predictability of various tooth movements (Tuncay, 2006; 

Align Technology, 2013). However, two studies investigating the effect of attachments 

found that the use of attachments did not have a significant effect on the accuracy of 
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tooth movement (Kravitz et al., 2008; Simon et al., 2014b). However, depending on their 

shape, attachments can provide the benefit of improving retention of the aligners. For 

example, Dasy et al. showed that ellipsoid attachments did not affect aligner retention, 

while beveled attachments significantly enhanced retention (Dasy et al., 2015).  

 

Suggested Advantages of Clear Aligner Therapy 

CAT promises several advantages over traditional fixed appliances. For instance, CAT is 

often favored over traditional fixed appliances by patients on account of esthetic 

appearance (Rosvall et al., 2009). Patients consistently report high acceptance and 

satisfaction with CAT (Nedwed and Miethke, 2005; Rosvall et al., 2009). The majority of 

patients report adaptation to aligners within one week, with minimal impact on oral 

health and quality of life aside from initial speech alterations and pain sensations 

(Nedwed and Miethke, 2005; Schaefer and Braumann, 2010, Shalish et al., 2012). 

Because aligners can be removed from the patients mouth and allow for unimpeded oral 

hygiene, they are thought to be less detrimental to periodontal health than fixed 

appliances. Studies have shown that patients treated with aligners have better oral 

hygiene compliance, less plaque accumulation, and lower concentration of periodontal 

pathogenic bacteria compared to patients with fixed appliances (Abbate et al., 2015; 

Levrini et al., 2015). A recent systematic review on periodontal health during CAT 

confirmed that periodontal health indices were significantly better during CAT compared 

to treatment with fixed appliances (Rossini et al., 2015a). 
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On the other hand, aligners cover the dentition for about 22 hours per day, and therefore 

impede the cleansing and buffering actions of saliva. This may create an environment that 

harbors microbial flora responsible for decalcification, caries, and gingival inflammation. 

As a result, in cases with poor oral hygiene, aligner wear may go along with significant 

decalcification, which characteristically occurs at incisal edges, cusp tips, and around 

attachments (Moshiri et al., 2013). Moreover, irregular surface textures and 

microabrasions of the appliances can increase adhesion of bacteria (Low et al., 2011). 

Sheltered areas of the aligners such as cusp tips and attachment recesses tend to retain 

more biofilm than flat areas (Low et al., 2011). This biofilm consists mainly of increased 

numbers of Lactobacillus and Streptococcus mutans, which can be found on various 

dental surfaces throughout the mouth (Türköz et al., 2012). Patients should be educated 

on the importance of keeping aligners clean, particularly the inside surfaces, and 

cautioned against consuming food or drink with aligners in place (Moshiri et al., 2013). 

 

It has been speculated that, due to their removable nature, clear aligners may have less 

negative side effects of orthodontic treatment such as apical root resorption (Barbagallo 

et al., 2008). However, one published case report presented a healthy 25-year-old male 

who experienced severe root resorption of the maxillary central and lateral incisors 

following a 14-month treatment with aligners (Brezniak and Wasserstein, 2008). A 

prospective randomized clinical trial compared the amount of resorption induced by three 

different interventions: removable aligners, fixed appliances exerting light forces, and 

fixed appliances exerting heavy forces (Barbagallo et al., 2008). Teeth moved with 
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aligners showed a slightly greater amount of resorption than those moved with light 

forces, but much less than the teeth that received heavy forces. A retrospective study of 

100 patients who received CAT found that all patients had evidence of decreased root 

length in at least two teeth (Krieger et al., 2013). Moreover, significant root shortening, 

i.e. loss of more than 20% of root length, occurred in 6.31% of the teeth. However, not all 

teeth were affected; in fact, over half the teeth measured showed no change in root 

length. Thus, it must be concluded that orthodontically induced inflammatory root 

resorption is an unpredictable phenomenon that can also occur with CAT.  

 

Treatment Time 

Several studies have aimed to compare the time efficiency of CAT compared to 

conventional treatment with fixed edgewise appliances. In one such study (Buschang et 

al., 2014), patients with mild-to-moderate Class I malocclusions were treated by a single 

experienced orthodontist; 150 patients treated with fixed appliances were matched to 150 

patients treated with Invisalign aligners. Patients treated with conventional fixed 

appliances had an average of 4 more office visits, shorter intervals between appointments, 

more emergency visits, and more chair time. In contrast, CAT patients required less 

overall chair time. However, the doctor spent more time with these patients, in addition to 

the time dedicated to each patient’s ClinCheck. The treatment duration with CAT was 

shorter by an average of 5.5 months, or 67%, compared to treatment with fixed 

appliances in these cases of relatively mild severity. This may be because the separate 
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finishing and detailing stage of conventional fixed appliance treatment is eliminated 

(Buschang et al., 2014).  

 

In another study, where more difficult cases were treated with premolar extractions and 

clear aligners, it was determined that space closure occurred primarily by dental tipping 

which needed to be corrected with fixed appliances (Baldwin et al., 2008). This resulted 

in an average treatment duration of roughly 40 months, which is longer than the typical 

20 to 30 months reported in the literature for extraction cases (Vig et al., 1990; Fink and 

Smith, 1992; Beckwith et al., 1999). A more recent study evaluated adult Class I 

extraction cases treated with either Invisalign or fixed appliances (Li et al., 2015). On 

average, Invisalign cases required 31.5 months of treatment, compared to 22 months with 

fixed appliances. It seems that in treating Class I malocclusions that do not require 

extractions, treatment duration may be shorter with CAT compared to conventional fixed 

appliances, though case difficulty is an important factor to consider. In extraction cases, 

fixed appliance therapy is likely more efficient than CAT.  

 

Treatment Effectiveness 

To date, the available evidence pertaining to the effectiveness of CAT has been described 

as studies with heterogeneous designs, limitations, and results (Rossini et al., 2015b). It is 

generally agreed that CAT is effective at accomplishing leveling and alignment of the 

dental arches (Clements et al., 2003; Pavoni et al., 2011; Kassass et al., 2013; Li et al., 

2015; Rossini et al., 2015b). Several authors even concluded that CAT is superior to 
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traditional fixed appliances in alleviating mild to moderate crowding in Class I 

malocclusions (Clements et al., 2003; Krieger et al., 2012; Kassas et al., 2013). One 

study reported that Invisalign and fixed appliances were equally successful in treating 

Class I adult extraction cases (Li et al., 2015). In cases with initial spacing of the 

dentition, Invisalign has been reported to be able to close spaces and create interproximal 

contacts (Djeu et al., 2005; Li et al., 2015).  

 

Rotation of rounded teeth such as canines and premolars has been reported to be an 

unpredictable movement with CAT (Kravitz et al., 2008; Rossini et al., 2015b), and 

accuracy tends to decrease significantly for rotations beyond 15 degrees (Kravitz et al., 

2009). However, the use of attachments may improve the success of derotation of 

rounded teeth, such as premolars (Simon et al., 2014b). 

 

In regards to intermaxillary relationships, most studies have found that occlusal contacts, 

anterior-posterior buccal relationships, and overjet are inferior with CAT compared to 

fixed appliances (Clements et al., 2003; Djeu et al., 2005; Krieger et al., 2011; 2012; 

Kassass et al., 2013; Li et al., 2015). Moreover, vertical control of incisors and overbite 

correction have consistently been found to be one of the least predictable aspects of CAT; 

intrusion of anterior teeth seems to be more effective than extrusion of anterior teeth, 

which has been described as the least accurate movement (Kravitz et al., 2009; Krieger et 

al., 2011; 2012; Rossini et al., 2015b).  
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One of the most controversial questions regarding the effectiveness of clear aligners is 

whether they are effective at controlling root movement. Several studies have asserted 

that aligners are ineffective when it comes to controlling root movement for mesial-distal 

root angulation and alignment of marginal ridges, and that when bodily movement is 

prescribed, it is a tipping movement that takes place instead (Kravitz et al., 2009; Pavoni 

et al., 2011; Drake et al., 2012; Zhang et al., 2015). Other studies have stated the 

contrary, that aligners are effective at producing bodily movement, controlling root 

angulations and aligning marginal ridges (Simon et al., 2014b; Li et al., 2015). A recent 

systematic review concluded that clear aligners are able to achieve both uncontrolled and 

controlled tipping, and bodily movement of upper posterior teeth (Rossini et al., 2015b).  

 

There is also mixed evidence regarding control of buccal-lingual inclination. Some 

authors have found that aligners allow good control of buccal-lingual inclination (Kassass 

et al., 2013), with lingual crown tip being one of the most accurate movements (Kravitz 

et al., 2009). The aforementioned systematic review suggested that posterior buccal-

lingual inclination is accurately achieved, while anterior buccal-lingual inclination is not 

(Rossini et al., 2015b). A number of other studies have found aligners to be inferior to 

fixed appliances in this regard (Djeu et al., 2005; Simon et al., 2014b; Li et al., 2015; 

Grünheid et al., 2016). The need for more research to address these questions is what led 

to the conception of the present project. 
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Aim and Hypothesis 

 

The aim of this project was to evaluate the accuracy of Invisalign technology in achieving 

predicted treatment results. More specifically, the study aimed at comparing final intra-

arch tooth positions following Invisalign treatment to tooth positions predicted in 

ClinCheck with respect to six degrees of freedom.  

 

The following null hypothesis was tested: 

There is no difference between predicted tooth positions and achieved final tooth 

positions. 
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Materials and Methods 

 

This retrospective cohort study involved review of archived post-treatment patient 

records, for which approval was granted by the Institutional Review Board at the 

University of Minnesota (Study Number 1411M56201). The sample population was 

derived from two sources, the Division of Orthodontics at the University of Minnesota 

and a private orthodontic specialty practice in Vancouver, Canada. A total of 30 patients 

(13 male and 17 female, age 21.6 ± 9.8 years, no significant age difference between 

sexes) were selected based on the following inclusion criteria: full permanent dentition 

inclusive of the second molars in both dental arches, non-extraction Invisalign treatment, 

no deviation from the standard sequence or speed of tooth movement per aligner, 

manufacturer’s protocol of changing aligners every two weeks was followed, no 

combined treatment with fixed edgewise appliances, and no mid-course corrections or 

refinements. The rationale for excluding mid-course corrections and refinements was 

that, with the study protocol used, the tooth positions at start of the midcourse correction 

or refinement would have been considered the “initial” tooth positions, which would have 

decreased the difficulty of tooth movement. Patients were excluded if they had a cleft lip 

and/or palate or other craniofacial anomalies, required extraction of teeth or oral surgery, 

or received dental restorations during treatment. Orthodontic treatment at the University 

of Minnesota was provided by 12 orthodontic residents and 8 orthodontists trained in the 

use of the Invisalign system, and in private practice by 2 Invisalign certified 

orthodontists. The average treatment time was 11 ± 4 months. The average amount of 
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crowding in each arch was 2 ± 2 mm. Interproximal reduction was performed as 

prescribed according to each patient’s virtual treatment plan (ClinCheck). 

 

All patients had post-treatment alginate impressions taken and poured into plaster casts. 

For the patients treated at the University of Minnesota, the plaster casts were digitized 

into emodel (EMZ) format by the Geodigm corporation using their proprietary laser 

model scanner and 3D-intelligent Modeling and Visualization software (GeoDigm 

Corporation, Falcon Heights, MN, USA). For the patients treated in the private 

orthodontic practice, the plaster casts were scanned using an R700 orthodontic model 

scanner (3Shape A/S, Copenhagen, Denmark). To acquire digital models of the predicted 

outcome, the final stage of each patient’s ClinCheck was either provided by Align 

Technology or exported as stereolithography (STL) files through their ClinCheck 

program.  

 

All digital models were de-identified prior to processing. Soft tissue and bonded retainers 

were digitally removed from the models using the emodel software (GeoDigm). Post-

treatment models were segmented to isolate each tooth as a separate object so teeth could 

be analyzed individually. The segmented post-treatment models were compared with the 

unsegmented ClinCheck models using emodel Compare software (Geodigm). The 

software compares individual tooth positions between a segmented digital model and an 

unsegmented one. Upper and lower arches are analyzed separately. Corresponding dental 

arches are first aligned globally, and then individual teeth from the segmented model are 
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superimposed with analogous teeth in the unsegmented model using a best-fit algorithm, 

so that differences between tooth positions can be computed.  

 

To perform global alignment of corresponding dental arches, three matching points were 

used on each dental arch: the mesial-buccal cusps of first molars and the mesial-incisal 

point of each right central incisor (Figure 1). The same landmarks were used in both 

maxillary and mandibular arches. The initial match was refined using 50 iterations of a 

closest-point algorithm to achieve best fit of the occlusal surfaces (Figure 2).
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Figure 1. Global alignment of arches using three matching points. 

 

 

Figure 2. Initial superimposition of post-treatment model (orange) and ClinCheck model 

(white). 

 



 

 17 

A single calibrated operator adjusted a set of reference coordinates for each tooth in the 

post-treatment model, with the origin of the axes placed at the approximate center of 

resistance (Figure 3). Since the actual location of the center of resistance depends on 

many local factors such as tooth morphology, root length, bone and attachment levels, 

and direction of force application (Smith and Burstone, 1984; Meyer et al., 2010), which 

could not be determined for each tooth for practical reasons, the coordinates were placed 

at a point in the center of each tooth, 8 mm apical to the cemento-enamel junction. This 

was based on the assumption that the center of resistance is situated halfway between the 

alveolar crest and the root apex (Proffit et al., 2012); this distance was derived by 

averaging the mean root length of all tooth types (Nelson and Ash, 2010), and assuming a 

biologic width of 2 mm (Gargiulo et al., 1961). Once a set of axes was placed for each 

tooth in the post-treatment model, analogous axes were automatically generated for each 

corresponding tooth in the ClinCheck model. One by one, individual teeth from the 

segmented model were superimposed on corresponding teeth in the unsegmented 

reference model using best-fit surface-based registration (Figure 4). Based on the 

transformation of axes required to fit each tooth, the program generated reports 

quantifying the differences between the two models for each tooth in six directions, with 

the center of resistance as the reference point: the mesial-distal, buccal-lingual, and 

occlusal-gingival directions, as well as for tip, torque, and rotation. In the reports, 

positive numbers indicated that the predicted tooth position was different than the 

achieved tooth position in the following directions: more mesial, more buccal, more 
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occlusal, had more mesial crown tip, more labial crown torque, and more mesial rotation 

whereas negative numbers indicated differences in the respective opposite directions. 

 

 

 

Figure 3. Placement of coordinates at the center of resistance of each tooth. 

 
 

Figure 4. Superimposition of individual teeth using best-fit surface based registration. 

Post-treatment teeth are shown in green; ClinCheck teeth are shown in white. 
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Since the software allows for the detection of differences that are too small to be 

clinically relevant, a distinction was made between statistical significance and clinical 

relevance during data analysis. Threshold values for clinical relevance were chosen in 

reference to the American Board of Orthodontics (ABO) model grading system (MGS) 

for case evaluation, which is representative of accepted professional standards (American 

Board of Orthodontics, 2012). According to the MGS criteria, discrepancies of 0.5 mm or 

greater in the alignment of contact points and marginal ridges will result in a deduction of 

points. A marginal ridge discrepancy of 0.5 mm equates to a crown-tip deviation of 2 

degrees for an average-sized molar. Therefore, differences of 0.5 mm or more in the 

mesial-distal, buccal-lingual, and occlusal-gingival directions and differences of 2 

degrees or more in tip, torque, and rotation were considered clinically relevant.  

 

Statistical Analysis 

Data from each patient was pooled by tooth type for analysis. First, a comparison 

between left and right analogous teeth within each arch was done to ensure that there 

were no significant differences between left and right. To establish this, a linear mixed 

model was selected in order to account for within-subject correlation. Although the 

results of the linear mixed model showed statistically significant differences in the 

mesial-distal direction and in tooth tip, these differences were small and below the 

threshold values set for clinical relevance (Table I). Therefore, it was decided to analyze 

teeth by tooth type.  
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Table I. Differences between left and right analogous teeth using a linear mixed model. 
 

 Difference 

Direction Mean ± SD P-value 

Mesial-Distal (mm) -0.0890 ± 0.0442 0.0467 
Buccal-Lingual (mm) -0.0224 ± 0.0450 0.6204 
Occlusal-Gingival (mm) -0.0091 ± 0.0158 0.5672 
Tip (°) 0.3718 ± 0.1817 0.0430 
Torque (°) 0.0359 ± 0.2307 0.8770 
Rotation (°) -0.0430 ± 0.1618 0.7908 

SD, standard deviation. 
 

To investigate whether there were any differences between patients treated at the 

university and those treated in private practice, a linear mixed model was used. Since 

there were no significant differences between the two groups, data from all patients were 

pooled for statistical analysis (Table II).  

 

Table II. Difference between patients treated at the university and in private practice 
using a linear mixed model. 
 

 Difference 

Direction Mean ± SD P-value 

Mesial-Distal (mm) -0.0170 ± 0.0443 0.7017 
Buccal-Lingual (mm) 0.0038 ± 0.0689 0.9560 
Occlusal-Gingival (mm) -0.0204 ± 0.0229 0.3745 
Tip (°) 0.1191 ± 0.2178 0.5850 
Torque (°) 0.2389 ± 0.3325 0.4738 
Rotation (°) -0.0345 ± 0.1902 0.8563 

SD, standard deviation. 
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To address the aim of the project, descriptive statistics were computed for the differences 

between predicted and achieved tooth positions in each of the six directions. For each 

mean difference, the linear mixed model was applied to calculate the corresponding 95% 

confidence interval. To assess whether the results were statistically significant, P-values 

were calculated using a false discovery rate method to adjust for the multiple 

comparisons performed.  

 

To assess whether the differences between predicted and achieved tooth positions were 

large enough to be clinically relevant, equivalence testing was used. Two one-sided t-

tests were used to test for differences above 0.5 mm and below -0.5 mm, and above 2 

degrees and below and -2 degrees. Mean differences that fell within -0.5 mm to +0.5 mm 

for linear measurements and within -2 degrees and +2 degrees for angular measurements 

were considered too small to be clinically relevant, i.e. the predicted tooth positions and 

the achieved tooth positions were practically equivalent. A post-hoc power analysis was 

performed based on 30 independent samples to estimate the power of the study to detect 

differences that were small enough to fall within the equivalent region between -0.5 to 

+0.5 mm or -2 to +2 degrees.  

 

The calculated differences between predicted and achieved tooth positions included both 

positive and negative values. In order to eliminate the possibility of positive and negative 

values averaging in a mean close to zero and giving the false impression of clinical 

accuracy, an additional analysis was done based on the absolute values of the mean 
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differences. The data was log transformed in order to normalize the distributions, and a 

one-sided test of equivalence was applied to the log transformed values to test for 

differences above 0.5 mm or 2 degrees, as these would be considered large enough to be 

clinically relevant. 

 

To assess intra-examiner agreement, the placement of coordinates and superimposition 

process was repeated for 10 patients randomly selected from the sample. Pearson’s 

correlation coefficients were calculated and Bland-Altman plots were constructed for 

each of the six directions of tooth movement. 

 

Statistical analyses were performed using SAS 9.4 for Windows (SAS Institute Inc., 

Cary, NC, USA). For all tests, P-values of less than 0.05 were considered statistically 

significant.  
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Results 

 

All measurements had Pearson’s correlation coefficients >0.90 indicating very high to 

excellent intra-examiner agreement (Table III). Results of the Bland-Altman analyses are 

shown in Table IV.  

 

Table III. Pearson’s correlation coefficients (r) for intra-examiner agreement.   
 

Direction r 

Mesial-Distal  0.9360 
Buccal-Lingual  0.9864 
Occlusal-Gingival  0.9635 
Tip  0.9397 
Torque 0.9858 
Rotation 0.9481 

     

Table IV. Results of Bland-Altman analyses for intra-examiner agreement. 
 

Direction Mean Difference Limits of agreement  
at 95% confidence 

Mesial-Distal (mm)	 0.0041 (-0.3109, 0.3191) 
Buccal-Lingual (mm)	 0.0055 (-0.1864, 0.1974) 
Occlusal-Gingival (mm)	 0.0039 (-0.1043, 0.1122) 
Tip (°)	 -0.0480 (-1.5444, 1.4484) 
Torque (°)	 0.0303 (-0.8646, 0.9252) 
Rotation (°)	 0.0719 (-1.3154, 1.4592) 

 
 

The Bland-Altman plots illustrate good agreement between the two iterations of the 

comparison process for the 10 cases that were analyzed in duplicate (Figure 5). 
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Figure 5. Bland-Altman plots illustrating intra-examiner agreement. 
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The post-hoc power analysis confirmed that this study had adequate power to detect 

differences small enough to fall below the threshold for clinical significance. The 

estimates of power were based on a sample size of 30 subjects; thus, the actual power 

will be higher than reported since each of the 30 subjects had 28 teeth.  

 

Table V. Results of the post-hoc power analysis. 

Direction Power 

Mesial-Distal  0.999 
Buccal-Lingual  0.986 
Occlusal-Gingival  >0.999 
Tip  0.977 
Torque 0.761 
Rotation 0.970 

   

Differences between achieved and predicted tooth positions are given in Table VI.  
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Table VI. Differences between predicted and achieved tooth positions. 
 

 Direction 
Maxilla 

 
Mesial-Distal 

(mm) 
Facial-Lingual 

(mm) 
Occlusal-

Gingival (mm) 
Tip  
(°) 

Torque  
(°) 

Rotation  
(°) 

Central incisor 
 

-0.06 ± 0.40 
(-0.21, 0.09) 

-0.45 ± 0.64* 
(-0.63, -0.26) 

-0.30 ± 0.28* 
(-0.36, -0.23) 

0.42 ± 1.57 
(-0.32, 1.15) 

1.75 ± 2.86* 
(0.86, 2.65) 

-0.33 ± 2.80 
(-0.99, 0.33) 

Lateral incisor 
 

-0.14 ± 0.39 
(-0.27, -0.00) 

0.01 ± 0.66 
(-0.15, 0.17) 

-0.03 ± 0.26 
(-0.09, 0.03) 

0.35 ± 2.36 
(-0.33, 1.04) 

0.08 ± 2.93 
(-0.69, 0.86) 

0.70 ± 3.23 
(0.07, 1.33) 

Canine 
 

-0.11 ± 0.51 
(-0.25, 0.02) 

0.11 ± 0.60 
(-0.05, 0.26) 

-0.02 ± 0.24 
(-0.07, 0.04) 

0.31 ± 2.24 
(-0.37, 1.00) 

-0.48 ± 2.55 
(-1.22, 0.26) 

0.19 ± 2.31 
(-0.44, 0.82) 

1st premolar 
 

0.02 ± 0.47 
(-0.12, 0.15) 

0.15 ± 0.53 
(0.00, 0.31) 

0.06 ± 0.19 
(0.00, 0.11) 

-0.18 ± 1.96 
(-0.87, 0.50) 

-0.74 ± 2.40 
(-1.47, -0.01) 

-0.48 ± 1.48 
(-1.11, 0.15) 

2nd premolar 
 

0.19 ± 0.65* 
(0.06, 0.33) 

0.20 ± 0.63* 
(0.05, 0.35) 

0.01 ± 0.22 
(-0.04, 0.07) 

-0.82 ± 3.63 
(-1.50, -0.13) 

-1.18 ± 3.27* 
(-1.91, -0.46) 

-0.70 ± 1.95 
(-1.33, -0.07) 

1st molar 
 

0.27 ± 0.30* 
(0.14, 0.41) 

0.23 ± 0.62* 
(0.08, 0.38) 

-0.02 ± 0.14 
(-0.07, 0.04) 

-1.06 ± 1.40* 
(-1.74, -0.38) 

-1.45 ± 3.37* 
(-2.17, -0.72) 

-0.52 ± 1.58 
(-1.15, 0.11) 

2nd molar 
 

0.07 ± 0.81 
(-0.07, 0.20) 

0.30 ± 0.79* 
(0.15, 0.45) 

-0.13 ± 0.29* 
(-0.19, -0.08) 

0.41 ± 5.18 
(-0.28, 1.09) 

-2.13 ± 4.19* 
(-2.85, -1.41) 

0.06 ± 2.20 
(-0.57, 0.69) 

 
Results are mean values ± standard deviations (with 95% confidence intervals below). 
*Statistically significant difference between predicted and achieved tooth position (P < 0.05).  
Positive values indicate an achieved tooth position more distal, lingual or gingival, or with more distal crown tip, more 
lingual crown torque, and more distal rotation than the predicted tooth position. 
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Table VI. (continued) 
 

 Direction 
Mandible 
 

Mesial-Distal 
(mm) 

Facial-
Lingual (mm) 

Occlusal-
Gingival (mm) 

Tip  
(°) 

Torque  
(°) 

Rotation  
(°) 

Central 
incisor 
 

0.12 ± 0.44 
(-0.02, 0.27) 

0.11 ± 0.56 
(-0.07, 0.30) 

-0.14 ± 0.21* 
(-0.21, -0.07) 

-0.36 ± 1.81 
(-1.10, 0.38) 

-0.66 ± 2.61 
(-1.55, 0.24) 

-0.60 ± 1.71 
(-1.26, 0.06) 

Lateral 
incisor 
 

-0.08 ± 0.62 
(-0.22, 0.05) 

0.01 ± 0.51 
(-0.15, 0.17) 

-0.10 ± 0.22* 
(-0.16, -0.04) 

0.51 ± 2.75 
(-0.18, 1.19) 

-0.29 ± 2.34 
(-1.07, 0.48) 

-0.99 ± 2.28* 
(-1.62, -0.36) 

Canine 
 

-0.11 ± 0.72 
(-0.25, 0.02) 

0.26 ± 0.49* 
(0.11, 0.42) 

-0.01 ± 0.21 
(-0.06, 0.05) 

0.39 ± 3.11 
(-0.29, 1.07) 

-1.60 ± 2.04* 
(-2.33, -0.86) 

0.88 ± 3.14* 
(0.25, 1.51) 

1st premolar 
 

-0.02 ± 0.44 
(-0.16, 0.11) 

0.05 ± 0.62 
(-0.10, 0.20) 

0.09 ± 0.24 
(0.04, 0.15) 

0.16 ± 2.04 
(-0.53, 0.84) 

-0.60 ± 2.53 
(-1.32, 0.13) 

-1.71 ± 2.91* 
(-2.34, -1.08) 

2nd premolar 
 

0.13 ± 0.57 
(-0.01, 0.26) 

0.09 ± 0.59 
(-0.06, 0.25) 

0.04 ± 0.21 
(-0.02, 0.09) 

-0.55 ± 2.55 
(-1.23, 0.13) 

-0.74 ± 3.05 
(-1.47, -0.02) 

-0.88 ± 3.86* 
(-1.51, -0.25) 

1st molar 
 

0.12 ± 0.34 
(-0.01, 0.26) 

-0.08 ± 0.52 
(-0.23, 0.07) 

-0.01 ± 0.15 
(-0.06, 0.05) 

-0.38 ± 1.35 
(-1.06, 0.30) 

-0.85 ± 2.41* 
(-1.57, -0.12) 

-0.30 ± 1.07 
(-0.93, 0.33) 

2nd molar -0.02 ± 0.50 
(-0.15, 0.12) 

-0.17 ± 0.39 
(-0.32, -0.02) 

0.04 ± 0.16 
(-0.01, 0.10) 

1.07 ± 3.06* 
(0.39, 1.76) 

-1.09 ± 2.13* 
(-1.81, -0.37) 

0.29 ± 2.66 
(-0.34, 0.92) 

 
Results are mean values ± standard deviations (with 95% confidence intervals below). 
*Statistically significant difference between predicted and achieved tooth position (P < 0.05).  
Positive values indicate an achieved tooth position more distal, lingual or gingival, or with more distal crown tip, more 
lingual crown torque, and more distal rotation than the predicted tooth position.
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In the maxillary arch, several tooth types showed statistically significant differences 

compared to predicted tooth positions. For instance, the upper central incisor final tooth 

position tended to be more facial and occlusal, and was more upright. The upper second 

premolar was more distal and palatal relative to the predicted position, with more buccal 

crown torque. The upper first molar was aberrant in these same three directions, also with 

more mesial crown tip. The upper second molar had more buccal crown torque relative to 

the simulation and was positioned more palatally and occlusally. This difference in upper 

second molar torque between the predicted position and the achieved position exceeded 

the threshold of 2 degrees, and is considered clinically relevant. 

 

In the mandibular arch, all tooth types showed statistically significant differences. Both 

mandibular central and lateral incisors tended to be more occlusal than predicted. The 

mandibular lateral incisor also had more mesial rotation. Mandibular canines were more 

lingual and had more buccal crown torque and distal rotation than projected. Both first 

and second premolars had more mesial rotation than predicted. Both first and second 

molars had more buccal crown torque. The mandibular second molar also had excess 

distal crown tip. Although these differences were statistically significant, none of the 

differences in the mandibular arch were considered clinically relevant. 

 

Statistical analysis performed on the absolute value of each discrepancy measurement did 

not reveal any additional differences that had not been detected previously using the 

linear mixed model and false discovery rate method. 
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Discussion 

 

To our knowledge, this is the first study comparing predicted and achieved tooth 

positions after CAT with respect to six degrees of freedom. The computer software used 

to perform the superimpositions is unique, and the use of digital modeling technology 

allowed for sophisticated measurements at a high level of accuracy.  

 

Previous studies that measured the effectiveness of CAT used research tools such as the 

ABO MGS (Djeu et al., 2005; Kassass et al., 2013; Li et al., 2015), the Tooth Measure 

program developed by Align Technology (Kravitz et al., 2009; Krieger et al., 2011; 

2012; Drake et al., 2012; Chisari et al., 2014), the Surfacer Software (Simon et al., 

2014b), or CBCT (Chisari et al., 2014). While these research tools can provide a general 

assessment of accuracy, the Compare software used in the present study is uniquely able 

to quantify differences between objects, such as teeth or brackets, with respect to six 

degrees of freedom. The software quantifies differences automatically; i.e. not influenced 

by potential operator bias, and has been previously used in other projects directed at 

quality control and outcomes assessment (Larson et al., 2013; Grünheid et al., 2014; 

Gyllenhaal 2015; Grünheid et al., 2016). 

 

However, it has to be noted that the measurement accuracy was dependent on the 

accuracy of the digital models. The dimensional accuracy of the plaster models from 

which the digital models were derived may have been affected by possible distortion or 
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shrinkage of the impression material, or thermal expansion as the plaster set. The 

accuracy of the digitization of the plaster casts may have been limited by the resolution of 

the model scanner. While the resolution of the R700 scanner has been reported to be 20 

µm (ESM Digital Solutions, 2015), information regarding the resolution of the 

proprietary model scanner used by the Geodigm corporation was not available. 

 

To analyze tooth positions, a coordinate system was placed at the estimated center of 

resistance for each tooth, halfway between the alveolar crest and the root apex (Proffit et 

al., 2012). The true center of resistance for each tooth is determined by several biological 

factors including tooth morphology, root length, structure of the periodontal apparatus, 

and direction of force application (Smith and Burstone, 1984; Meyer et al., 2010). The 

coordinate system placed at the estimated center of resistance was the basis for 

quantifying differences in tooth positions in three planes of space. Any discrepancies 

between the estimated center of resistance and actual center of resistance may have 

affected the magnitude of the results.  

 

The patients included in this study received treatment using Invisalign technology at any 

time from its inception until present. The original Invisalign aligner material, Exceed-30, 

was replaced by the proprietary SmartTrack material introduced in 2013 (Simon et al., 

2014a; Align Technology, 2016). Align Technology claims that the new material has 

higher elasticity, allows more precise aligner fit, delivers more constant force, and 

demonstrates more precise control of tooth movements (Align Technology, 2016). These 
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differences have not been verified or quantified by independent investigators. Some 

patients in this study were treated with aligners made of the original material, and some 

were treated with aligners made of the new material. These groups were not distinguished 

in the analysis of this study, so it could not be determined whether aligner material had an 

influence on treatment outcomes.  

 

Due to the retrospective nature of the present study, it was not possible to assess patient 

compliance. However, since all patients completed treatment and did not require 

additional aligners or fixed appliances, it was assumed that the aligners were fitting 

adequately and that all teeth achieved their predicted final positions.  

 

The results of this study showed that the largest differences between predicted and 

achieved tooth positions occurred in anterior teeth, which were displaced more 

occlusally; rounded teeth such as mandibular canines and premolars, which were not 

fully rotated; and posterior teeth, which had discrepancies in all directions. The largest 

difference was found in the upper second molar torque, which exceeded 2 degrees and 

therefore was deemed clinically relevant. This difference in buccal-lingual inclination of 

second molars has also been found following treatment with traditional fixed appliances. 

In one published study that used the ABO scoring index to evaluate treatment outcomes, 

second molars warranted point deductions most frequently compared to other teeth 

(Lieber et al., 2003). This may be related to the decreasing amount of force exerted by 

the posterior segment of the archwire as the inter-bracket distance and flexibility of the 

wire increase. Moreover, molar teeth have larger root surface area and require greater 
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forces for orthodontic tooth movement (Proffit et al., 2012). The same concept may apply 

for plastic aligners; there seems to be greater flexibility and less force exerted by the 

posterior segments of the aligners. 

 

In addition, the upper second premolar, upper first molar, and upper second molar were 

found to be more palatal and had more buccal crown torque than predicted. One possible 

explanation for this is that expansion of the upper arch was not fully achieved, which 

could have resulted from flexing of the aligners. The mandibular molars also had more 

buccal crown torque than predicted. This could be due to an inability of the aligners to 

fully express buccal root torque programmed in the ClinCheck. There may also have been 

biological limitations to fully achieving buccal root torque, such has the proximity of the 

mandibular molar roots to the cortical plate of the mandible.  

 

Overall, the present results are similar to other studies that have found that vertical 

movements of anterior teeth are less predictable. For instance, Krieger et al. identified the 

largest discrepancy to be in overbite (0.9 mm), which is largely attributed to vertical 

movement of the incisors (Krieger et al., 2011; 2012). Kravitz et al. found that extrusion 

of central incisors had low predictability, with only 41% of predicted extrusion achieved 

(Kravitz et al., 2009). Low accuracy of anterior tooth extrusion was also a finding 

reported by Rossini et al. in 2015. The discrepancy in torque of upper central incisors 

found in the present study resembles the findings of other studies such as those by Drake 

et al. and Zhang et al. who observed tipping of incisors rather than bodily movement 
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(Drake et al., 2012; Zhang et al., 2015). Possible reasons for the more upright position of 

the upper central incisors could include a loss in torque during space closure or the use of 

Class II inter-arch elastics. Surprisingly, in the present study there were no significant 

discrepancies in the occlusal-gingival position or torque of the maxillary lateral incisors. 

Anecdotally, these teeth often seem challenging to treat successfully due to their shape 

and sometimes require auxiliary treatment such as attachments or intraoral elastics 

(Kravitz et al., 2009). 

 

Interestingly, there were statistically significant differences in mandibular canine buccal-

lingual position, torque, and rotation, but not tip. The discrepancy in mandibular canine 

torque found in our data is consistent with the minimal change in mandibular canine 

torque produced by CAT described elsewhere (Grünheid et al., 2016). Accuracy of 

canine rotation has previously been reported as low as 35.8% (Kravitz et al., 2008). 

Conversely, our results differ from those that found low accuracy of mesiodistal tipping 

of mandibular canines (Kravitz et al., 2009).  

 

In the maxilla, the present study did not find any statistically significant differences in 

canine position. This is of interest because the accuracy of rotation and tip of maxillary 

canines has been described as notoriously low (Kravitz et al., 2008; 2009), likely because 

these teeth have the longest roots in the dentition and large root surface area, requiring 

greater force to produce orthodontic tooth movement (Proffit et al., 2012).  
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A recently published systematic review on the effectiveness of CAT concluded that 

posterior buccal-lingual inclination is typically achieved with high accuracy (Rossini et 

al., 2015). This differs from the findings of this study, where there were significant 

differences in torque of posterior teeth. It is of note that this was the only finding in this 

study that was large enough to be considered clinically relevant.  

 

The results of this study add to the current body of knowledge regarding the accuracy of 

orthodontic treatment with Invisalign aligners. Overall, the findings of this study showed 

that Invisalign treatment was highly accurate in achieving predicted tooth positions in 

cases with mild to moderate malocclusions treated without extractions by trained 

orthodontists. Understanding the accuracy of these aligners can help guide clinicians in 

case selection and allow them to anticipate and compensate for potential weaknesses 

during virtual treatment planning as well as throughout treatment. This can lead to greater 

treatment efficiency and more successful treatment outcomes.  
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Conclusions 
 

In general, Invisalign is able to achieve predicted tooth positions with high accuracy in 

cases with mild to moderate malocclusions. Clinicians may consider the following 

potential weaknesses when planning treatment with Invisalign: 

 

1. Maxillary expansion may not be fully achieved 

2. Mandibular incisors tend to be positioned more occlusally than predicted 

3. Rotation of rounded teeth tends to be incomplete 

4. Torque of molars may not be fully achieved, with maxillary second molars often 

having clinically relevantly more buccal crown torque than predicted 
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Table I. Baseline study sample demographics. 
 

 Age (years) 

 Mean ± SD Range 

Male (n=13) 21.7 ± 10.9 13.5 – 43.1 
Female (n=17) 21.1 ± 9.2 13.0 – 52.3 

  SD, standard deviation 
No statistically significant age difference between sexes (Mann-
Whitney rank sum test, P=0.464) 

 



 

 50 

Table II. Range of differences between predicted and achieved tooth positions. 
 

 Direction 
Maxilla 
 

Mesial-Distal 
(mm) 

Facial-Lingual 
(mm) 

Occlusal-
Gingival (mm) 

Tip  
(°) 

Torque  
(°) 

Rotation  
(°) 

Central incisor 
 

-0.06 
(-1.13, 1.15) 

-0.45* 
(-2.08, 0.93) 

-0.30* 
(-0.92, 0.23) 

0.42 
(-3.54, 4.63) 

1.75* 
(-4.13, 8.26) 

-0.33 
(-8.61, 7.45) 

Lateral incisor 
 

-0.14 
(-0.91, 1.37) 

0.01 
(-1.06, 1.76) 

-0.03 
(-0.54, 1.16) 

0.35 
(-11.63, 3.51) 

0.08 
(-9.21, 6.44) 

0.70 
(-4.54, 9.20) 

Canine 
 

-0.11 
(-2.54, 0.85) 

0.11 
(-2.12, 1.12) 

-0.02 
(-0.73, 0.45) 

0.31 
(-4.80, 10.89) 

-0.48 
(-4.92, 8.22) 

0.19 
(-8.33, 5.05) 

1st premolar 
 

0.02 
(-1.09, 1.35) 

0.15 
(-1.40, 1.55) 

0.06 
(-0.28, 0.58) 

-0.18 
(-7.26, 3.22) 

-0.74 
(-5.62, 6.85) 

-0.48 
(-4.12, 3.44) 

2nd premolar 
 

0.19* 
(-0.79, 4.17) 

0.20* 
(-2.42, 1.85) 

0.01 
(-1.12, 0.43) 

-0.82 
(-24.97, 3.96) 

-1.18* 
(-9.61, 12.20) 

-0.70 
(-10.31, 3.74) 

1st molar 
 

0.27* 
(-0.35, 1.18) 

0.23* 
(-2.36, 1.76) 

-0.02 
(-0.64, 0.27) 

-1.06* 
(-4.57, 2.08) 

-1.45* 
-9.34, 14.07 

-.52 
(-4.53, 2.29) 

2nd molar 
 

0.07 
(-1.38, 4.37) 

0.30* 
(-3.30, 1.79) 

-0.13* 
(-1.52, 0.40) 

0.41 
(-28.98, 13.31) 

-2.13* 
(-10.48, 20.04) 

0.06 
(-5.91, 8.53) 

 
Results are mean values (with minimum and maximum values below). 
*Statistically significant difference between predicted and achieved tooth position (P < 0.05).  
Positive values indicate an achieved tooth position more distal, lingual or gingival, or with more distal crown tip, more lingual 
crown torque, and more distal rotation than the predicted tooth position. 
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Table II. (continued) 
 

 Direction 
Mandible 
 

Mesial-Distal 
(mm) 

Facial-Lingual 
(mm) 

Occlusal-
Gingival (mm) 

Tip  
(°) 

Torque  
(°) 

Rotation  
(°) 

Central incisor 
 

0.12 
(-1.07, 1.11) 

0.11 
(-0.77, 2.04) 

-0.14* 
(-0.86, 0.12) 

-0.36 
(-4.70, 3.10) 

-0.66 
(-8.60, 3.88) 

-0.60 
(-5.50, 3.35) 

Lateral incisor 
 

-0.08 
(-1.71, 3.37) 

0.01 
(-1.27, 1.64) 

-0.10* 
(-0.93, 0.46) 

0.51 
(-14.77, 7.45) 

-0.29 
(-7.06, 5.64) 

-0.99* 
(-9.37, 3.58) 

Canine 
 

-0.11 
(-3.06, 2.15) 

0.26* 
(-0.94, 2.09) 

-0.01 
(-0.73, 0.43) 

0.39 
(-9.15, 13.96) 

-1.60* 
(-8.05, 4.46) 

0.88* 
(-4.04, 12.10) 

1st premolar 
 

-0.02 
(-1.27, 1.19) 

0.05 
(-1.52, 2.30) 

0.09 
(-0.63, 0.78) 

0.16 
(-3.74, 6.52) 

-0.60 
(-9.32, 5.44) 

-1.71* 
(-16.01, 2.24) 

2nd premolar 
 

0.13 
(-2.67, 1.51) 

0.09 
(-1.46, 1.91) 

0.04 
(-0.53, 0.58) 

-0.55 
(-5.30, 12.67) 

-0.74 
(-6.51, 12.63) 

-0.88* 
(-8.94, 22.56) 

1st molar 
 

0.12 
(-0.90, 0.96) 

-0.08 
(-1.21, 1.73) 

-0.01 
(-0.41, 0.26) 

-0.38 
(-3.72, 3.41) 

-0.85* 
(-9.72, 5.01) 

-0.30 
(-2.93, 1.70) 

2nd molar 
 

-0.02 
(-1.83, 1.09) 

-0.17 
(-1.24, 0.78) 

0.04 
(-0.29, 0.45) 

1.07* 
(-6.54, 9.34) 

-1.09* 
(-5.94, 4.70) 

0.29 
(-7.06, 10.75) 

 
Results are mean values (with minimum and maximum values below). 
*Statistically significant difference between predicted and achieved tooth position (P < 0.05).  
Positive values indicate an achieved tooth position more distal, lingual or gingival, or with more distal crown tip, more 
lingual crown torque, and more distal rotation than the predicted tooth position. 
 


