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1. Introduction 

1.1  Digital dental-arch models in orthodontics  

Analysis of study models is an essential component of comprehensive orthodontic 

treatment planning in order to obtain acceptable treatment outcomes. Digital three-

dimensional (3D) models of the dental arches have been widely used in dentistry, 

along with computer-aided design and computer-aided manufacturing (CAD/CAM). 

3D digital-model analysis can be performed easily, and all measurements are easily 

calculated. Several studies comparing traditional caliper-based measurements with 

3D software-based ones found no significant differences between the two 

techniques [1-3]. 

A 3D digital dental-arch model can be combined with a computed tomography (CT) 

scan of the head to help plan orthognathic surgery efficiently [4]. Digital models of 

the dental arches enable the generation of digital setups from several treatment 

options, which may particularly help in complex cases. They also help to reduce 

time-consuming laboratory works, e.g., the separation of each dental crown from a 

plaster model and its subsequent positioning in wax [5]. Barreto et al. reported that 

there are no statistically significant differences between the measurements of digital 

and manual setups. This implies that both are effective for diagnosis and treatment 

planning [6]. 

Moreover, by using 3D-printing technology, orthodontic appliances can be produced 

easily. For instances, aligners can be fabricated on 3D-printed models and can be 

applied efficiently by using virtual tooth-movement setups [7]. Dedem et al. reported 

many advantages of digital splints such as time efficiency, a high-quality 

manufacturing process, and the possibility of duplicating splints [8]. Fully digital 

production of metal appliances, including design with software and digital production 

processes, is also possible [9]. 

 



2 

 

1.2 Generating 3D digital dental-arch models  

To generate digital models, we can use indirect or direct approaches. The indirect 

approach of making digital models is based on a traditional impression workflow. It 

can be done either by directly scanning an impression, or by scanning a plaster 

model that was acquired from the impression [1]. The plaster-model-scanning 

workflow has more steps than the direct-scanning approach. In addition, a storage 

place is required for impression and casting materials and for models. It must be 

noted, however, that the surfaces of digital models based on impression scanning 

are much less complete than those based on the scanning of stone models [10]. 

Computed tomography (CT) can also be used to digitalize impressions or plaster 

casts [11]. It is a reliable, valid, and reproducible technique for diagnostic purposes 

[3]. However, measurements made on digital models acquired from CT scans have 

been shown to be less accurate than those made on digital models acquired from 

dental impressions [12]. The accuracy of digital models has even been considered 

clinically unacceptable [13].      

The direct approach to producing digital models consists of intraoral scanning or the 

production of digital impressions. Intraoral scanning enables fast identification of 

defects directly at the monitor, and the operator does not have to repeat the entire 

impression to correct any defects [14]. According to some studies, however, 

intraoral scanning takes more time than conventional impression methods [15, 16]. 

Using an intraoral scanner to acquire information directly inside the mouth can 

reduce the discomfort associated with conventional impressions [17-19]. Patients 

undergoing orthodontic treatment, in particular, find digital impressions more 

comfortable [20]. The intraoral scanner is a great alternative to sensitive 

conventional impression methods and its quality is constantly improving. It has 

therefore become a more common and practical option, and is routinely used in the 

dental practice [21, 22]. Because of its numerous benefits, it is hypothesized that 

the digital model will replace the plaster model in the medium term [23]. 
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1.3 Technical principles of intraoral scanning   

The concept of intraoral scanning was introduced as early as 1973 by Dr. Francois 

Duret from University Claude-Bernard in Lyon, France. His first system for the 

fabrication of a dental crown in four hours was presented in 1984 [24]. In the early 

years, digital impressions were performed for restorative dentistry. CEREC® 

(Chairside Economical Restoration of Esthetic Ceramics) by Sirona Dental Systems 

LLC (Charlotte, NC) was the first commercial CAD/CAM system for scanning inside 

the oral cavity. From 1985 until 2000, the CEREC 1, 2, and 3 systems were 

developed with 2D software capability. The 3D version of the software was 

introduced in 2003 and had greater illustration capabilities and was easier to 

manipulate than previous versions. The system used structured light and the 

principle of triangulation to produce a 3D image of the teeth [25].  

Currently, i.e., in the year 2020, many types of scanner are available. CEREC 

Bluecam (CEREC-BLUE, Sirona Dental Inc.; Bensheim Germany), CEREC 

Omincam (CEREC, OMNI, Sirona Dental Inc.; Bensheim Germany) and Planmeca 

(PLANMECA, Planmeca Inc.; Helsinki, Finland) use triangulation technologies. 

They use monochrome fringe projection based on the principle of the position of a 

triangle, whose angles and distances can be measured from known points of laser 

light. When the light reflects from the object, the system defines the angle of 

reflection and therefore the distance from the laser source to the object’s surface. 

To obtain uniform and predictable light dispersion when using this type of scanner, 

however, a thin coating of opaque titanium dioxide (TiO2) powder must be applied 

to the teeth [26, 27], which can cause discomfort to patients [28].     

The widely used products iTero (iTERO, Align Tech Inc.; Netherlands) and TRIOS 

(TRIOS-3, 3Shape Inc.; Denmark) use parallel confocal imaging [29]. This technique 

is based on the acquisition of focused or unfocused images from a selected depth. 

The laser light projects through a filtering pinhole to the target tissue. Only focused 

light reflecting from the target tissue reaches the sensor for processing. The out-of-

focus light is eliminated, and scanning accuracy is therefore maximized.  

Other intraoral scanners, such as the Lythos (LYTHOS, Kavo; Biberach/Riss, 

Germany), use accordion fringe interferometry (AFI) and 3D in-motion video 

imaging, respectively. Both imaging techniques use high-definition (HD) video 
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cameras that capture images rapidly, as opposed to the slower point-and-stitch 

reconstruction of surface data. They allow reflective surfaces to be scanned without 

the use of TiO2 powder coating [27].  

1.4 Systematic review 

In the context of this research, we used a reproducible procedure to perform a 

systematic review [30, 31]. In this review, we addressed the following questions: 

• How accurate, reliable, and reproducible are digital dental-arch models 

obtained from intraoral scanners? 

• Do results differ between in-vivo and in-vitro studies?                        

• Does the type of intraoral scanner affect scanning accuracy? 

• Do orthodontic braces affect scanning accuracy? 

1.4.1 Research method 

This systematic review followed the steps based on the PRISMA guidelines [32]. 

1.4.1.1 Search terms 

Concerning our research question to evaluate the largest possible number of 

relevant publications, all terms related to intraoral scanner, accuracy, and full-arch 

impression were identified. Because we specifically aimed to investigate the effect 

of orthodontic braces, this term and its derivatives were added to the search terms. 

In order not to ignore the large number of in-vitro studies, we did not include the 

term ‘fixed orthodontic braces’ or ‘in vivo’ in our review. Moreover, because many 

publications investigate the accuracy of intraoral scanning in relation to implant 

dentistry or prosthodontics, we excluded the term ‘prosthese’ and its derivatives 

from our search strings. Finally, using the search engines provided by the online 

databases, the search was performed using the search strings listed in Table 1. 

1.4.1.2 Resources searched  

Publications published in English between 2010 and 2018 were searched for the 

keywords listed in section 1.4.1.1 using the following electronic databases: PubMed, 
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Scopus, Cochrane Library, Web of Science, and Embase. The search strategy used 

to interrogate each database is shown in Table 1.  

Table 1. Lists of all database and their search strategies for recruitment of published 

literatures. 

Database Search Strategies 
PubMed (scan[Title/Abstract] OR scans[Title/Abstract] OR 

scanning[Title/Abstract] OR scanner[Title/Abstract] OR 
scanners[Title/Abstract]) AND (intraoral[Title/Abstract] OR intra-
oral[Title/Abstract]) AND (accuracy[Title/Abstract] OR  
precision[Title/Abstract] OR reliability[Title/Abstract] OR 
reproducibility[Title/Abstract] OR interrater[Title/Abstract] OR 
intrarater[Title/Abstract] OR inter-operator[Title/Abstract]) AND 
(orthodontics[Mesh Terms] OR  orthodontic[Title/Abstract] OR dental 
[Title/Abstract] OR full-arch[Title/Abstract] OR complete arch 
[Title/Abstract] OR complete dentition[Title/Abstract] OR single tooth 
position[Title/Abstract] OR single tooth position[Title/Abstract]) NOT 
(implant[Title/Abstract] OR crown[Title/Abstract] OR 
denture[Title/Abstract] OR restoration[Title/Abstract] OR 
inlay[Title/Abstract] OR onlay[Title/Abstract] OR prosth*[Title/Abstract])  

Scopus TITLE-ABS-KEY (scan OR scans OR scanning OR scanner OR 
scanners) AND (intraoral OR intra-oral) AND (accuracy OR precision OR 
reliability OR reproducibility OR interrater OR intrarater OR inter-
operator) AND (orthodontics OR dental OR full-arch OR complete AND 
arch OR single AND tooth AND position) AND NOT TITLE (implant OR 
crown OR denture OR restoration OR inlay OR onlay OR prosth*) 

Cochrane 'scan' OR 'scans' OR 'scanning' OR 'scanner' OR 'scanners' in Title 
Abstract Keyword AND 'intraoral' OR 'intra-oral' in Title Abstract 
Keyword AND 'accuracy' OR 'precision' OR 'reliability' OR 
'reproducibility' OR interrater' OR 'intrarater' OR 'inter-operator' in 
Title Abstract Keyword AND 'orthodontics' OR 'dental' OR 'full-arch' 
OR 'complete arch' OR 'complete dentition' OR 'single tooth position' 
in Title Abstract Keyword NOT 'implant' OR 'crown' OR 'denture' OR 
'restoration' OR 'prosth*' in Record Title 

Web of Science ALL=(('scan' OR 'scans' OR 'scanning' OR 'scanner' OR 'scanners' ) 
AND ('intraoral' OR 'intra-oral') AND ( 'accuracy' OR 'precision' OR 
'reliability' OR 'reproducibility' OR interrater' OR 'intrarater' OR 'inter-
operator' ) AND ('orthodontics' OR 'dental' OR 'full-arch' OR 
'complete arch' OR 'complete dentition' OR 'single tooth position')) 
NOT (TI=('implant' OR 'crown' OR 'denture' OR 'restoration' OR 
'prosth*'))                    

Embase  ('scan':ab,ti OR 'scans':ab,ti OR 'scanning':ab,ti OR 'scanner':ab,ti  
OR 'scanners':ab,ti) AND ('intraoral':ab,ti OR 'intra-oral':ab,ti) AND 
('accuracy':ab,ti OR 'precision':ab,ti OR 'reliability':ab,ti OR 
'reproducibility':ab,ti OR 'interrater':ab,ti OR 'intrarater':ab,ti OR 'inter-
operator':ab,ti) AND ('orthodontics':ab,ti OR 'dental':ab,ti OR 'full-
arch':ab,ti OR 'complete arch':ab,ti OR 'complete dentition':ab,ti OR  
'single tooth position':ab,ti) NOT ('implant':ti OR 'crown':ti OR 
'denture':ti OR 'restoration'ti OR 'prosth*':ti) 
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1.4.1.3 Inclusion/exclusion criteria  

Once the full text articles had been retrieved, they were evaluated to verify whether 

they met the following criteria:             

• Study of full-arch impression recorded intraorally, except for papers 

studying the effect of fixed orthodontic appliances 

• Assessment of any of the outcomes of this thesis: accuracy, validity, 

repeatability, reproducibility and time efficiency of digital impressions, and 

the effect of orthodontic braces on digital impressions 

The exclusion criteria were:  

•   Association with dental-implant impressions or prosthodontic preparation 

•   Studies in which full-arch scans were not performed 

1.4.2  Conducting the review 

1.4.2.1 Identification of resources  

The keywords were searched in each database. In total, 551 studies were identified 

from all databases and 135 repeated publications were excluded. Finally, a list of 

416 primary studie was identified. 

1.4.2.2 Selection 

The selection procedure is shown in Figure 1. The lists from section 1.4.1.1 were 

identified as stage 1. In stage 2, 262 studies were excluded based on the title of the 

publication (n = 154). In stage 3, all the abstracts were read and the corresponding 

papers were excluded if it was clear that they did not meet the specified criteria (n 

= 47). In stage 4, we read all full-text articles and checked the specified criteria 

again. Finally, our systematic review identified 24 relevant papers. 

1.4.2.3 Data extraction    

The data extracted from the studies were: author names and year of publication; 

assessed parameters; sample size; participant inclusion/exclusion criteria; 

methods; references and compared groups; scanner type; impression material; 

measurement methods; measurement parameters; method for assessment of 
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accuracy, validity, repeatability, and reproducibility of digital measurements; effect 

of orthodontics braces if applicable.    

1.4.3 Results                                                                                          

Detailed information about all publications included in this systematic review is 
presented in the appendix. Intraoral scanner included in the studies extracted by the 

systematic review is presented in table 2. 

1.4.3.1 Assessed parameters                                               

Most of the studies assessed accuracy. Of these, however, only two studies (by 

Renne et al. and Jeong et al.) investigated and reported on accuracy in terms of 

trueness and precision [33, 34].            

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Consort diagram for study selection procedure. 

Studies excluded with reason: 

1. Associated with dental implant 
impression or prosthodontic 
preparation 

2. Full-arch scans were not 
performed 

Records after exclusion 
based on title (n = 154) 

Records after exclusion 
based on abstract (n = 47) 

Records included in 
qualitative synthesis (n = 

24) 

Records retrieved from database search (n = 551) 

PubMed     Scorpus Cochrane     Web of Science     Embase 

                   (108)       (112)               (11)                 (217)               (110) 

Records after duplicates  
removed (n = 416) 
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1.4.3.2 Participants 

We included both in-vivo and in-vitro studies in this systematic review. Six studies 

used only one sample [33-38]. Four studies investigated 2-5 samples [39-42]. All 

the in-vivo studies used participants with a complete permanent dentition from the 

first or second molar to the first or second molar of the contralateral side. Some of 

the authors excluded patients with tooth cavities, gingivitis, prosthetic restoration, 

gag reflex, fixed orthodontic retainer or appliances, or disease or syndromes that 

affect the dental facial system [2, 16, 43-46].  

1.4.3.3 Reference methods                                          

Many studies did not include a reference model. Instead, they used pairwise 

comparison to assess accuracy between groups [38, 39, 41, 44, 45, 47]. 3D models 

from desktop scanners were used as the gold standard in three studies [37, 43, 48]. 

While one study used a conventional 2D Scanner to create 2D digital models as a 

reference, a study by Kuhr et al [46]. used distance measurements of the structures 

attached to the mandibular teeth of the participants [47]. Most studies chose direct 

measurement of the plaster or master model by means of a digital caliper [2, 3, 35, 

40, 49-51].                                                                                       

1.4.3.4 Compared methods                

The scanner brands used in the studies were TRIOS-2, TRIOS-3, CEREC-OMNI, 

CEREC-BLUE, TRUE-DEF, LYTHOS, iTERO, PLANSCAN, ZFX, and LAVA-COS 

(Table 2). Most studies used alginate as the material for taking conventional 

impressions [2, 16, 35, 43-45, 50-52]. Polyether material was used in four studies 

[38, 42, 43, 47]. Vinylsiloxanether material was also used in four studies [34, 35, 42, 

48].      

1.4.3.5 Methods for evaluation of accuracy                   

The studies used one of two different methods to evaluate accuracy. Fourteen 

studies used a best-fit algorithm. Each of the 3D digital models was superimposed 

with the gold standard and/or test groups [16, 33, 34, 36-39, 42-45, 48, 51, 53]. A 

color-coding approach was then used to display deviations. The other 10 studies 

evaluated model accuracy based on linear measurements such as transverse and 
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anteroposterior dental-arch dimensions or anterior and overall Bolton indices [2, 3, 

35, 40, 46, 49, 50, 52, 54]. However, one study evaluated distances between 

geometric structures attached to the teeth with known spatial distances and 

dimensions [47].  

Table 2. Lists of Intraoral scanners and their scanning mechanism including 

abbreviation. 

Intraoral scanner (Company) Scanning mechanism Contrast agent Abbreviation 

Cerec Bluecam (Sirona; 
Bensheim, Germany) 

Monochrome fringe 
projection and 
triangulation 

Yes CEREC-BLUE 

Cerec Omnicam (Sirona; 
Bensheim, Germany) 

Color-coded fringe 
projection and 
triangulation 

No CEREC-OMNI 

 CS3500 (Carestream; Atlanta, 
USA) 

Parallel confocal No CS3500 

 CS3600 (Carestream; Atlanta, 
USA) 

Color-coded fringe 
projection pulsed light 

No CS3600 

iTero (Align Tech.; Amsterdam, 
Netherlands)  

Multispot confocal with 
moving lens 

No iTERO 

Lava C.O.S. (3M ESPE; St. 
Paul, USA) 

Disparity Yes LAVA-COS 

  Lythos (Kavo; Biberach/Riss, 
Germany) 

Accordion fringe 
interferometry (AFI) 

No LYTHOS 

Planscan (E4D Technology; 
Illinois, USA) 

Triangulation No PLANSCAN 

TRIOS 3 (3Shape; 
Copenhagen, Denmark) 

Parallel confocal No TRIOS-3 

TRIOS 2 (3Shape; 
Copenhagen, Denmark) 

Parallel confocal No TRIOS-2 

   True Definition (3M ESPE; St. 
Paul, USA) 

Monochrome fringe 
projection and disparity 

Yes TRUE-DEF 

Zfx Intrascan (MHT S.p.A; 
Verona, Italy) 

Confocal with a Moiré-
pattern- based projection 

system 

No ZFX 
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1.4.4 Conclusion of research question 

1.4.4.1 How accurate, reliable, and reproducible are images obtained from 
intraoral scanners? 

1.4.4.1.1 Accuracy 

Kirschneck et al. investigated how accurately a digital model derived with a Lythos 

scanner corresponded to polyether references. They recorded absolute median 

best-fit differences for the alginate methods of 0.09 mm, which is half the deviation 

recorded for intraoral scanning (0.18 mm) [43]. In contrast, the study by 

Zimmermann et al. found better precision in the CEREC-OMNI and LYTHOS groups 

than in the alginate group. Moreover, the largest deviations were at the distal end of 

the dental arch [55]. Studies by Renne et al. and Kuhr et al. found that extraoral 

scanners are more precise than intraoral scanners [33, 47]. Kuhr et al. reported the 

largest deviations at the intermolar distance across the whole arch [47]. In the same 

way, Ender et al. found better precision in conventional impression groups. 

However, some of the digital impression groups (TRIOS-3 and CEREC-OMNI) 

reached the same high precision level as conventional groups (VSE; 

vinylsiloxanether, VSES; direct scannable vinylsiloxanether, VSES-D; digitized 

scannable vinylsiloxanether and POE; polyether) [42]. Tomita et al. found that 

measurements from an intraoral scanner (TRIOS-3) were smaller than direct 

measurement reference values [35], a finding also made by Treesh et al. Based on 

a visual inspection of color rendering, Treesh et al. found that the greatest number 

of errors tended to be in posterior areas, and local errors exceeded 100 µm for all 

scans [36]. Sfondrini et al. used point-to-point measurements and Lee et al. used 

shell-to-shell deviation software, but neither study found significant differences 

between the TRIOS-3 intraoral-scanner and plaster-model groups [44, 52]. In a 

similar vein, Mack et al. used curvilinear measurements, and also found no 

significant differences between intraoral-scanner groups (Lythos and iTero) with 

regard to direct measurement of intact dentition [54]. Gan et al. found that arch width 

significantly affects the precision of intraoral digital impressions for full dentition 

generated with TRIOS-3 [48]. A study by Rajshekar et al. investigated the validity of 

measurements on digital models acquired by a ZFX scanner and found excellent 

agreement with the reference group (direct measurement on plaster models) [49]. 
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San Jose et al. compared the accuracy of measurements on digital models acquired 

by use of iTERO to a reference (2D digital model) and found statistically and 

clinically acceptable accuracy for all dental measurements [46]. Zhang et al. also 

investigated iTERO and found no significant differences between the plaster models 

and intraoral scans. Differences between the two models were within the limits of 

agreement, and the average surface difference between these two models was 

within 0.10 mm [51]. Wiranto et al. and Grunheid et al. evaluated Lava COS [3, 16]. 

The average differences in individual tooth positions between the digital models 

acquired from Lava COS and the corresponding models from alginate impressions 

were from -0.05 to 0.21 mm in the maxillary arch and from -0.04 to 0.11 mm in the 

mandible [16]. Although overall and anterior Bolton ratios of the digital model (taken 

using the Lava COS intraoral scanner) differed from those of the gold standard 

(actual measurement from plaster model), this difference was less than 1.5 mm, 

which was concluded to be clinically insignificant [3].  

1.4.4.1.2 Reliability and reproducibility                                   

Kirschneck et al. evaluated the reliability of a LYTHOS scanner and obtained an ICC 

(interclass correlation coefficient) of less than 0.6, which was considered low to 

moderate. The alginate group, in contrast, achieved statistically significant better 

reliability, with a higher ICC [43].  

Sun et al. used the TRIOS-3 to perform two full-arch intraoral scans at an interval of 

14 days and found a discrepancy between the first and second image of 0.04 mm. 

[45].   

1.4.4.2 Do results differ between in-vivo and in-vitro studies? 

Flugge et al. found scanning under intraoral conditions is less accurate than 

scanning under extraoral conditions [38]. Likewise, Sun et al. assessed the 

reproducibility of TRIOS-3 scans both in vivo and ex vivo in 20 adults and found that 

reproducibility was significantly better for scans performed extraorally. This might 

be due to intraoral conditions, such as tongue movement, disturbing the scanning 

process [45].  
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1.4.4.3 Does the type of intraoral scanner affect accuracy? 

Several studies compared the accuracy of different types of intraoral scanner and 

found no statistically significant differences between them [39, 44, 54]. Lee et al. 

evaluated the precision of two parallel confocal intraoral scanners (TRIOS-3 and 

iTERO) by means of 3D surface analysis and found average differences of 0.0570 

mm at the maxilla and 0.0690 at the mandible. They used color histograms to show 

that local deviations occur mainly in the posterior area [44]. Zimmermann et al. also 

used the point-to-surface distance method after matching models with a best-fit 

logarithm, and reported that the AFI intraoral scanner (LYTHOS) had a precision of 

91.4 ± 48.8 µm, which was inferior to the precision of 74.5 ± 39.2 µm of the intraoral 

scanner with a fringe projection and triangulation mechanism (CEREC-OMNI) [39]. 

Mack et al. compared the linear measurements of digital models acquired from 

iTERO and LYTHOS intraoral scanners and recorded a lowest mean bias of -0.03 

mm (95% confidence interval and agreement limits of 0.8 and + 0.7) [54]. Treesh et 

al. reported that the monochrome fringe projection intraoral scanner (CEREC-

BLUE) had better overall trueness and precision than the newer color-coded fringe 

projection intraoral scanner (CEREC-OMNI) [36]. This is in contrast to Renne et al., 

who reported that CEREC-OMNI had better precision that CEREC-BLUE. Renne 

also found that iTERO had the best precision, followed by other parallel confocal 

intraoral scanners (TRIOS-3 and CS3500) and triangulation intraoral scanners 

(PLANSCAN, CEREC-OMNI, and CEREC-BLUE). However, Park et al. reported 

that TRIOS-3 had better trueness and precision than other intraoral scanners 

(CS3500, CS3600, and iTERO) [37, 41].                                                      

1.4.4.4 Do orthodontic braces affect accuracy? 

Only one study, by Park et al., has investigated the effect of orthodontic brackets on 

accuracy. They compared four intraoral scanners and found that iTero was most 

accurate, followed by TRIOS-3, ZFX, and PLANSCAN. Precision was low for the 

ZFX and PLANSCAN systems, producing large distortions of more than 2 mm and 

yielding unwanted artifacts at the boundary of each bracket, creating irregular border 

lines [40].  
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1.5 Study objectives 

No previous studies of intraoral scanning have investigated scanning accuracy in 

terms of the 3D deviation of single tooth positions, i.e. 3D translations and rotations 

of individual teeth. This concerns studies of patients with fixed orthodontic 

appliances in particular. The objective of this study was to assess the accuracy of 

single tooth positions of digital models acquired from TRIOS-3 (hereafter called an 

“IO scan” [intraoral scan]) among patients with orthodontic braces. We selected the 

TRIOS-3 intraoral scanner based on its reportedly relatively high accuracy and its 

availability in our department. Corresponding digital models were compared with A) 

an alginate impression using a standard impression tray combined with a plaster-

cast desktop scan (hereafter called an “STM scan” [stone model scan]), and B) an 

individualized impression tray with a reduced buccal impression material and direct 

scanning of the impression by means of a desktop scanner (hereafter called an “IMP 

scan” [impression scan]). In this manner we intended to obtain a “gold standard” 

model 
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2. Materials and Methods 

2.1 Participants 

The study group consisted of 40 volunteers (22 men and 18 women). The ethics 

committee of the University of Ulm (Germany) approved the study protocol (56/12, 

approved on 24 May 2012) and the participants gave informed consent prior to the 

experiment. The inclusion criteria were a full permanent dentition with orthodontic 

braces from the first molar to the contralateral first molar in both jaws (participants 

with second molars were also included in our study). The exclusion criteria were 

missing or supernumerary teeth, treatment with tooth extraction, and defective teeth.  

2.2 Study design 

The accuracy of single tooth positions was compared in the 3D planes. Digital 

models were acquired directly intraorally (IO-Scan) using a TRIOS-3. This intraoral 

scanner uses Ultrafast Optical Sectioning™ technology that uses video sequences 

and captures more than 3000 2D images per second. It also features spray and 

powder-free scanning and a smart touchscreen with live 3D visualization [55]. The 

following were performed for comparison: A) the conventional impression technique 

based on an alginate material and a conventional metal impression tray (Aesculap; 

Tuttlingen, Germany) with fabrication of a stone model and desktop scanning of this 

model using a d-STATION3D (Breuckmann; Meersburg, Germany) (STM-Scan), and 

B) direct scanning of a specific impression with an individualized tray covering the 

teeth up to the incisal border of the bracket (IMP-Scan). The latter impression was 

fabricated using individualized trays to avoid partial dislodging of impression 

segments, which was intended to minimize impression problems. The laboratory 

procedure for stone-model fabrication was also omitted.  

The three different digital model types were compared pairwise, resulting in three 

comparisons. To summarize the outcome of these comparisons, we hypothesized 

that the method showing the largest deviations of single tooth positions from the 

other two methods was the most inaccurate. Our null hypotheses were:  

•   The digital jaw model generated by the IMP scan (the intended “gold 

standard” model) would be more accurate than the digital jaw models 
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generated by the IO and STM-Scans. The accuracy of digital models from 

the maxilla and mandible would not differ.   

•   The stage of alignment would have no effect on the accuracy of single 

tooth positions in digital models (in all three approaches).  

2.3 Study protocol 

2.3.1 Digital study model by direct intraoral scanning (IO-Scan) 

At the start of the experiment, we commenced with intraoral scanning using the 

TRIOS-3. As recommended by the manufacturer, this process was performed under 

relatively dry conditions, on tooth surfaces from which saliva had been removed by 

means of suction and an air syringe. The scan was started principally in the 

mandible and first performed on the occlusal surface of the last molar in the third 

quadrant and with a slow wiggle when passing the incisors. After that, the tip of 

scanner was held at approximately 45° to the lingual side throughout the lower arch. 

The scan ended with the last molar of the fourth quadrant on the buccal side.  The 

maxilla was then scanned, starting on the occlusal surface of the last molar of the 

second quadrant, followed by the buccal side, before completion on the palatal side 

of the first quadrant and ending with the patient’s palatal area. During the scan, the 

recorded image was shown on the screen of the device, and the areas that had not 

been scanned optimally were shown in red. To obtain a good scanning quality, those 

non-optimal areas were re-scanned and irrelevant areas were removed by use of a 

trimming tool provided in the scanner software. After scanning, the digital 

impressions were transformed into STL (Standard Tessellation Language) file 

format by means of Ortho Analyzer 3Shape software (3Shape A/S; Copenhagen, 

Denmark) to generate the IO scan. These STL files are compatible with most 3D-

processing software programs.                              

2.3.2   Digital study model based on conventional impression taking and 
stone-model fabrication (STM-Scan) 

Standard full-arch perforated metal trays (Aesculap; Tuttlingen, Germany) were 

used to generate conventional impressions. Before we took the conventional 

impression, all of the participants’ orthodontic braces (Discovery Smart, Dentaurum; 

Ispringen, Germany) were carefully covered with white wax, and the optimal tray 
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sizes were selected for both jaws by trying them in the patient’s mouth to ensure 

adequate space for the impression material. These conventional impressions of the 

maxilla and mandible were taken with alginate (Blueprint®, 3M ESPE; Seefeld, 

Germany). To ensure optimal quality of the impression, we applied tray adhesive 

(Fix Tray Adhesive; Dentsply, USA), followed the manufacturer’s suggested mixing 

ratio, and used an alginate mixer (AM 501, Hauschild; Hamm, Germany). Based on 

a subjective judgment, the impression could be re-made once. The area of distortion 

or dislodging was then recorded for the evaluation procedure. 

After the impressions had been taken, they were disinfected (Impresept™, 3M 

ESPE; Seefeld, Germany) for 10 minutes, placed in a sealed plastic bag using a 

paper towel moistened with water (Tork Advanced Hand Towel; Mannheim, 

Germany), and stored at room temperature (22 ± 1°C). Within one hour of being 

taken, the impressions were poured to form stone casts using type-III white dental 

stone (Hinrizit® superweiss, DIN EN ISO 6878, Ernst Hinrichs; Goslar, Germany). 

We used the mixing ratio suggested by the company, which is 100 g of stone powder 

to 30 ml of distilled water. To avoid the formation of voids, the material was placed 

in a vacuum mixer (Multivac 4, Degussa; Frankfurt, Germany) for 30 seconds and, 

within the working time of five minutes, the impressions were filled with the stone 

material on a vibrator (Vibrator R2, Degussa; Frankfurt, Germany).  After 

approximately 40 minutes, the stone casts were removed from the impression trays 

and excess material was removed with a plaster bur. The stone casts were stored 

for approximately two days at room temperature before being digitalized by use of 

a structured light desktop scanner (d-Station, Breuckmann; Meersburg, Germany) 

to generate a plaster digital model (PM digital model). A highly accurate protocol for 

scanning models was used. OPTOCAT software (version 2015R2-15.2.3.8) was 

used to control the scanner and to process, view, and analyze the scans. The digital 

data were then exported in STL format.  

2.3.3   Digital model from impressions taken with individualized trays (IMP-
Scan) 

As mentioned in the study design (2.1), IMP-Scans were taken with special 

individualized trays made from light-cured acrylic resin (Triad VLC tray material, 

DeguDent GmbH, Hanau, Germany) to achieve the most uniform alginate thickness 
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possible. Each individualized tray was designed to only cover up to the incisal border 

of the brackets. To increase the perfect fit of the alginate to the tray, we applied tray 

adhesive (Fix Tray Adhesive, Dentsply; USA) and allowed the adhesive layer to dry 

for at least two minutes prior to the impression process (Figure 2). An impression 

was retaken if any damage to the impression or detachment of the impression 

material from the tray was observed. In addition, impressions were stored properly 

to prevent them distorting or dislodging. After the alginate impressions had been 

stored as described in 2.3.2 (Digital study model based on conventional impression 

taking), they were scanned within one hour. Prior to scanning, residual water was 

carefully removed from the impressions by use of lightly compressed air from an air 

syringe. This was performed to create the matte alginate surface required for 

optimum scanning. The gold-standard alginate impressions were scanned with the 

same desktop scanner (d-Station, Breuckmann; Meersburg, Germany) to generate 

the IMP-San. As recommended by the manufacturer, we used 15 single scans of 

the plaster models and 19 scans of the alginate impressions, and used the 

OPTOCAT software (version 2015R2-15.2.3.8) to control the process as in 2.3.2. 

Each patient had digital and conventional impressions made by a single operator 

(Y.S.). The entire manufacturing process is shown in Figure 3. 

 

 

Figure 2. Individualized tray for alginate impression. A: White wax was applied to 
the plaster for preparing the individualized tray (occlusal and lingual surfaces and 
one third of buccal surfaces). B: Light-cured acrylic was used for each individualized 
tray. C: Tray adhesive was used to ensure strong retention of the impression 
material. 
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Figure 3. Synopsis of model manufacturing and digital-model generation. IO-Scan 
(intraoral scan), IMP-Scan (impression scan), and STM-Scan (stone-model scan) 
digital models. 
 

2.4 Data evaluation  

To calculate deviations for each single tooth position, we superimposed three sets 

of digital models as follows:    

• IO-Scan onto IMP-Scan 

• IO-Scan onto STM-Scan 

• STM-Scan onto IMP-Scan  

After the models had been superimposed, we located the LA (labial axis) point for 

each single crown to obtain the reference point for each tooth in each group. By 

analyzing the differences between the LA point positions, we were then able to 

determine the translation and rotation of each individual tooth in all three dimensions 

of space, as well as the total rotation and translations vectors.     

2.4.1 Preparation of model superimposition 

To superimpose individual teeth, segmented teeth with complete surfaces are 

required. We therefore had to digitize and segment the pretreatment stone models 

without brackets. This process, as well as the segmentation of other digital models, 

was done in the software OnyxCeph (Onyxceph3TM Version 3.2.7.3; Chemnitz, 
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Germany). Both arches were segmented, either from first molar to first molar or from 

second molar to second molar (Figures 4 and 5). Figure 6 shows one model after 

segmentation. The single tooth crowns were later used for superimposition with the 

partial crown surfaces on the three study model types (IO-Scan, IMP-Scan, STM-

Scan).  

 

 

Figure 4. Segmentation of individual crowns in the software OnyxCeph by marking 
the point to the center of the occlusal surface of all individual teeth as shown in the 
‘Tracing Sketch’. 
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Figure 5. After all points had been correctly placed and the function of the ‘Segment 
Crowns’ button had been applied, the accuracies were then checked visually. If 
segmentation was incorrect, the individual tooth could be adjusted by dragging the 
marked line to the proper outline before finishing by using the ‘Separate Crowns’ 
function in the software OnyxCeph. 

 

 

Figure 6. Completion of teeth separation in the software OnyxCeph. A: Finished 
separation of teeth from model base. B: Individual segmentation of teeth with 
removal of interproximal papillae and the rest of the model base 
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Another task was to define a coordinate system as a reference frame. To construct 

this coordinate system, only the IMP-Scan model with the superimposed segmented 

individual tooth crowns were imported into the OPTOCAT software. A coordinate 

system was then defined separately for each individual tooth originating at its FA-

point. The three spatial axes were defined as shown in (Figure 7). 

 
Figure 7. Coordinate system applied to individual teeth. The x-axis points in the 
disto-mesial direction, the y-axis in the oro-vestibular direction, and the z-axis 
corresponds to extrusion. 
 

2.4.2 Determination of single tooth positions 

As mentioned above, all digital model types (IO-Scan, IMP-Scan and STM-Scan) 

were superimposed with each other to evaluate the discrepancies of their 3D 

positions in terms of 3D rotations and translations at their LA points. The LA point is 
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a reference point on the labial surface of each segmented tooth. This point was 

automatically determined by the software. LA points of all teeth were located in the 

3D coordinate system after registration of the corresponding complete model using 

the following procedures:                                                                      

• all three digital models (IO-Scan, IMP-Scan, and STM-Scan) were 

imported into the OPTOCAT software and superimposed using a best-fit 

algorithm implemented in OPTOCAT software with a search range of 0.1 

mm and a maximum of 30 iterations 

• the ‘mesh comparison’ function of the software was used to identify the 

teeth that deviated from each other by more than 0.25 mm; the ‘select by 

reference’ function helped us to exclude these large deviation areas in the 

superimposition procedure 

• the three models were then superimposed again by using surfaces of 

teeth #15-25 in the maxillary arch and teeth #45-35 in the mandibular 

arch, and omitting teeth with a deviation of more than 0.25 mm; to avoid 

a possible increase in error from soft tissues and braces, we did not 

superimpose braces, interproximal gingival papillae, or areas apical to the 

gingival margin (Figure 8).   

• complete segmented individual tooth crowns of the corresponding 

pretreatment model were imported into the software, and the ‘alignment’ 

function was used to align each tooth to the corresponding tooth and 

participant model. This action was applied to all teeth in all datasets of the 

corresponding patient to ensure proper alignment, and a search range of 

0.1 mm was used for accuracy (Figure 9).  

• individual tooth positions on each digital model (hereafter referred to as 

the IO, IMP, and STM positions) were then compared among the models 

derived from the same participants using the different digital-model 

generation methods. In this manner, the deviations in the position of each 

tooth could be evaluated in the sagittal, vertical, and transverse 

dimensions as 3D rotations and translations. 
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Figure 8. Superimposition of digital models in OPTOCAT software. A: the IO-Scan 
(intraoral scan) was marked from the incisal edge of the teeth to the incisal border 
of the brace brackets. B: the rest of the dental area at the palatal/lingual side of the 
teeth was marked in red.  

 

     

 

Figure 9. Alignment of each individual tooth in OPTOCAT software using a ‘search 
range’ of 0.100 mm. After the alignment, all individual positions were then saved to 
the folder. 



24 

 

2.4.3 Statistical analysis 

As mentioned, digital models obtained from the same patient using the three 

different methods were evaluated by means of pairwise comparisons. In these 

comparisons, deviations between the 3D single tooth positions were statistically 

analyzed using a linear mixed effects model. The effect of differences among 

patients was included in the model as a random effect. The difference between the 

two methods to be compared was estimated as a fixed effect. Other variables were 

included in the models according to the level of information. This means that in the 

evaluation with all individual teeth pooled, tooth types, quadrants and upper/lower 

jaws were also included as random effects. In addition, we calculated separate 

models for individual teeth, quadrants, and jaws. Accordingly, models were 

calculated using the stage of alignment as a random or fixed effect. The results of 

the statistical model calculations are estimates of the differences between individual 

tooth positions in the two compared models as well as corresponding confidence 

intervals. The latter estimate the range including 95% of the individual values. With 

regard to the sign of the estimate, the term ‘vs.’ means ‘minus’. Hence, as an 

example, a positive value in the comparison IO-Scan vs. IMP-Scan in the x, y and 

z-directions would mean that position of the tooth is more mesial, vestibular, and 

extruded in the IO-Scan than it is in the IMP-Scan.   
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3. Results 

3.1 Differences in individual tooth positions with all teeth pooled 

The global estimates of the differences between individual tooth positions on the 

three model types (IO-Scan vs. STM-Scan, IO-Scan vs. IMP-Scan, and STM-Scan 

vs. IMP-Scan) and corresponding confidence intervals are depicted in Figure 10. 

Results represent the pooled teeth of upper and lower arches of all 40 subjects 

investigated in the study. Panels A and B refer to differences in 3D translations and 

3D rotations, respectively. Results for total translational and rotational vectors are 

also illustrated. 

3.1.1 Translational differences  

As indicated by the smallest estimates and confidence intervals, individual tooth 

positions on the IO and IMP-Scans (presented in red) showed the best agreement 

in all three spatial dimensions (Figure 10A). Corresponding estimates for the 

translational differences in tooth position were 0.023 in the x-direction and close to 

zero for the y and z-directions. The corresponding estimate for the total translational 

vector was 0.097 mm. In contrast, pairwise comparisons involving the STM-Scan 

revealed significantly larger deviations of individual tooth positions. The largest 

differences in tooth position were found for the superimposed IO and STM-Scans 

(shown in blue) in the x-direction with an estimate of 0.054 mm. The estimates in x-

direction showed a positive sign for the comparison between the IO-Scan vs. STM-

Scan (blue), and a negative sign for the comparison between the STM-Scan vs. 

IMP-Scan (green). This indicates that tooth positions on STM-Scans were found to 

be more distally located than corresponding positions on IO and IMP-Scans. 

3.1.2 Rotation differences  

The rotational differences between individual tooth positions on the three models 

were generally relatively small, as indicated by estimates of < ±0.12° for the x, y and 

z-directions (Figure 10B). Similar to the total translational differences, the 

comparison IO vs. IMP (in red) also revealed the smallest estimates for total 

rotational differences (1.01°), although the other two differences were also < 1.17° 

and only slightly greater. 
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differences between single tooth positions in the pairwise model comparisons 

 
differences between single tooth positions in the pairwise model comparisons 

 
Figure 10. Estimates and confidence intervals for the translational (A) and rotational 
(B) differences between single tooth positions in the pairwise model comparisons. 
Color representation: Blue color represents IO-Scan (intraoral scan) vs. STM-Scan 
(stone-model scan), Red color represents IO-Scan (intraoral scan) vs. IMP-Scan 
(impression scan), Green color represents STM-Scan (stone-model scan) vs. IMP-
Scan (impression scan). The same color key is used in Figures 11–13. 

B 

A 
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3.2 Differences in individual tooth positions with teeth pooled per quadrant 

Figure 11AB depicts differences in individual tooth positions separately for the four 

quadrants.  

3.2.1 Translational differences 

With regard to differences in the mesio-distal (x) direction depicted in the left panel 

of Figure 11A, all four quadrants showed a similar pattern; more concretely, 

superimposition of the IO and IMP-Scans resulted in the smallest translational 

deviations of individual tooth positions, followed by superimpositions of STM and 

IMP-Scans, and IO and STM-Scans. In contrast, the y and z-directions revealed 

specific patterns in the upper and lower dental arches (Figure 11A). With regard to 

translations in the y-direction, the upper teeth on the STM-Scans were positioned 

more vestibularly than the teeth on the IO and IMP-Scans. These differences were 

statistically significant, as indicated by the lack of overlap of the corresponding 

confidence intervals. The upper teeth on the IO and IMP-Scans showed very similar 

positions in this axis. In the lower arch, however, differences in individual tooth 

positions among the three models were clearly smaller, except from the difference 

between the STM and IMP-Scans in the fourth quadrant.  

In the z-direction, a more quadrant-specific pattern was observed. More specifically, 

teeth on the IMP-Scans showed more intrusive positions than those on the IO and 

STM-Scans, as indicated by the relatively high positive estimates, particularly in the 

second quadrant. In the lower jaw, however, teeth on the IO-Scans showed 

relatively intrusive positions, as indicated by the negative estimates depicted in blue 

(IO and STM-Scans) and red (IO and IMP-Scans); this trend was more pronounced 

in the third than in the fourth quadrant. 

Total translational vectors (Figure 11A, right panel) revealed that agreement of 

individual tooth positions was best between IO and IMP-Scans, with estimates close 

to 0.1 mm (red), followed by comparisons between STM and IMP-Scans (green), 

and IO and STM-Scans (blue). 
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differences between single tooth positions in the pairwise model comparisons 

 

 

differences between single tooth positions in the pairwise model comparisons 

Figure 11. Translational (A) and rotational (B) differences in individual tooth 
positions on IO-Scans (intraoral scan), IMP-Scans (impression scan), and STM-
Scans (stone-model scan) separated into the four quadrants. For color key see 
legend to Figure 10. 
  

A 
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3.2.2 Rotational differences 

Rotational differences between tooth positions (Figure 11B) were relatively small 

with estimates of < ±0.41°; pairwise superimpositions of upper arch models involving 

IO scans showed higher estimates that the superimposition of IMP-Scans and STM-

Scans. Total rotational vectors were between 0.89 and 1.41° in all quadrants for all 

three pairwise comparisons, with a slight trend toward larger tooth-position 

deviations on STM- scans of the lower arches (Figure 11B, right panel). 

3.3 Differences for upper arch models at an individual tooth level 

Differences between individual tooth positions on IO-Scans, STM-Scans, and IMP-

Scans at the level of each individual tooth are depicted in Figure 12AB for the teeth 

of the upper arch. 

3.3.1 Translational differences 

The left panel of Figure 12A reveals that, in the upper arch, the largest differences 

in individual tooth positions were observed in the mesio-distal direction (x) for the 

comparison of superimposed IO and STM-Scans (blue-colored estimates and 

confidence intervals). It must be noted that estimates for upper central incisors are 

very close to zero while they are linearly increasing toward the distal ends of the 

upper arch. This pattern is very similar for the right and left quadrants. Estimates for 

the first molars were found to be +0.095 mm and +0.110 mm, respectively. The 

positive sign of the estimates means teeth were more mesially positioned on the IO-

Scans. Superimposition of the STM and IMP-Scans (in green) revealed a similar 

symmetric trend with increasing translational differences, but in a negative direction, 

indicating teeth were more mesially positioned on the IMP-Scans. Maximum 

estimates at the first molars for this comparison were lower, with values of -0.059 

and -0.080 mm, respectively. Tooth positions showed best agreement when the IO 

and IMP-Scans were superimposed (red), with maximum estimates of < ±0.037 mm. 

Premolars and molars revealed estimates with similar magnitudes. 

With regard to differences in individual tooth positions in the oro-vestibular direction 

(y), a trend towards higher estimates for more distally positioned teeth was also 

found. This pattern, however, was somewhat less clear than that for deviations in 

the mesio-distal direction (x). The relatively high positive green and negative blue 
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estimates mean that the teeth on STM-Scans are more vestibularly positioned than 

the same teeth on the IO and IMP-Scans. 

differences between single tooth positions in the pairwise model comparisons 

 

     
                              differences between single tooth positions in the pairwise model comparisons 

Figure 12. Translational (A) and rotational (B) differences between individual tooth 
positions on upper-arch IO-Scans (intraoral scan), IMP-Scans (impression scan), 
and STM-Scans (stone-model scan) at the individual tooth level. For color key, see 
legend to Figure 10. 

A 

B 
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Estimates for vertical differences in individual tooth positions (z-direction) were 

relatively low and less systematic than those for the x and y-directions. In contrast 

to the x and y-directions, maximum values were found for upper canines instead of 

the first molars. Moreover, all three pairwise superimpositions revealed estimates 

with similar magnitudes. It should be noted, however, that confidence intervals were 

clearly wider when compared with the other spatial directions. 

The relatively good agreement of tooth positions on the IO and IMP-Scans is also 

indicated by the smallest estimates for the 3D translational vector between 0.074 

and 0.125 mm (red). In comparison, the superimpositions of the IO and STM-Scans 

(blue) revealed clearly higher estimates ranging between 0.115 and 0.204 mm 

(Figure 12A, right panel).  

3.3.2 Rotational differences 

Rotational differences in the positions of individual teeth in the three model types 

are depicted in Figure 12B. Generally, estimates for rotational tooth positions were 

found to be relatively low (< 0.73°), with high similarity for the three pairwise 

superimpositions. The largest rotational differences were found for the bucco-oral 

inclination (x-rotation) of anterior teeth. The positive red and blue estimates 

indicated more labial root torque of incisors and canines on IO-Scans than on STM-

Scans and IMP-Scans. Total rotational vectors ranged between 0.58 and 1.34° 

(Figure 12B, right panel). 

3.4 Differences for lower arch models at an individual tooth level 

Differences between individual tooth positions on IO, STM, and IMP-Scans at the 

level of each individual tooth are depicted in Figure 13AB for the individual teeth of 

the lower arch.  

3.4.1 Translational differences 

Similar to in the upper arch, differences in individual tooth positions showed the 

highest estimates in the mesio-distal direction (x) and for the most distally positioned 

teeth (maximum 0.163 mm for tooth 36 in the IO/STM-Scan superimposition). 

Additionally, relatively high symmetry was also observed between the teeth of the 

left and right quadrants (Figure 13A).  
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differences between single tooth positions in the pairwise model comparisons 
 

 

differences between single tooth positions in the pairwise model comparisons 
 

Figure 13. Translational (A) and rotational (B) differences between individual tooth 
positions on lower-arch IO-Scans (intraoral scan), IMP-Scans (impression scan), 
and STM-Scans (stone-model scan) at the individual tooth level. For color key see 
legend to Figure 10. 

A 

B 
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In contrast to the deviation pattern found in the upper arch, agreement was best 

between the superimpositions of the STM and IMP-Scans, whereas both pairwise 

superimpositions involving the IO-Scans revealed relatively large positive estimates. 

The latter indicates a relatively mesial position of posterior teeth on the IO-Scans 

compared with the more distal positions of posterior teeth on the IMP-Scans and 

STM-Scans.  

With regard to deviations in the y and z-directions, the outliers for teeth 36 and 43 

are most noticeable. Considering the signs of corresponding estimates, the position 

of tooth 36 on the IO-Scans was relatively vestibular and intruded compared with its 

position on the STM and IMP-Scans. The relatively high green and red estimates 

for tooth 43 in the z-direction indicated a relatively intruded position of this tooth in 

IMP scans compared with IO and STM-Scans. 

The total 3D translational vector was largest for tooth 36 with an estimate reaching 

0.285 mm (Figure 13A, right panel).  

3.4.2 Rotational differences 

Similar to the rotational deviations of maxillary tooth positions, the mandibular teeth 

also showed relatively small estimates (most of them < ±0.5°) and they also lacked 

a clear systematic pattern (Figure 13B). In the lower arch, tooth 43 revealed itself 

as an outlier, showing maximum estimates and confidence intervals for the blue (IO-

Scan vs. STM-Scan) and red (IO-Scan vs. IMP-Scan) colored comparisons. More 

specifically, corresponding signs of the estimates for deviations in the y and z-

directions indicate that tooth 43 was more distally tipped and disto-rotated on the 

IO-Scans than on the STM and IMP-Scans.  

As a consequence of the findings for individual spatial directions, the 3D rotational 

vector also showed a maximum for tooth 43, with estimates ranging between 2.18 

and 2.40° for the three pairwise superimpositions (Figure 13B, right panel). 
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4. Discussion 

4.1 General discussion 

3D models of the dental arches are one of the key foundations of orthodontic 

diagnosis, treatment planning, and documentation. Clearly, the accuracy of such 

models is an important issue. This study was inspired by the increasing trend toward 

using digital models for orthodontic diagnosis, treatment planning, appliance 

fabrication, and treatment documentation. We hypothesized that the direct approach 

for generating digital dental-arch models, i.e. IO scanning, would be a very precise 

procedure for generating models from patients with a multi-bracket appliance. In 

these patients especially, the conventional method based on an alginate impression 

and corresponding stone model presents a risk of fracture and/or deformation of the 

impression material, leading to inaccurate reproduction of at least some of the dental 

arch. 

4.2 Methodological aspects 

The first approach for generating a digital dental-arch model is direct IO Scanning. 

The IO system that we use in this study (TRIOS-3) was found to be one of the most 

precise IO scanners investigated in several studies [33, 40-42, 53, 62, 63]. IO 

scanners generally work with segmental scanning of small tooth segments which 

are then superimposed at the overlapping margins, can lead for inaccuracy [38]. 

Only two studies have investigated the effect of orthodontic brackets on the 

accuracy of IO scanning; both of these compared sets of bracketed models in vitro, 

using four IO scanners to generate digital models and a conventional caliper as a 

standard measurement method for comparison. They found that the TRIOS-3 and 

iTERO scanners were most accurate. However, both studies were performed in 

vitro; therefore, they could not provide any information regarding the accuracy 

achieved by intraoral scanners under intraoral conditions [40, 63]. The intraoral 

environment may certainly restrict the movements of the tip of the IO scanner [64]. 

A study by Flugge et al. compared in-vivo and in-vitro scanning methods and found 

that the extraoral scanning procedure resulted in deviations that were 50 µm smaller 

than those of the intraoral method. This result might be due to many factors such as 

humidity, the subject’s movement, and a restricted intraoral space [38]. However, 



35 

 

Park et al. investigated the accuracy of two IO scanners, with and without using 

intraoral environment simulators and found no statistically significant differences 

between intraoral and in-vitro (extraoral) scans [64]. Due to the factor of clinical 

situation that might affect the accuracy, we investigated under real intraoral 

conditions. 

The second approach for generating digital model is alginate impression based on 

a conventional metal tray. White blocking wax was used to cover the brackets to 

prevent dislodging of the alginate impression. Up to now, this method has been 

proven to be highly accurate and it has been routinely used in everyday orthodontic 

practice [56]. Alginate also has a lot of other advantages such as low costs, ease of 

use, and a short working time, and it involves an uncomplicated procedure [57]. 

Immediate pouring of alginate impressions with dental plaster minimizes the risks of 

syneresis and imbibition, and delivers relatively accurate duplicates [58]. In our 

study, impressions were kept in sealed plastic bags with a damp cloth before they 

were poured with dental plaster within one hour after impression-taking. A study by 

Wadhwa showed that a pouring time shorter than one hour had no statistically 

significant impact on the accuracy of casts obtained at different time intervals [59]. 

Furthermore, several scientific studies have reported that when impressions are 

stored properly, their quality and precision remain high even after a few days [60]. 

However, several other factors at play during the fabrication of plaster casts may 

reduce the accuracy of the corresponding physical casts and, consequently, of the 

digitized plaster casts. 

There is no gold standard available in clinical studies because it is not possible to 

scan the complete dental arch with one field of view. Principle of our study is to 

make a very good impression using an individualized impression tray with reduced 

extension on the vestibular side. Such impression can be scanned by desktop 

scanner leading in very high scanning accuracy [10]. Another study of our group 

concluded that alginate impression digitized by structured-light scanning had better 

dimensional accuracy than plaster model [61]. Therefore, IMP-Scan is kind of gold 

standard in our study. The partial alginate impressions were made with individual 

trays which covered only the occlusal, incisal, lingual and palatal surfaces of the 

teeth and the incisal borders of the brackets. 
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Data evaluation procedure with best fit approach is very accurate. A previous study 

of our group assessed the accuracy of superimposing digital dental-arch models 

and reported distances between superimposed model triplicates between 14–25 µm 

which were considered relatively small [10]. Therefore, we can be rather sure that 

deviations between the models are real deviations and not deviations resulting from 

the superimposition during data evaluation procedure.   

4.3 Discussion of the results 

The aim of our study was to compare three digital workflows for the clinical 

generation of digital dental-arch models. As in clinical practice, it was not possible 

to take desktop scans of the whole dental arch; hence, a gold standard representing 

the actual intraoral condition was not available. However, as mentioned before, IMP-

Scan can be regarded as a kind of gold standard. Hence, we performed pairwise 

comparisons of the three approaches for model generation which includes the 

comparison of IMP-Scans with the other two types of scans. The underlying 

hypothesis was that if the agreement was good between two of the three model 

approaches, and deviations were larger between these approaches and the third 

approach, then there was a high probability that the third approach was the most 

inaccurate. The global estimates of differences in individual tooth positions with all 

teeth pooled on the three-digital model types (IO-Scan vs STM-Scan, IO-Scan vs 

IMP-Scan and STM-Scan vs IMP-Scan) revealed that agreement was best in all 

three spatial dimensions between IO-Scans and IMP-Scans. The pairwise 

comparisons of IO- and IMP-Scans with STM-Scans showed less agreement. The 

possible explanation may be the expansion of plaster casts during the hardening 

process. According to the study from Vogel et al., scans performed on stone models 

were larger by 73.6 µm in maxilla and 65.2 µm in mandible [61]. It has to be noted 

that dental stone expansion does not affect rotational deviation to a minor extent. 

This might explain why the rotational differences between individual tooth positions 

on the three models were generally relatively small indicated by estimates < 0.1° for 

all directions 

The statistically estimated mean difference of total rotation and translation for all 

comparison groups was less than 1.2° degrees and 0.15 mm, respectively. Yet, no 

clear consensus exists regarding what constitutes a clinically acceptable amount of 
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error in orthodontic practice [44]. Several authors have tried to suggest a clinically 

acceptable value; for example, Hirogaki suggested a value of approximately 0.3 mm 

[65] and Schirmer suggested that a measurement difference of less than 0.2 mm 

was clinically insignificant [66]. 

When we compared the differences for the four quadrants separately, we found a 

similar pattern for all quadrants in the x-direction. In the y-direction, larger deviations 

were found in the upper two quadrants. In the z-direction, the differences were less 

than 0.05 mm for all comparison groups. Regarding rotation, we found a larger 

deviation for pairwise comparisons involving IO-Scans in the upper quadrants on 

the x-rotation, and in the third quadrant on the z-rotation. As mentioned before, we 

used the scanning strategy recommended by the scanner company. However, IO 

scanners produce images by stitching, which may cause a systematic error to be 

introduced by the intraoral scanner itself [38]. 

When comparing the separate quadrants, we found larger deviations in the third and 

fourth quadrants than in the first and second quadrants. The fact that the upper jaw 

revealed better agreement indicates that superimposition of the single tooth 

segments in IO-Scanning may benefit from the surface of the palate. In the lower 

jaw, similar agreement was observed between superimposition of IO-Scan and IMP-

Scan as well as STM-Scan and IMP-Scan. The reason may be that in the lower jaw 

only surfaces of gingiva over alveolar bone and tooth surfaces were included. 

Another possible explanation for this finding may be the intraoral anatomy. The 

tongue may cause more difficulties during scanning of the lower arch. This agrees 

with the findings of Lee et al., who evaluated differences in precision between the 

TRIOS-3 and iTERO; they found lower precision for the lower arch (0.069 mm) than 

for the upper arch (0.057 mm) [44]. However, it has to be mentioned that Fluegge 

et al reported the opposite, i.e., that IO scans of the upper arch are less accurate 

than those of the lower arch [38]. 

For single tooth positions, we found very good agreement among the three 

investigated approaches with regard to the anterior area of the dental arch. 

Deviations among the methods were found to symmetrically increase toward the 

distal ends of the arch. Hence, first molars in the mesio-distal and oro-vestibular 

directions in particular showed deviations of > 0.1 mm. This result is in relatively 
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good agreement with previous studies. For example, the study by Treesh et al. also 

reported high inaccuracy for the posterior area of the arch, with errors exceeding 

0.1 mm [36]. Other studies also found that inaccuracy was higher for the molar area 

than for the anterior area [38, 43]. A possible explanation for this direction-specific 

finding in our study may be that the superimpositions were performed on the 

surfaces of teeth #15–25 in the upper arch and teeth #45–35 in the lower arch as 

we can see that the discrepancy between IO/IMP becomes obvious at molars. And 

as the deviation is found in x direction for first molar agree quantitatively with the 

distinctly larger effect of the expansion of the dental stone during the hardening 

process. According from Hesmati et al., reported highest total mean of setting 

expansion of 0.35% [68], explains why these differences systematically increased 

in proportion towards the posterior region which affect mainly in x and y dimensions 

compared to vertical (z) dimension.  

Outliers of estimates for single tooth deviations between different digital models 

were most noticeable for teeth 36 and 43. Tooth 36 showed a relative vestibular and 

intruded position and revealed an estimate almost 0.3 mm on IO-Scans when 

compared to its position on STM-Scans and IMP-Scans. One possible explanation 

may be the process of impression removal. More specifically, the impression was 

asymmetrically supported on this tooth leading to the compression of impression 

material which explain the relative extruded position of this tooth on IMP- and STM-

Scans. Tooth 43 also revealed itself as an outlier showing relative intruded position 

of this tooth in IMP-Scans compared to IO-Scans and STM-Scans and showed a 

maximum value of rotational vector between 2-2.3° for all pairwise superimpositions. 

The reason for this outlier lies in one subject having a compromised shape and 

crown of this tooth on pretreatment model. This crown was segmented and used to 

superimposed at the evaluation process lead to inaccuracy of this 3D crown 

position.  

From all of our result, we can see that the approach that clearly led to the most 

inaccurate single tooth positions is the digitization of a STM. In our study, the STM 

was obtained using a conventional impression tray. To take an impression with this 

tray for a patient with orthodontic braces, we had to cover the brackets with wax to 

prevent the alginate from flowing under the bracket wings. Such preparation steps 
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are time-consuming and can obscure the surface underneath the wax, leading to 

incomplete tooth surfaces. However, if an impression is taken for a patient with 

orthodontic braces without using a wax cover, the impression underneath the 

brackets has a high risk for fracture when removing the tray from the mouth. Hence, 

the latter was not an alternative.  

The bulkiness of the conventional metal tray can cause discomfort to patients, 

especially those with a strong gag reflex, and contact between the metal tray and 

the tooth or bracket can cause pain. Although alginate impressions are commonly 

used in orthodontics, they can be associated with other problems, for example, 

limited elasticity, poor tear strength when being removed from deep undercuts, poor 

dimensional stability during storage due to evaporation that occurs over time, and 

sensitivity to temperature [57, 67]. The next step in fabricating the plaster model is 

to pour the alginate impression, which can also be sensitive to errors such as 

inaccurate pouring, voids, bubbles, model over-trimming, and breakage during 

shipping and storage of the plaster casts. Another disadvantage of conventional 

alginate impression-taking is that the impression can only be poured one time. If a 

mistake occurs during the process, the whole procedure must be started again. With 

IO scanning, in contrast, suboptimal areas may be rescanned. This saves time and 

causes less discomfort to patients. 

In our study, we found very good agreement between IO-Scans and IMP-Scans with 

individualized trays, indicating that these two approaches are highly accurate. 

However, digital models obtained using individualized impression trays are 

intrinsically incomplete, because the individualized tray only covers the incisal, 

occlusal, lingual, and palatal areas of the tooth crown. Hence, the best approach for 

generating digital dental-arch models in patients with orthodontic braces seems to 

be IO scanning. 
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5. Summary  

Intraoral scans are becoming established as an alternative to conventional full-arch 

impressions. Intraoral scans are generated by superimposing and merging multiple 

segmental scans, possibly leading to inaccuracies. No previous studies of intraoral 

scanning have investigated scanning accuracy in terms of the 3D deviation of single 

tooth positions in patients with orthodontic braces. The objective of this in-vivo study 

was to evaluate the accuracy of single tooth positions of digital models of patients 

with full multibracket appliances acquired from an intraoral scanner. 

Forty patients had impressions taken both with conventional metal trays and 

individualized trays with reduced extension on the vestibular side. In addition, their 

upper and lower dental arches were directly scanned using a TRIOS-3 intraoral (IO) 

scanner, which is based on a confocal laser scanning technique. From conventional 

impressions, stone models were fabricated. These stone models (STM) and the 

impressions from individualized trays (IMP) were both digitized using a desktop 

scanner. Agreement between corresponding datasets was analyzed by pairwise 

superimposition of unsegmented dental arch models (excluding the model parts 

distal to the second premolars) using a best-fit approach. Then, corresponding 

segmented individual tooth crowns extracted from the pretreatment models were 

fitted to the superimposed, unsegmented dental-arch models to determine the 3D 

translational and rotational vectors between positions of corresponding individual 

teeth on the three digital model types (i.e., IO-Scans, STM-Scans, and IMP-Scans). 

The estimates of differences in individual tooth positions with all teeth pooled 

revealed that agreement was best between the IO-Scans and IMP-Scans, with a 3D 

translation vector of 0.098 mm (confidence interval: ± 0.013 mm) and a 3D rotational 

vector of approximately 1.00 ± 0.15°. While the magnitudes of the translational 

vectors for superimposed IO-Scans and IMP-Scans in the oro-vestibular and vertical 

directions were negligible, the mesio-distal differences for individual tooth positions 

were 0.023 ± 0.013 mm. Pairwise comparisons involving the STM-Scan revealed 

significantly larger deviations. Generally, the positions of individual teeth on the 

STM-Scans were found to be more distally located than the corresponding positions 

on the superimposed IO or IMP-Scans. The analysis at an individual tooth level 

revealed that these deviations increased toward the distal ends of the dental arches, 
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with a maximum deviation in the mesio-distal direction of 0.163 mm for tooth 36 in 

the superimposition of lower-arch IO and STM-Scans. 

With regard to the clinical relevance of the results of this study, we concluded that 

all three investigated approaches for digital model generation in patients with a 

multibracket appliance seem to be sufficiently accurate for orthodontic diagnostic 

purposes. It should be noted, however, that IO scanning seems to be the fastest 

and most accurate approach. As the development of IO scanners continues, this will 

probably lead to even faster data-acquisition procedures and higher accuracy, and 

this technique will certainly replace conventional methods based on impressions 

and/or stone models in the near future. This is especially true for patients with 

multibracket appliances, for whom failures in impression-taking and fractures of the 

impression material are relatively common, resulting in incomplete tooth surfaces in 

the digital model. 
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7. Appendix 

Author Assess 

parameter 

Sample In-Ex Criteria Reference 

methods 

Compared 

methods 

Recorded 

measurements 

Statistical 

tests 

Conclusion 

Tomita 
(2018) 

Accuracy 1 Normal occlusion 
epoxy model 

Direct 
measurement 

from epoxy 
model 

- STM-Scan 
(alginate and 
VSE) 

- IO-Scan 
from TRIOS-
3 

linear distance 
measurements 
(from different 
sphere-
centers) 

- One-way 
ANOVA 

- Turkey’s 
Test 

 

- 6 from 12 
measurements 
have no 
significant 
difference 
amongst all 
groups 

- 5 from 12 
measurements, 
IO-Scan 
demonstrated 
significant 
higher accuracy 

- The 
measurement 
from IO-Scan 
were smaller 
than references 
values 

Kirschneck 
(2018) 

Conformity 

Reliability 

Validity 

20 - Full permanent 
dentition 

- No cavity, 
gingivitis 

- No disease or 
syndrome affect 
dento & 

STM-Scan 
from POE 

- IO-Scan 
(LYTHOS) 

- STM-Scan 
(alginate) 

Discrepancies 
from best-fit 
algorithm 

(both global 
and local best-
fit) 

- ICC  

- Bland 
Altman 
analysis 

- IO-Scan 
showed a 
statistically 
significant 
lower reliability 
and validity and 
higher deviation 
from STM-Scan 
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craniofacial 
system  

Sfondrini 
(2018) 

Accuracy 14 - Full permanent 
dentition 

- No 
developmental 
disabilities- 
Hyperactive gag 
reflex 

Direct 
measurement 
from stone 
model 

- Digital 
model from 
Trios 

- Plaster 
model from 
Alginate 
impression 

 

- Point to point 
measurements. 

- Antero-
posterior length 

- Intercanine 
distance 

- Intermolar 
distance 

 

- Kolmogo-
rov  

- Smirnov 
test  

- One-way 
ANOVA 

- Turkey 
tests 

- No significant 
difference was 
reported among 
various groups 

- Patients 
expressed 
greater comfort 
and lower gag 
reflex by using 
intraoral 
scanner 

Treesh 
(2018) 

Accuracy 1 None Photopolymer 
casts 
digitized 
using a 
laboratory 
based white 
light 3D 
scanner 
 

- IO-Scan 
(CEREC-
BLUE) 

- IO-Scan 
(CEREC-
OMNI) 

- IO-Scan 
(TRIOS-3)  

- IO-Scan 
(CS 3500) 

- Discrepancies 
from best-fit 
algorithm 

- Color-coded 
charts 

 

- Kruskal-
Wallis  

- Wilcoxon 

- Bonferroni 
adjustments 

- IO-Scan 
(CS3500) had 
lowest trueness 
and IO-Scan 
(CEREC- 
OMNI) had 
immediate 
overall trueness 
and precision 
compared with 
IO-Scan 
(CEREC-
BLUE) and IO-
Scan (TRIOS-
3) 

- All of the IO-
Scan tended to 
underestimate 
the size of the 
reference file 

 



50 

 

Lee (2018) Accuracy 32 - Full permanent 
dentition 

- No crown and 
bridge restoration 

- No moderate or 
severe crowding 

- No dentofacial 
deformity  

None 

(No best gold 
standard:  
Pairwise 
comparison) 

- IO-Scan 
(iTERO) 

- IO-Scan 
(TRIOS-3) 

- Discrepancies 
from best-fit 
algorithm 

- Color-coded 
charts 

 

Paired t-test  - The local 
deviation 
occurred in the 
posterior region 

- Average 
deviation 
between two 
IO-Scan is 

0.057 mm in 
maxilla 

0.069 mm in 
mandible  

Sun (2018) Reproducibility 20 - Full permanent 
dentition  

- No crown 
restoration 

- No moderate or 
severe crowding 

- No dentofacial 
deformity 

None 

(No best gold 
standard:  
Pairwise 
comparison) 

- IO-Scan 
(TRIOS-3)  

- Ex-vivo 
scanning 
(TRIOS-3) 

- Discrepancies 
from best-fit 
algorithm 

- Indepen-
dent t-test 

- Bland 
Altman 
analysis 

- The 
reproducibility 
of ex-vivo 
scanning is 
better than IO-
Scan 

Park (2018) Accuracy 1 

 

None STM-Scan 
(Solutionix 

500) 

- IO-Scan 
(TRIOS-2) 

- IO-Scan 
(TRIOS-3) 

- IO-Scan 
(CS3500) 

- IO-Scan 
(CS3600) 

- Discrepancies 
from best-fit 
algorithm 

- Color-coded 
charts 

- Shapiro-
Wilk test 

- Kruskal-
Wallis test 

- Mann-
Whitney U-
test  

- IO-scan 
(TRIOS-3) had 
the best 
trueness 

- STM-Scan 
(Freedom HD) 
had lowest 
RMS value, 
while IO-Scan 
(TRIOS-2) had 
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- STM-Scan  
(FREEDOM 
HD) 

- Bonferroni 
correction 
method 
 

highest RMS 
value 

- IO-Scan 
(TRIOS-2) 
displaced 
lingually in the 
anterior part 
and buccally in 
the posterior 
part 

 

Rajshekar 
(2017) 

Reliability 

Validity 

50 
(Stone 
model) 

- Full permanent 
dentition 

- No visible blebs, 
air bubbles  

Direct 
measurement 
from stone 
model 

- IO-Scan 
(ZFX) 

- Point to point 
measurements 

 

- Bland 
Altman plot 

- ICC  

- Overall 
agreement 
between 
methods was 
excellent 

- ICCs 0.904 – 
0.999 

- IO-Scan 
(ZFX) is reliable 
and valid for 
measuring 

San Jose 
(2017) 

Reliability of 
the 

measurement 

100 - Full permanent 
dentition 

- No tooth agesis, 
large restoration, 
and infraoccluded 
teeth 

- 2D digital 
model  

- IO-Scan 
(PLANSCAN) 

- IO-Scan 
(iTERO)  

- Point to point 
measurements 
 

- Alfa- 
Dahlberg 
formular 

- Kolmogo-
rov Smirnov 

- Paired 
student’s t- 
test  

- IO-Scan 
provided 
statistically and 
clinically 
acceptable 
accuracy for all 
the dental 
measurement 
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Zimmerman 
(2017) 

Precision 5 - Full permanent 
dentition 

None 

(No best gold 
standard:  
Pairwise 
comparison) 

- IO-Scan 
(CEREC-
OMNI) 

- IO-Scan 
(LYTHOS) 

- STM-Scan 
(alginate) 

- Discrepancies 
from best-fit 
algorithm 

- Color-coded 
charts 

- Kolmogo-
rov Smirnov 

- Bonferroni 

 

- STM-Scan 
had statistically 
significance 
deviation 
values from IO-
Scan (CEREC-
OMNI)  

- No significant 
between IO-
Scan (CEREC-
OMNI) and IO-
Scan 
(LYTHOS) 

- STM-Scan 
had lowest 
precision 

- The deviation 
pattern for IO-
Scan shows at 
the distal end of 
the dental arch.  

Mack (2017) Accuracy 61 

 

- Full permanent 
dentition 

Direct 
measurement 
from dry 
mandible 

- IO-Scan 
(LYTHOS) 

- IO-Scan 
iTERO 

 

- Point to point 
measurements 

 

- One-
sample t- 
test 

- Bland 
Altman 
analysis 

- ICC 

Dahlberg’s 
formula   

- No significant 
differences 
between both 
IO-Scan and 
references 
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Renne 
(2017) 

Trueness and 
precision 

1  None STM-Scan 
(Atos triple 
scan) 

 

- IO-Scan 
(PLANSCAN) 

- IO-Scan 
(CEREC-
OMNI)  

- IO-Scan 
(CEREC-
BLUE) 

- IO-Scan 
(CS3500) 

- IO-Scan 
(iTERO) 

- IO-Scan 
TRIOS-3 

- STM-Scan 
(3Shape 
D800)  

- Discrepancies 
from best-fit 
algorithm 

- One-way -
ANOVA 

- Spearman 
correlations 

- The order of 
trueness and 
precision aligns 
from most to 
least is as 
following: 

3Shape D800 > 
iTERO > 
TRIOS-3 > 
CS3500 > 
PLANSCAN > 
CEREC-OMNI 
> CEREC-
BLUE  

Camardella 
(2017) 

Accuracy and 
reproducibility 

28 - Full permanent 
dentition 

- No dental 
anomalies in size 
and shape 

- No fixed 
orthodontic 
retainer 

Direct 
measurement 
of stone 
model  

IO-Scan 
(TRIOS-3) 

- Point to point 
measurements 

- Paired t- 
test 

- ClinRel 
value 

 

- Significant 
differences 
between 
measurements 
from IO-Scan 
and reference 
in several 
measurements  

 

Anh (2016) Precision 4 None None 

(No best gold 
standard:  

- Groups of 
different 
tooth 
discrepancies 

Discrepancies 
from best-fit 
algorithm 

 

- One-way 
ANOVA 

- IO-Scan 
(iTERO) and 
IO-Scan 
(TRIOS-3) 
system showed 
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Pairwise 
comparison) 

- IO-Scan 
(iTERO)  

- IO-Scan 
(TRIOS) 

- Duncan’s 
post hoc 
analysis 

 

no statistically 
significant 
difference in 
precision with 
different arch 
length 
discrepancies 

- iTERO proved 
to be less 
precise than 
TRIOS-3 

Kuhr (2016) Accuracy 50 - Full permanent 
dentition 

 

 

None 

(No best gold 
standard:  
Pairwise 
comparison) 

- IO-Scan 
(CEREC-
OMNI) 

- IO-Scan 
(TRUE-DEF) 

- IO-Scan 
(TRIOS-3) 

- STM-Scan 
(POE) 

 

Linear and 
angles 
measurements  

 

- Paired 
sample t- 
test 

- Bonferroni 
corrections 

- STM-Scan 
showed less 
deviation than 
the IO-Scan  

- The largest 
deviations were 
the intermolar 
distance across 
the whole jaw 

Gan (2016) Accuracy 

Trueness 

32 - Full permanent 
dentition 

- Not undergoing 
orthodontic 

- No metal 
material and oral 
implant on teeth  

STM-Scan 
(VSE) 

 

IO-Scan 
TRIOS-3 

Discrepancies 
from best-fit 
algorithm 

- Kolmogo-
rov Smirnov 

- Paired two 
sample 
student’s t- 
test 

- ANOVA 

- No significant 
effect of palatal 
vault height on 
accuracy of IO-
Scan 

- IO-Scan has 
larger 
deviations from 
STM-Scan in 
the areas of 
palatal soft 
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- Pearson 
Correlation 
Coefficient 

tissues than 
that in the 
areas of full 
dentitions 
(p<0.001) 

 

Zhang 
(2016) 

Validity 20 - Full permanent 
dentition  

- No prosthesis 
restoration 

- No severe 
crowding 

- No dentofacial 
deformity  

Direct 
measurement 
of stone 
model 

IO-Scan 
(iTERO) 

 

- Intra-arch 
measurement  

- Discrepancies 
from best-fit 
algorithm  

- Paired t-
test  

- Bland 
Altman 
analysis 

- ICC 

- There was a 
statistically 
significant 
difference in 
only one 
measurement 

(distance from 
tooth 36 to 
tooth 46) 

- The average 
surface 
differences 
were within 0.1 
mm in the 
maxilla and 
mandible 

Jeong 
(2016) 

Accuracy 
(Trueness and 

Precision) 

1 None 

 

- Plaster 
model scan  

 

- IO-Scan 
(CEREC-
OMNI)  

- IO-Scan 
(CEREC-
BLUE) 

 

- Discrepancies 
from best-fit 
algorithm 

-One-way 
ANOVA 

-Post hoc 
Turkey 
HSD Tests 

- IO-Scan 
(CEREC-
OMNI) showed 
less random 
error than IO-
Scan (CEREC 
BLUE) 

and significant 
difference in 
trueness 
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Ender 
(2016) 

Precision 5 

 

- Full permanent 
dentition  

None 

(No best gold 
standard:  
Pairwise 
comparison) 

- IO-Scan 
(CEREC-
BLUE) 

- IO-Scan 
(CEREC 
OMNI) 

- IO-Scan 
(iTERO) 

- Lava COS 

  Lava True 
Definition 
Scanner 

- TRIOS 

- 3 Shape 
TRIOS Color 

 

- Discrepancies 
from best-fit 
algorithm  

- Kolmogo-
rov Smirnov 

- Levene 
test 

Conventional 
and digital 
impressions 
methods differ 
significantly in 
the complete 
arch accuracy. 

 

Park (2016) Accuracy 2 None 

 

Actual 
Measurement 
of the dental 
model 

- IO-Scan 
(iTERO) 

- IO-Scan 
(TRIOS-3) 

- IO-Scan 
(ZFX)  

- IO-Scan 
(PLANSCAN) 

 

- Point to point 
measurements 

Mann-
Whitney U 
test  

- iTERO 
showed highest 
accuracy 
followed by 
TRIOS-3 

-ZFX and 
PLANSCAN 
produced 
maximum 
deviations of 
more than 2 
mm 
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Gruenheld 
(2015) 

Accuracy 15 - Full permanent 
dentition  

- No history of 
mental, 
emotional, or 
developmental 
disabilities 

STM-Scan  - IO-Scan 
Lava COS  

- Discrepancies 
from best-fit 
algorithm 

Bland-
Altman 
analysis 

 

No significant 
difference 
between IO-
Scan and STM-
Scan 

 

Naidu 
(2013) 

Validity 

Reliability 

Reproducibility 

30 - Full permanent 
dentition  

- No heavily 
restoration, large 
carious lesions or 
enamel defects 
that would affect 
the mesiodistal 
morphology of 
the crown   

Actual 
Measurement 
of the dental 
model 

Cadent - Point to point 
measurements 
Bolton ratios 
(Anterior and 
Overall)  

- Paired t- 
test  

- PCC 

- ICC 

 

- Statistically 
significant 
between 2 
methods but 
clinically 
acceptable 
accuracy to 
measure tooth 
widths and 
calculate Bolton 
ratios. 

- Excellent 
reliability and 
reproducibility 

Fluegge 
(2013) 

Precision 1 None None - IO-Scan 
(iTERO) 

- STM-Scan 
(D250) 

 

- Discrepancies 
from best-fit 
algorithm 

- Color-coded 
charts 

Maximums, 
means, 
medians, 
and root 
mean 
square 
errors  

- IO-Scan is 
less accurate 
than scanning 
STM-Scan 

- IO-Scan with 
intraoral 
condition is less 
accurate than 
the extraoral 
condition 
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Wiranto 
(2013) 

Validity 

Reliability 

Reproducibility 

22 - Complete 
permanent 
dentition  

- No fix 
orthodontic 
appliances and 
no severe 
crowding (<6mm) 

Actual 
Measurement 
of the stone 
model 

- IMP-Scan 
(OrthoProof) 

- IO-Scan 

(LAVA COS) 

- Point to point 
measurements 
Bolton ratios 
(Anterior and 
Overall) 

- Paired t-
test  

- ICC  

- Tooth widths 
measurements 
of each tooth 
on the IO-Scan 
did not differ 
significantly 
from stone 
model 
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