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Featured Application: This systematic review summarizes the available literature about integration
of CBCT scans, digital casts, and facial scans.

Abstract: Background: This systematic review summarizes the current knowledge on the
superimposition of three-dimensional (3D) diagnostic records to realize an orthodontic virtual
patient. The aim of this study is to analyze the accuracy of the state-of-the-art digital workflow.
Methods: The research was carried out by an electronic and manual query effectuated from ISS (Istituto
Superiore di Sanità in Rome) on three different databases (MEDLINE, Cochrane Library and ISI WEB
OF SCIENCE) up to 31st January 2020. The search focused on studies that superimposed at least two
different 3D records to build up a 3D virtual patient—information about the devices used to acquire 3D
data, the software used to match data and the superimposition method applied have been summarized.
Results: 1374 titles were retrieved from the electronic search. After title-abstract screening, 65 studies
were selected. After full-text analysis, 21 studies were included in the review. Different 3D datasets
were used: facial skeleton (FS), extraoral soft tissues (ST) and dentition (DENT). The information
provided by the 3D data was superimposed in four different combinations: FS + DENT (13 papers),
FS + ST (5 papers), ST + DENT (2 papers) and all the types (FS + ST + DENT) (1 paper). Conclusions:
The surface-based method was most frequently used for 3D objects superimposition (11 papers),
followed by the point-based method (6 papers), with or without fiducial markers, and the voxel-based
method (1 paper). Most of the papers analyzed the accuracy of the superimposition procedure
(15 papers), while the remaining were proof-of-principles (10 papers) or compared different methods
(3 papers). Further studies should focus on the definition of a gold standard. The patient is
going to have a huge advantage from complete digital planning when more information about
the spatial relationship of anatomical structures are needed: ectopic, impacted and supernumerary
teeth, root resorption and angulations, cleft lip and palate (CL/P), alveolar boundary conditions,
periodontally compromised patients, temporary anchorage devices (TADs), maxillary transverse
deficiency, airway analyses, obstructive sleep apnea (OSAS), TMJ disorders and orthognathic and
cranio-facial surgery.

Keywords: imaging; three-dimensional; orthodontics; intraoral scan; cone-beam computed tomography;
extraoral face scan; technology; dental; superimposition; virtual patient

Appl. Sci. 2020, 10, 5354; doi:10.3390/app10155354 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-1339-9172
https://orcid.org/0000-0002-9499-0556
http://dx.doi.org/10.3390/app10155354
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/15/5354?type=check_update&version=2


Appl. Sci. 2020, 10, 5354 2 of 16

1. Introduction

The use of three-dimensional (3D) data is leading to broader possibilities for daily clinical practice:
digital planning may enhance diagnostic accuracy and treatment customization [1,2]. Even if 2D
radiographic records such as lateral cephalograms and photographs have been routinely used in
orthodontic practice, they present some limitations, as they cannot represent the depth of anatomical
structures [3,4]. In orthodontics, 3D imaging can help to plan tooth movement with respect to the
thickness and morphology of the alveolar bone envelop, to the roots of the contiguous teeth and
their periodontal status [5]. The use of cone-beam computed tomography (CBCT) is justified in
every clinical situation where more information about the spatial relationship of anatomical structures
is needed: ectopic [6], impacted and supernumerary teeth [7,8], root resorption [9], cleft lip and
palate [10–12], alveolar boundary conditions, placement of temporary anchorage devices [13], maxillary
transverse deficiency [14], airway analyses [15], temporomandibular disorders [16] and orthognathic
and cranio-facial surgery [17]. Thanks to the intraoral scanners (IOS), it is possible to have an immediate
and accurate digital model of the dental arches. The advantages of a digital impression involve the
absence of dimensional changes of the impression material, the efficiency of manipulation, sharing and
storage as well as the possibility to realize customized virtual set-ups and CAD-CAM appliances
or surgical splints for orthognathic surgery patients. As a limitation, some studies have shown that
trueness and precision of intraoral scans may be controversial for full-arch digital impressions, as some
imprecision may occur in not spatially defined areas. On the other hand, dental laboratory scanners
(DLS) are used to digitize impressions or casts; however, any dimensional change of the impression
material or plaster cast will be reproduced on three-dimensional dataset [18]. Recently, facial scanners
have been introduced in the market with the purpose of acquiring the 3D image of the patients’
face—this can be useful in aesthetic dentistry for planning the patient’s smile [19]. The integration
of 3D data from different anatomical structures (skeleton, dentition and facial soft tissues) allows
to obtain a 3D virtual simulation of a patient, as well as to simulate the treatment outcome into the
patients’ faces, thus leading to a better communication with colleagues, technicians and patients [1,20]
(Figure 1).
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Figure 1. The three-dimensional workflow (from left to right): 3D image of the face, intraoral impression
of the dentition and cone-beam computed tomography (CBCT) scan of the skeleton.

Although 3D data from skeleton, dentition and facial soft tissues are currently available, it is still
difficult to merge different data formats in a single planning program—the DICOM (digital imaging
and communications in medicine) format for skeletal scaffold, the .STL (standard tessellation language)
format or .PLY (polygon file) format for dentition and .OBJ (object code) format for facial soft tissues [21].
The clinicians who approach virtual planning require an accurate, reliable and easy-to-use method for
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the integration of 3D datasets available in different formats [4]. Despite many procedures that have
been described in the recent years, there is still a lack of consensus about a gold standard protocol.

The aim of this systematic review is to summarize the current knowledge about the superimposition
methods of three-dimensional diagnostic records and to analyze their declared accuracy.

2. Materials and Methods

On the 31st of January 2020, the electronic search was carried out at the ISS (Istituto Superiore di
Sanità of Rome) on three different databases (MEDLINE, Cochrane Library and ISI WEB OF SCIENCE).
The search strategy was based on the PICO (patient, intervention, comparison, outcome) criteria
modified as previously described by Joda et al. [21,22].

The search strategy was assembled from a combination of qualified medical subject headings
(MeSH terms) as key words in simple or multiple conjunctions: (((digital OR virtual OR 3-d OR “3 d”
OR 3d OR “three dimensional” OR three-dimensional OR threedimensional OR “3 dimensional” OR
3-dimensional OR 3dimensional) AND (patient OR patients)) OR (cbct OR “cone beam” OR cone-beam
OR conebeam OR “CT scan” OR CT-scan OR “computed tomography”) OR (((face OR facial OR
extraoral OR extra-oral OR “extra oral” OR intraoral OR intra-oral OR “intra oral”) AND (scan OR
scans)) OR photogrammetry OR ((“digital dental” OR digital-dental) AND (cast OR set-up OR “set
up” OR setup)))) AND (superimposition OR super-imposition OR “super imposition” OR (data AND
(fusion OR matching))) AND (orthodontic OR orthodontics OR ((orthognathic OR maxillofacial OR
maxillo-facial OR “maxillo facial” OR orofacial OR oro-facial OR “oro facial”) AND surgery) OR
dentistry OR (digital AND smile AND design) OR prosthodontics).

A further manual search was performed on the following journals: American Journal of
Orthodontics and Dentofacial Orthopedics, British Journal of Oral and Maxillofacial Surgery, Clinical
Implant Dentistry and Related Research, Clinical Oral Implants Research, Dentomaxillofacial Radiology,
European Journal of Oral Implantology, European Journal of Orthodontics, Facial and Plastic Surgery
Clinics of North America, Implant Dentistry, International Journal of Oral and Maxillofacial Implants,
International Journal of Oral and Maxillofacial Surgery, International Journal of Prosthodontics,
Journal of Craniomaxillofacial Surgery, Journal of Oral and Maxillofacial Surgery, Journal of Oral
Implantology, Journal of Prosthetic Dentistry, Journal of Prosthodontics, Oral Surgery Oral Medicine
Oral Pathology and Radiology and Orthodontics and Craniofacial Research.

The selection of the abstracts to be included was independently performed by two researchers
(F.M. and E.S.) based on the following inclusion criteria:

• Observational studies (case reports, case series, cohort studies) on humans aimed at creating a 3D
virtual dental patient

• Information about the 3D imaging devices used, and the superimposition software employed
• Detailed description of the superimposition method applied
• English language

Doubts about the potential inclusion of an abstract were cleared up by discussion with a third
researcher (P.G.).

Only the papers whose whole text was retrieved for full-text analysis were included in the review.

3. Results

Through the developed search strategy, 1374 titles were initially retrieved (Cochrane Library:
65 abstracts; Pubmed: 590 abstracts; ISI web of science: 719 abstracts) and seven papers were further
included by manual search. After the screening phase, 63 abstracts and, subsequently, 21 full texts
were selected for review (18 from electronic search; 3 from manual search). A total of 21 articles were
included in the review (Figure 2).
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Figure 2. Flowchart of the review process.

All the included studies were designed as case report, case series or single-cohort clinical
investigations; no randomized controlled trials were identified.

To simulate a virtual patient three different 3D datasets were used:

• Facial skeleton (FS): acquired by CBCT or conventional CT scans
• Facial soft tissues (ST): acquired by stereophotogrammetry, laser scanner or 3D photography with

a smartphone app.
• Dentition (DENT): acquired by intraoral scanners (IOS) or digitization of plaster casts or dental

impression through dental laboratory scanners (DLS).

The 3D data most frequently reported from the selected papers were FS (n = 19), followed by
dentition (n = 16) and ST (n = 8).

The 3D data were superimposed according to four different combinations (Figure 3):

• 13 papers merged skeleton with dentition (FS + DENT = 13)
• 5 papers merged skeleton with facial soft tissues (FS + ST = 5)
• 2 paper merged facial soft tissues with dentition (ST + DENT = 2)
• 1 paper integrated all the 3D datasets (FS + ST + DENT = 1)
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Figure 3. Summary of the included studies.

The included studies performed different superimposition protocols:

• 11 studies used the surface-based method
• 6 studies used the point-based method
• 2 studies compared the surface-based method and point-based method
• 1 article used the voxel-based method
• 1 article compared the voxel-based and surface-based method

Most of the studies retrieved declared as a primary outcome the assessment of the accuracy of the
chosen superimposition procedure (n = 15); moreover, the feasibility to simulate a digital patient was
analyzed (n = 10) and the accuracy of two different superimposition methods (n = 3) were also analyzed.

The results of the research are summarized in Table 1.
The included studies which declared to analyze of the accuracy of a superimposition procedure

or the agreement between the results of different methods were further analyzed [Table 2].
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Table 1. Information on the included studies.

Study No. of
Patients Facial Skeleton Extraoral Soft Tissue Dentition Superimposition Method Superimposition Software Outcome

Lin HH et al. (2013) 14

CBCT
i-CAT CBCT scanner
(Imaging Sciences
International,
Hatfield, PA, USA)

-

DLS
Digitization of plaster cast
3Shape Orthodontics
System
(Copenhagen, Denmark)

Surface-based
(manual pre-registration +
manual selection of three
areas without artifacts)

3dMD Vultus software
(3dMD, Atlanta, GA, USA)

Accuracy,
Intra-/inter-operator
reliability

Lin X et al. (2014) 1 CBCT -

DLS
Digitization of plaster cast
(Smartoptics Activity
880, Smart Optics
Sensortechnik Gmbh,
Bochum, Germany)

Point-based
(manual selection of
five points)

ProPlan CMF 1.3
(Materialise, Lueven,
Belgium)

Accuracy,
Intra-/inter-operator
reliability

Almutairi et al. (2018) 6

CBCT
i-CAT scanner
(Imaging Sciences
International, London, UK)

-

IOS
TRIOS (3Shape
A/S, Copenhagen,
Denmark)

Fiducial markers
Point-based
(manual pre-registration +
manual selection of
six points)

VRMesh software
(VirtualGrid, Seattle, WA,
USA)

Accuracy

Ayoub et al. (2007) 6

CT
spiral CT
scanner, Marconi MX8000,
Kv 120, MaS
200, with bone filter.

Stereophotogrammetry
(Di3D, Dimensional
Imaging, Hillington Park,
Glasgow,
UK)

-

Point-based
(Procrustes registration +
manual selection of
ten points)

Amira (Thermo Fisher
Scientific, Berlin, Germany) Accuracy

Daher et al. (2018) 1 -

3d photography with
mobile phone with a
feature-tracking
app (3D Creator,
Sony Corporation,
sonymobile.com)

IOS
(Condor,
Condor Systems,
condorscan.com)

Point-based
(manual selection of four
intraoral landmarks)

Blender, blender.org Feasibility

Hernandez-Alfaro *
(2013) 6

CBCT
i-CAT device, version 17–19
(Imaging
Sciences International,
Hatfield, PA,
USA)

-

IOS
Lava Scan ST scanner (3M
ESPE, Ann
Arbor, MI, USA)

Surface-based
(selection of the mandible,
including teeth)

SimPlant Pro OMS software
(Materialise Dental) Feasibility

Jayaratne et al. (2012) 29

CBCT
i-CAT System, Imaging
Sciences International,
Hatfield, PA, USA)

Stereophotogrammetry
3dMDface
(3dMD, Atlanta, GA, USA)

-

Surface-based
(manual pre-registration +
manual selection of frontal,
and zygomatic areas,
cheeks, and nasal dorsum)

3dMDpatient software
(3dMD LLC, Atlanta, GA,
USA)

Feasibility,
Accuracy

Joda et al. (2014) 1 CBCT
(i-CAT, Hatfield, PA, USA)

Stereophotogrammetry
(3dMD, Atlanta, GA, USA)

IOS
(iTero Align Technology,
San Jose, CA, USA)

Surface-based
(selected areas are
not specified)

- Proof-of-principle
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Table 1. Cont.

Study No. of
Patients Facial Skeleton Extraoral Soft Tissue Dentition Superimposition Method Superimposition Software Outcome

Kang et al. (2014) 1

CBCT
VATECH
Co., Ltd., Hwaseong,
Gyeonggi-do,
Korea

-

DLS
Digitization of plaster cast
(Rexcan DS2; Solutionix,
Seoul, Republic
of Korea)

Surface-based
(selected areas are not
specified)

Rapidform XOV2 software
(Inus Technology Inc., Seoul,
Korea)

Accuracy

Lin CY et al. (2015) 30

CBCT
(i-CAT Imaging System,
Imaging Sciences
International Inc, Hatfield,
PA, USA)

Stereophotogrammetry
(3dMD, Atlanta, GA, USA) -

Surface-based
(manual pre-registration +
removal of extraneous data
(superior to the hairline,
inferior to
the lower border of the
mandible, lateral to the
preauricular areas,
eyes, eyebrows, and lips))

VRMesh software (Virtual-
Grid, Bellevue, WA, USA)

Accuracy
(RMS distance)

Nahm et al. (2014) 4 CBCT (Alphad Vega; Asahi
Roentgen, Kyoto, Japan)

structured light scan (3D
Neo; Morpheus, Gyoung-gi,
Korea)

-

Surface-based, automatic
registration on the skin
surface + manual alignment
of facial axis)

Morpheus, (Gyoung-gi
Korea) Accuracy

Noh et al. (2011) 30 CBCT (Alphard Vega; Asahi
Roentgen, Kyoto, Japan) - DLS Digitization of plaster

cast (Orapix, Seoul, Korea)

Surface-based (manual
pre-registration, three
registration area tested:
buccal surfaces, only the
lingual surfaces, and both
the buccal and lingual
surfaces

Rapidform 2006 (Inus
Technology Inc., Seoul,
Korea)

Accuracy,
reliability

Park et al. (2012) 1

CBCT (i-CAT imaging
device, Imaging Sciences
International, Hatfield,
PA, USA)

-
DLS Digitization of plaster
cast (KOD- 300, Orapix Co.
Ltd., Seoul, Korea)

Surface-based (selection of
the basal bone structure of
the mandible) Vs.
Plane-based (based on
anatomical structures:
mental and lingual
foramen)

Rapidform 2006 (INUS
Technology Inc., Seoul,
Korea)

Feasibility, accuracy

Pozzi et al. (2018) 1
CBCT (Scanora 3Dx, Kavo
Dental GmbH, Biberach,
Germany)

-

IOS (Carestream 3600
Intraoral Scanner,
Carestream Dental LLC,
Atlanta, GA, USA) or DLS
Digitization of dental cast

Point-based (not specified) SmartFusion (Nobel Biocare
AG, Kloten, Switzerland) Feasibility

Rangel et al. (2008) 1 - Stereophotogrammetry
(3dMDface System)

DLS
Digitization of impressions
(Hytec, Los Alamos,
NM, USA)

Surface-based (Manual
pre-registration of four
landmarks + manual
pre-registration of
corresponding areas on
maxillary and mandibular
incisors)

Maxilim software program
(version 2.0.3, Medicim NV,
Mechelen, Belgium

Feasibility
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Table 1. Cont.

Study No. of
Patients Facial Skeleton Extraoral Soft Tissue Dentition Superimposition Method Superimposition Software Outcome

Rangel et al. (2012) 1
CBCT (i-CAT, Imaging
Sciences International, Inc.,
Hatfield, PA, USA)

-

DLS
Digitization of impressions
(FCT-1600, Hytec Inc., Los
Alamos, NM, USA)

Fiducial markers,
point-based (Procrustes
registration)

Maxilim software program
(version 2.0.3, Medicim NV,
Mechelen, Belgium)

Feasibility

Rangel et al. (2018) 20
CBCT (i-CATT, Imaging
Sciences International, Inc.,
Hatfield, PA, USA

-

DLS
Digitization of impressions
(i-CATT, Imaging Sciences
International, Inc., Hatfield,
PA, USA)

voxel-based
vs. fiducial-markers-point
based (ten markers placed
on the gingiva)

Maxilim software program
(version 2.0.3, Medicim NV,
Mechelen, Belgium)

Comparison/Accuracy

Uechi et al. (2015) 30
CT (ProS- peed FII; GE
Medical Systems,
Milwaukee, WI, USA).

-

DLS Digitization of plaster
cast (VIVID910;
Konika-Minolta,
Tokyo, Japan)

Surface-based, Fiducial
markers
(Three ceramic balls 9/32-in.
in diameter, Amatsuji Co.
Ltd., Osaka, Japan, on the
buccal surface of the
reference splint; automatic
registration)

Imageware 10.6, UGS PLM
Solutions, Plano, TX, USA)

Feasibility,
Accuracy

Yang et al. (2013) 5

CBCT (i-CATTM Dental CT,
Imaging Sciences
International, Inc., Hatfield,
PA, USA)

-

CBCT (i-CATTM Dental CT,
Imaging Sciences
International, Inc., Hatfield,
PA, USA)

Surface-based, Fiducial
markers
(four spherical markers
places in the premolar and
molar region; automatic
registration)

3dMDvultus software
(3dMD, Atlanta, GA, USA) Accuracy

Choi et al. (2014) 10
CT (Siemens Sensation 64
CT scanner, Siemens AG,
Erlange, Germany)

-

DLS Digitization of plaster
cast (smartSCAN 3D,
Breuckmann,
Meersburg, Germany)

Point based (dental cusps,
three, five, seven, nine,
fourteen points) vs.
Surface-based (occlusal
surface)

Rapidform XOV2 software
(Inus Technology Inc., Seoul,
Korea)

Accuracy,
reliability

Swennen et al. (2009) 10
CBCT (i-CAT, Imaging
Sciences International Inc.,
Hatfield, PA, USA)

-
CBCT (i-CAT, Imaging
Sciences International Inc.,
Hatfield, PA, USA)

Triple voxel-based (manual
pre-registration)

Maxilim software program
2.1.1. (Medicim NV,
Mechelen, Belgium)

Feasibility, Accuracy

CT = Conventional computed tomography; CBCT = Cone Beam Computed Tomography; DLS = Dental Laboratory Scanner; DI = Digital Impression (scan of an analogic impression);
IOS = Intraoral scanner; * = Studies that provided a “gold standard” to measure the accuracy of the procedure.
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Table 2. Information on the studies that analyzed the reliability of the registration.

Study No. of
Patients Facial Skeleton Extraoral Soft Tissues Dentition Superimposition Method

RMS
(Root Mean Square) of the

Distance Measurements
Mean Absolute Distance

Almutairi et al. *
(2018) 6 CBCT - IOS Fiducial markers,

Point-based - 0.13–0.19 mm on
intraoral markers

Ayoub et al.
(2007) 6 CT Stereophotogrammetry - Point-based - ±1.5 mm

Jayaratne et al.
(2012) 29 CBCT Stereophotogrammetry - Surface-based 0.74 mm whole face error

0.04 mm: registration error -

Lin CY et al.
(2015) 30 CBCT Stereophotogrammetry - Surface-based 1.8 ± 0.4 mm 0.1 ± 0.07 mm

Nahm et al.
(2014) 4 CBCT Structured light scan - Surface-based - 0.60 ± 0.12 mm

Noh et al.
(2011) 30 CBCT - DLS Surface-based - 0.27–0.33 mm

Rangel et al.
(2018) 20 CBCT - DLS

Voxel-based
vs. fiducial markers-point
based

- 0.39 upper jaw
0.30 lower jaw

Uechi et al.
(2015) 30 CT - DLS Fiducial markers,

surface-based 0.12–0.02 mm -

Yang et al.
(2013) 5 CBCT - CBCT Fiducial markers

surface-based -

0.20 ± 0.03
maxillary teeth
0.27 ± 0.05
mandibular teeth

Choi et al.
(2014) 10 CT - DLS Point based vs.

surface-based -

point based: 0.16 mm
(seven points) to −0.20
mm (14 points)
Surface based: 0.116 mm

Lin H et al.
(2013) 14 CBCT - DLS Surface-based - ± 0.5 mm

Swennen et al. *
(2009) 10 CBCT - CBCT Triple voxel-based - 0.08 ± 0.03 mm

CT = Conventional computed tomography; CBCT = Cone Beam Computed Tomography; DLS = Dental Lab Scanner; IOS = Intraoral scanner, * = Studies that provided a “gold standard”
to measure the accuracy of the procedure.
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3.1. Descriptive Analysis

3.1.1. Facial Skeleton + Soft Tissue + Dentition

A virtual patient simulation based on three datasets matching technique (FS + ST + DENT) was
performed in two studies both reported as a proof-of-principle on a single case. Joda and Gallucci
merged intraoral scans of the dentition, CBCT and stereophotogrammetric facial scans to build a 3D
virtual patient by means of a surface-based method [18].

3.1.2. Facial Skeleton + Soft Tissue

Ayoub et al. merged stereophotogrammetry and conventional CT data of human faces by a
point-based method [23,24]: DICOM and Di3D software (Di3D, Dimensional Imaging, Hillington
Park, Glasgow, UK) files were converted into a VRML (virtual reality modelling language) common
language by Amira (Thermo Fisher Scientific, Berlin, Germany) and superimposed with a two-step
procedure: firstly, Procrustes registration was applied in order to normalize information of size,
shape and space, then face and skeleton were matched by means of 10 corresponding landmarks
distributed on the entire face area of the human head. Finally, iterative closest point algorithm (ICP) was
applied. The registration error was calculated to be ±1.5 mm using the closest point distance from the
transformed Di3D skin surface to the transformed CT skin surface. In 2009 Swennen et al. introduced a
new approach to acquire a three-dimensional virtual skull model appropriate for orthognathic surgery
planning without the use of plaster dental models and without deformation of the facial soft tissue
mask named “triple cone-beam computed tomography scan procedure” [25]. This technique, validated
on 10 orthognathic patients, required the acquisition of three CBCT scans: a CBCT of the patient
with a wax bite wafer in place, a second, low dose, CBCT of the patient with a triple Tray AlgiNot
impression in place and third high resolution scan of the impression previously done. The three
DICOM files were pre-aligned manually and then overlapped by a triple voxel-base registration (N-1).
In order to investigate the accuracy of the procedure, a synthetic skull was used; a supplementary
CBCT scan in extended field modus was performed on the synthetic skull with the triple tray in
position. The superimposition between this and the scan of the impression has been assumed as a
gold standard (N-2); the mean distance between the registered impression scan N-1 and registered
impression scan N-2 was 0.08 ± 0.03 mm. Jayaratne et al. evaluated the feasibility of integrating 3D
pictures and CBCT images on 29 orthognathic patients [26]. DICOM files of CBCT were converted into
the .stl binary format; 3D images of bone and skin were segmented from CBCT scans. Then, 3D data
were superimposed using a surface-based method with 3dMDpatient software (3dMD LLC, Atlanta,
USA). The root mean square (RMS) between the measured distances was applied to calculate the error
of the procedure (0.74 mm for the whole face). Areas surrounding lips and eyes resulted to be the most
variable regions in the face during registration, as shown by the color maps. Lin et al. tried to establish
how much the CBCT’s field of view (FOV) can influence the superimposition accuracy between scans
and full-face stereophotogrammetric images [27]. For 30 patients, 3D facial images and CBCT scans
were acquired; the 13 cm FOV (small FOV) scans were simulated from 22 cm FOV (large FOV) ones by
deleting the excess files. For each patient, the large FOV scan and the corresponding 3dMD image
were imported into VRMesh software and then merged; the same procedure was performed with the
small FOV. The study showed the absence of any clinically significant difference in terms of accuracy
of superimposition between a large or small FOV.

Nahm et al. introduced a new 3D facial scanner that is combined with a CBCT apparatus to
minimize the time lapse between the two registration; consequently, this technique may reduce any bias
due to facial mimics or postural changes [28]. An extraoral scan and CBCT were initially superimposed,
considering face skin as a reference; hence, the 3D facial image was voxelized, face skin files were
extracted from the CBCT by a thresholding process and the two data sets were merged together using
Morpheus 3D Software (Morpheus, Gyoung-gi Korea). The registration accuracy of 0.60 ± 0.12 mm was
established by the average surface distance of soft tissue surfaces of the CBCT and 3D facial images.
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3.1.3. Soft Tissues + Dentition

The possibility to match 3D face scans and intraoral scans was considered by two articles.
Rangel et al. published a technical paper showing the integration of a digital dental cast into 3D facial
photographs [29]. To superimpose the digital dental casts and the 3D facial images, the anterior teeth
and the forehead were used as registration areas; an iterative closest point algorithm was applied to
match the 3D data sets in the correct anatomical position. The average surface distance for the anterior
teeth was 0.35 ± 0.32 mm. Daher et al. introduced a method to elaborate a 3D digital smile design in a
cheap way using an IOS, a smartphone and a designated app [30]; the 3D images were superimposed
through a point-based superimposition method using an open-source software (Blender, blender.org).

3.1.4. Facial skeleton + Dentition

Thirteen articles focused on the integration of digital model into CBCT scan. Pozzi et al. introduced
the “smiling scan technique” to create a virtual dental patient showing a broad smile under static
conditions; this technique is based on the superimposition of two different digital data sets, the DICOM
files generated by the cone beam computed tomography (CBCT) scan recorded while the patient
displayed a broad smile for the duration of the scan and the STL files obtained by the intraoral
optical surface scanning (IOS) or extraoral optical surface scanning (EOS) of the patient’s intraoral
anatomy [23]. Noh et al. analyzed the accuracy of the registration between laser-scanned digital
models and CBCT scans with a surface-based algorithm [31]. The aim of the study was to compare
the accuracy of the registration with three different approaches: the selection of only the buccal side
of the teeth, only the lingual side and both sides. The accuracy of the registration was quantified by
comparing the mean Euclidean discrepancy between the digital model and the CBCT scan; moreover,
color maps were used to visualize the distribution of the 3D displacements. The results showed
that the mean 3D deviation was 0.27–0.33 mm. Park et al. proposed the selection of basal bone
structure of the mandible as regional registration method to superimpose pre- and post-treatment
CBCT scan [32]. They analyzed the accuracy and reliability of the proposed surface-registration by
comparing it with a plane registration: the results showed that surface-registration showed higher
reliability. Rangel et al. proposed the integration of digital models into CBCT reconstruction by means
of external fiducial titanium markers glued to the gingiva [29]. Lin et al. analyzed the influence of
image artifacts due to metallic restorations/orthodontic brackets on the surface-based registration
of digital models onto CBCT reconstruction; the aim of the study was to compare the accuracy and
reliability of the registration of the 3D dataset in two experimental groups (CBCT scan with and
without streaking artifacts) [33]. The accuracy of the registration was quantified by comparing the
mean Euclidean and root-mean-squared (RMS) discrepancies between digital model and CBCT scan;
moreover, color maps were used to visualize the distribution of the 3D displacements. The results
showed that the mean deviation between the two groups was 0.13–0.43 mm, while RMS deviation
was 0.13–0.53 mm. Yang et al. proposed the integration of digital models into CBCT reconstruction by
means of external fiducial titanium markers glued to a palatal plate [34]. The accuracy of the registration
was quantified by comparing the mean Euclidean and root-mean-squared (RMS) discrepancies between
digital model and CBCT scan. The results showed that the mean deviation between the two groups was
less than 0.28 mm, while RMS deviation was 0.13 mm. Hernandez-Alfaro proposed the superimposition
of digital models obtained through intraoral scanner onto CBCT scan in order to realize a CAD-CAM
splint for orthognathic surgery [35]. Lin X et al. analyzed the accuracy of a five-points-registration
between laser-scanned digital model and CBCT reconstruction of a skull model with orthodontic
braces (producing artifacts on the CBCT scan) [36]. The accuracy of the registration was quantified
by comparing 11 bone-to-tooth linear measurements between the experimental group (digital model
+ CBCT) and control group (CBCT). The results showed a good reliability since the possibility of a
registration error > 0.5 mm was 5%. Kang et al. analyzed the accuracy of a two-step (landmarks- and
surface-based) registration of optical-scanned digital models onto CBCT reconstruction of a typodont
model with orthodontic braces (producing artifacts on the CBCT scan); the aim of the study was
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to assess the accuracy of the registration with three different 3D images (optical scan of the digital
model, occlusal bite and bite tray impression) [37]. The accuracy of the registration was quantified by
comparing the mean Euclidean discrepancy between the digital model and the CBCT scan; moreover,
color maps were used to visualize the distribution of the 3D displacements. The results showed
that the mean deviations between the digital model and CBCT scan were 0.01 ± 0.11, 0.17 ± 0.18,
and 0.47 ± 0.28 for the optical image of the digital dental cast, the occlusal bite and the bite tray
impression, respectively. Choi et al. analyzed a model to replace the dental arches into the CBCT
reconstruction; the aim of the study was to compare the accuracy of the landmarks- and surface-based
registration, and to assess if the number of landmarks (three, five, seven, nine and fourteen) could
influence the registration accuracy [38]. The accuracy of the registration was quantified by comparing
the mean Euclidean discrepancies between digital models and CBCT scans. The results showed that
the mean deviations between the digital model and CBCT scan were 0.12 ± 0.17, 0.18 ± 0.17, 0.20 ± 0.41,
0.16 ± 0.18, 0.18 ± 0.23, 0.20 ± 0.19, 0.17 ± 0.18, and 0.47 ± 0.28 for the surface-based and for the three-,
five-, seven-, nine- and fourteen-landmarks-based registration, respectively. Surface-based registration
showed the highest accuracy, the number of reference points did not significantly affect the accuracy
of landmarks-based registration, however the lowest error was for a seven-points superimposition.
Uechi et al. proposed the integration of digital models into CBCT reconstruction by means of external
fiducial ceramic markers glued to an occlusal splint; the aim of the study was to assess the accuracy
of the surface-based registration of digital models in open-mouth position, inter-cuspal position
and centric relation [39]. The accuracy of each registration was quantified by comparing the total
root-mean-squared (RMS) Euclidean discrepancy between each pair of fiducial markers on digital
model and CBCT scan, while the overall accuracy was quantified by the sum of RMS of the Euclidean
distances of three registration procedures. The results showed that the deviations between the digital
model and CBCT scan were 0.08 ± 0.05, 0.03 ± 0.02, 0.03 ± 0.02, and 0.12 ± 0.02 for the optical image
of the dental cast registration, for the simulation of the inter-cuspal position and the centric relation,
and for the overall accuracy, respectively. Almutairi et al. analyzed the accuracy of a three-step
(manual-, landmarks- and surface-based) registration of optical-scanned digital models onto CBCT
reconstruction of six dried skulls with orthodontic braces (producing artifacts on the CBCT scan) by
means of external fiducial dental stone markers tied to the brackets [40]; the aim of the study was to
compare the accuracy of the registration of the 3D dataset (experimental group) with a 3D model of the
skull obtained using an industrial 3D laser scanner considered as the gold standard (control group).
Then, the two groups were merged by both intraoral markers and skull surfaces. The accuracy of
the registration was quantified by comparing the 3D discrepancies between the experimental group
and the control group dentitions; moreover, color maps were used to visualize the distribution of the
3D displacements. The results showed that the deviations between the experimental group and the
control group dentitions were 0.13–0.19 mm and 0.11–0.20 mm when registered on intraoral markers
and on skull surfaces, respectively. Rangel et al. proposed a marker-based integration of digital
models into CBCT reconstruction by means of five external fiducial titanium markers glued to the
gingiva in each jaw; the reference points were extrapolated from the centroid of the external fiducial
markers [41]. The aim of the study was to compare the accuracy of the testing protocol (experimental
group) with the triple scan procedure proposed by Swennen et al. (control group) [25]. The accuracy
of the procedure was quantified by comparing the mean surface-to-surface distances between the
experimental group and the control group; moreover, color maps were used to visualize the distribution
of the 3D displacements. The results showed that the mean surface-to-surface distances between the
experimental group and the control group dentitions were 0.39–0.46 mm and 0.30–0.42 mm for the
upper and lower jaw, respectively.

4. Discussion

The innovations in digital technologies have encouraged the research on the simulation of a 3D
virtual patient [42]. This progress was evident in this systematic review: 90% of the selected papers
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have been published in the last decade and 52% within the last five years. Concerning data integration,
three methods have been described in literature: voxel-based, point-based and surface-based with or
without fiducial markers. Marker-based registration protocols use easily identifiable reference markers
that can be clearly identified on anatomical structures [38]. Surface-based registration is an automatic
procedure that involves the selection of the surfaces to be matched then, iterative closest point (ICP)
algorithm matches the 3D objects to minimize the distance between the selected areas. Two studies
compared surface-related and point-related registration: both concluded that the surface-related
one has a lower error, as the identification of landmarks is biased from the human perception [32].
Point-based registration is a direct and semi-automatic procedure based on the manual selection of at
least three corresponding landmarks on two 3D objects; then, the “least squares” moves the 3D objects
to find the best fit for the point pairs. Choi et al. showed that the accuracy does not increase when
increasing the number of reference landmarks, and the minimum registration error is when seven
corresponding points are considered [38]. Based on the results of that study, a surface-based registration
is more accurate than the point-based one; however, a point-based registration is a good option when
streaking artifacts impede to identify homologous areas on the CBCT. Voxel-based registration requires
to overlap voxels belonging to different CBCT files. Even if this procedure has the lowest registration
error declared, it has the inconvenience of necessitating a double radiographic examination, which is
associated with an increase of radiation exposure [25]. To keep the radiation dose as low as reasonably
achievable (ALARA principles), a 13-cm FOV CBCT scan can be performed with good registration
results [36].

Limitations and Strengths

The main limitation of this study was the absence of a gold standard approach; since the studies
were heterogeneous in the selection of the patient sample, in the choice of reference points or areas,
a statistical comparative analysis of the results achieved was not possible. Furthermore, only two
studies indicated a “gold standard” as a reference; [25,40] however, both the articles did not assess
sensitivity, specificity and reliability of the methods [43]. Even though the methods currently present
in literature cannot be compared in accuracy, we evaluated the level of agreement among different
studies through a descriptive analysis.

5. Conclusions

The possibility to simulate a virtual patient represents an important step towards a personalized
diagnostic and therapeutic approach [44–46]. Future investigations would focus on the analysis of the
effective clinical advantages that the patient can get from a simplified digital planning. A comparison
between patients’ digital and conventional planning would allow to understand the effectiveness of
the digital technology in the short- (short chair-side time, fewer controls, less patient’s discomfort) and
long-term (stability of the results, incidence of relapse) treatment outcomes.
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