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Abstract
Purpose of Review Recent developments in digital technology to be generated by superimposing different 3D imaging datasets.
The aim of this literature review was to provide an update on the current status of knowledge, to report on the progress in virtual
patient science, and to identify further research needed to facilitate the translation to clinical practice.
Recent Findings Case reports were identified describing different dental patient simulation techniques. Publications focused
mainly on methodological feasibility of combining skeletal, facial, and dental imaging to produce virtual simulations. Clinical
randomized controlled trials were scarce.
Summary Superimposition of 3D medical data files is a feasible technique to create a virtual patient under static conditions. 3D
image fusion is of interest and importance in all fields of dental medicine including diagnostics, treatment, science, and education.
Future research should focus on simplifying the technology, to enable virtual patient simulation to be generated in a single-step
approach.
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Introduction

For over a century, medical imaging techniques have been
used to analyze the human face. 2D imaging diagnostics, such
as photography and radiographic imaging, were initially inte-
grated in the fields of orthodontic therapy and maxillofacial
surgery [1], and are now routine imaging technologies in den-
tal medicine. In addition, video motion is becoming
established as a tool for analyzing movement and capturing

patients’ emotions. Recent technological developments have
led to a broader implementation of a variety of digital appli-
cations in dental medicine. Consequently, clinical practices
and laboratory techniques are shifting from manual-based to
virtual-related workflows [2, 3]. This trend in digitization has
led to the implementation of computer-generated data to ad-
ditional dental disciplines, such as prosthodontics and implant
dentistry [4].

Besides influencing clinical diagnostics, treatment pro-
cesses, and the technological design and production
chains, digitization has also influenced patient manage-
ment with their individual requests for information and
knowledge flow using the World Wide Web and social
media. In addition, modern dental education requires nov-
el teaching concepts to supplement classical seminar-style
curricula with digitally mediated theory transfer that is
accessible 24/7 [5, 6].

Overall, the digital revolution is enabling individualized
patient treatment concepts in dental medicine. The objective
of this literature review is to summarize the current status and
latest progress in the field of virtual patient science, and to
identify further research that is needed before these techniques
can be translated into routine clinical practice.
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Data Acquisition and Technical Application

To create a realistic virtual dental patient, a simulation has to
replicate the superficial surface of the skin combined with the
underlying bony structures of the skull and teeth and the in-
volved oral soft tissue layers [7, 8, 9••]. Different technologies
and devices are necessary to generate virtual patient simula-
tions for diverse diagnostic indications. The major develop-
ments in digitizing a patient are 3D cone-beam computed
tomography (CBCT), optical scanning systems for intraoral
(IOS) and extraoral (EOS) imaging, and computer-assisted-
design/computer-assisted-manufacturing (CAD/CAM) of
dental prostheses [10]. The 3D digital files obtained from
CBCT, IOS, and EOS differ in their formal data structure:

& CBCTuses DICOM (Digital Imaging and Communications
in Medicine), a general standard format for handling, stor-
ing, printing, and transmitting information in medicine (ISO
12052:2006);

& IOS uses STL (Surface Tessellation Language), which de-
scribes triangulated surface geometries of 3D objects
without color information;

& EOS captures facial extraoral skin and data are usually stored
as OBJ files (developed by Wavefront Technologies), a
widely accepted geometry definition format for representing
3D texture and color information.

CBCT can provide accurate 3D volumetric views of cra-
niofacial hard tissues; however, imaging of facial soft tissue
contours is limited due to lower contrast resolution with high
scatter radiation [11]. Consequently, high-resolution surface
details of the patient’s face, such as color and texture, cannot
be captured using CBCT [12, 13]. Instead, laser and optical
devices must be used to digitize a realistic image of the pa-
tient’s face [14, 15]. Furthermore, metallic restorations in den-
tal patients can cause scatter artifacts which compromise
CBCT image quality [16]. In this situation, additional IOS
can be used to produce scatter-free intraoral imaging of the
dental situation plus surrounding soft tissue [17, 18].

Data Management and Processing

The different technologies for hard and soft tissue imaging,
such as CBCT, facial scanner, and digital impression devices
for IOS, typically each generate a single data file output.
Combining the individual data outputs gathered from each
technique to create a composite 3D virtual patient is a logical
continuum of the digitization trend in dental medicine [19••].
Superimposing the diverse tissue structures to generate a triad
of the facial skeleton, the extraoral soft tissue, and the denti-
tion including the surrounding intraoral soft tissue architecture
is a complex process.

The selection which individual techniques and data formats
to combine affects the final virtual patient model generated,
and therefore, also the clinical value of the model. In general,
the dental field of interest determines the data file composi-
tion. The individual data sources can be merged in multiple
combinations of two or more files: i.e., DICOM + STL. 3D
data can then be matched using point-related, surface-related,
and voxel-related fusion methods. Point-related matching is
based on identifying and aligning corresponding landmarks,
while the other two matching methods use congruent surfaces
or voxels of manually selected regions [20–23]. Themore data
files in total that are involved, and their specific file format, the
higher the potential risk of an incorrect composition. At pres-
ent, these image fusion and modeling techniques are mainly
limited to the research setting. A manually based fusion is
currently difficult to integrate in routine practice due to the
multifaceted workflow involved, technical complexity, and
questionable reproducibility. More rapid and more user-
friendly techniques are needed before fusion models can be
routinely implemented in daily clinical practice [19••].

Despite an increase in studies investigating virtual technol-
ogies over recent times [24], high-quality randomized con-
trolled clinical trials investigating the accuracy, precision, and
reproducibility of these models are scarce. Gkantidis et al.
(2015) investigated the applicability, accuracy, precision, and
reproducibility of different superimposition techniques for 3D
radiographic data [25]. Five superimposition techniques were
tested using eight pairs of pre- and post-treatment computed
tomography (CT) radiographs. Three examiners independently
matched the paired datasets and the entire process was repeated
4 weeks later. The superimposition techniques analyzed were
(1) three-point triangulation, (2) anterior cranial base, (3) ante-
rior cranial base and foramen magnum, (4) bilateral zygomatic
arches, and (5) single zygomatic arch registration.
Superimposition of 3D datasets using surface models created
from voxel-based fusion facilitated accurate, precise, and repro-
ducible outcomes. Superimposition using anterior cranial base
registration or both zygomatic arches achieved the best accura-
cy and precision. These results, however, were limited to
CBCT-generated DICOM, which was the only data source
used [25].

Fluegge et al. (2017) investigated the influence of the op-
erator and image artifacts on the accuracy of superimposition
of DICOM + STL under clinical conditions [26]. The mean
deviation between CBCT models and EOS scan was
0.54 mm. The segmentation procedure (default versus manu-
al), the operator, and the number of restorations (image arti-
facts on CBCT) had a significant influence on the registration
accuracy. The operator’s manual segmentation of 3D models
was shown to be significantly better than the automatic seg-
mentation procedure, especially, in patients with multiple res-
torations. Therefore, the authors call for specialized import
algorithms for CBCT data with an automated presetting,
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which might help to minimize the influence of the identified
factors and improve reliability of the workflow [26].

In a proof-of-principle single case report, three data
sources—a full-arch IOS merged with CBCT and
stereophotogrammetric facial imaging (EOS)—were used to
build a 3D virtual patient. All media were superimposed to a
unique data pool by means of a surface-based registration
method. This technique successfully demonstrated the feasi-
bility of building a craniofacial virtual reality model by triple
image fusion of DICOM, OBJ, and STL files [27••].

Clinical Translation and Relevance

Digital medicine, and in particular the creation of a 3D virtual
patient, is of great interest in dentistry and associated medical
disciplines for use in diagnostics, advance treatment simula-
tion, and during post-treatment follow-up [28]. A superimpo-
sition model displaying all three structures comprising the
bony skull, extra- and intraoral soft tissues, and dentition
would be particularly valuable in interdisciplinary complex
cases of orthognathic surgery because the therapy will influ-
ence the skeletal situation, the occlusion, the facial appear-
ance, and function [29–31]. A triple approach limited to the
anatomical regions of the mandible and maxilla, including the
maxillary sinuses, could provide sufficient information for
virtual treatment planning in complex patients, including
those requiring dental implants. Simulating only a limited
field of interest would reduce the amount of radiation the
patient is exposed to [32, 33]. A 3D model would enable
anatomical structures to be analyzed and prosthetic outcomes
simulated in advance. For example, pre-treatment evaluation
could evaluate whether adequate lip support could be
achieved with or without removable prostheses in demanding
esthetic-functional rehabilitation protocols of edentulous or
extended partly dentate situations. Algorithms for the virtual
3D simulation of post-treatment soft tissue changes have to be
developed for this application [34, 35].

For most conventional prosthodontic treatment concepts, a
two-file procedure of the extraoral lip-framing plus intraoral
dental situation will be sufficient to simulate the intended
prosthetic treatment outcomes. The advantages of this tech-
nique include fast image acquisition and easy alignment of a
3D model. Moreover, the procedure could be repeated at any
time and documented for follow-up records. The patient
would also benefit as the technique is completely non-
invasive and does not use ionizing radiation.

A representative example of superimposition and simula-
tion techniques is the prosthetically oriented digital smile de-
sign. Medical history, clinical and radiographic standard ex-
aminations, study model analysis, and 2D photographs build
the groundwork for diagnosis and the treatment plan in recon-
structive dentistry. However, they do not offer all the

information necessary to analyze the smile and create harmo-
ny with the lips and face without excessive intraoral adjust-
ments in esthetically challenging cases. Further developments
facilitate the elaboration of a 2D smile frame that will guide a
3D digital smile design for the rehabilitation of complex pros-
thodontic treatment. The use of dynamic documentation of the
smile allows an esthetic rehabilitative plan considering a facial
perspective, improvement of communication with the patient
due to in advance visualization, interdisciplinary integration
between the specialists, and the predictable quality of the treat-
ment outcome. Today, various commercial systems and soft-
ware solutions are available on the market [36].

Many different technological approaches have been stud-
ied in virtual dentistry; however, most publications are tech-
nical case reports that have focused on the feasibility of dif-
ferent devices, applications, and software solutions [27••,
37–40]. Furthermore, trial reports are limited to data on 3D
virtual simulations under static conditions. No study has yet
described dynamic models that would allow visualization of
functional actions of the jaws, lips, and muscles to build a
complete 4D replication of a human head, integrating skele-
ton, extra- and intraoral soft tissues, and dentition. While it is
feasible to extract a single frame of 3D data from a captured
4D video sequence and export this for superimposition with
CBCT data, no currently available commercial system can
fuse a 4D sequence of facial movements onto DICOM, OBJ,
STL, or any other 3D medical file format. This will be crucial
to develop a real-time animated virtual dental patient capable
of realizing 4D movements.

Further investigations are required to validate the accuracy
of the different technologies before virtual patient simulations
can be implemented into routine dentistry. There is also a need
to develop standardized and reproducible evaluation scales with
which to compare the different superimposition techniques and
clinically validate the virtual patient simulations. For routine
use, it will be important that systems are capable of easily in-
corporating new additional patient images to existing data
pools, both to avoid the need to repeat imaging when updating
a patient simulation and also to allow for follow-up documen-
tation. To facilitate this, an easily transferable and uniform file
format has to be developed and established for medical 3D
digital media. The workflows for superimposition techniques
also have to be simplified before the technology can gain wide-
spread adoption. In this context, a single-step approach with
one device would be a major improvement for the generation
of all 3D media at the same time; a single device would also
likely increase the accuracy of the simulations.

Implication on Dental Curricula

In addition to the impact on clinical practice, the trend in
digitization is also changing undergraduate and postgraduate
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education [41]. Dental teaching has evolved over recent years
but to date this has been mainly limited to the introduction of
technological tools to train and improve fine motor skills and
hand-eye coordination in pre-clinical settings. Virtual reality
simulations can help the transition from theoretical learning to
a real patient situation and are becoming an essential part of
modern education [42]. The use of virtual reality simulation is
most effective when the goal of education is to transform and
apply knowledge to real-world problems [43]. Virtual-based
dental training comprises high-end dental simulation and skill
improvement. Up to date, haptic training systems for dental
education committed to helping students’ progress faster and
evaluating in an objective way for an efficient increase of the
students’ training. Future dental education should combine
these existing haptic skill trainings with virtual reality tech-
nology, such as patient replication for reality simulation with
4D hologram technology.

Summary and Conclusions

The superimposition of 3D media types of the skull, the facial
soft tissue, and the dentition to create a virtual dental patient
appears to be a promising novel tool that will be useful in
various clinical scenarios and indications: (1) pre-operative
clinical assessment; (2) simulation of treatment planning; (3)
post-operative follow-up documentation; (4) to facilitate more
effective interdisciplinary communications and patient com-
munications, and for discovering patients’ expectation in gen-
eral; (4) as a non-invasive imaging technique for high-
precision anatomical documentation; and (5) as a training tool
in dental education. The technology will have wide-ranging
applicability in the fields of prosthodontics and oral rehabili-
tation, implant dentistry, orthodontics, dentofacial orthope-
dics, maxillofacial, and plastic surgery, as well as interdisci-
plinary treatment protocols [19••].

In the end, how far along are we in virtual dentistry? The
simulation of a 3D virtual dental patient requires the digital
fusion of different tissue structures. Superimposition of differ-
ent 3Dmedia data sets is a feasible technique to create a virtual
dental patient under static conditions; however, the dataset
superimposition techniques needed to do this are still experi-
mental and the optimum techniques have not yet been
established. The selection of a particular technique affects
the outcome of the virtually generated patient model, and
therefore, also the field of interest and its clinical translation.
None of the currently available craniofacial imaging tech-
niques can capture the complete triad of the skull, the facial
skin, and the intraoral dental situation with optimal quality in a
single-step procedure.

The current status of the field is promising and many re-
search groups and medical companies are collaborating on
virtual patient simulation. The technology is improving

continuously in terms of user-friendliness and safety.
Nevertheless, high-quality randomized controlled clinical tri-
als are still needed. For implementation into routine clinical
practice, simplified and reliable protocols that can generate
virtual patient simulations in a single-step approach are need-
ed. Future research should also focus on 4D technology with
simulated dynamic movements.

Compliance with Ethics Standards

Conflict of Interest Stefan Wolfart reports grants, personal fees, and
non-financial support from Camlog Foundation, personal fees and non-
financial support from Camlog, grants, personal fees, and non-financial
support from Straumann, personal fees and non-financial support from
ITI (International Team for Implantology), grants and non-financial sup-
port from Ivoclar Vivadent, grants from 3M Espe, outside the submitted
work. Sven Reich reports grants, personal fees, and non-financial support
from 3MOral Care, Dentsply Sirona, and Ivoclar Vivadent, and personal
fees and non-financial from Camlog, Camlog foundation, Digital Dental
Academy, pluradent, Straumann and public scientific organizations (e.g.:
DGCZ, DGI). The other authors declare that they have no conflicts of
interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
•• Of major importance

1. Andresen V. Three contributions to orthodontilogical diagnosis. Int
J Orthod Oral Surg Radiogr. 1926;12:235–51.

2. Joda T, Ferrari M, Gallucci GO, Wittneben JG, Brägger U. Digital
technology in fixed implant prosthodontics. Periodontol.
2017;73(1):178–92.

3. Kapos T, Evans C. CAD/CAM technology for implant abutments,
crowns, and superstructures. Int J Oral Maxillofac Implants.
2014;29(Suppl):117–36.

4. Fasbinder DJ. Digital dentistry: innovation for restorative treatment.
Compend Contin Educ Dent. 2010;31(4):2–11. quiz 12

5. Eaton KA, Reynolds PA, Grayden SK, Wilson NHF. A vision of
dental education in the third millennium. Br Dent J. 2008;205(5):
261–71.

6. Marinello C. The digital revolution in prosthodontics: can it benefit
older people? Gerodontology. 2016;33(2):145–6.

7. Lee CY, et al. Use of cone beam computed tomography and a laser
intraoral scanner in virtual dental implant surgery: part 1. Implant
Dent. 2012;21(4):265–71.

8. Lin HH, ChiangWC, Lo LJ, Sheng-Pin Hsu S, Wang CH,Wan SY.
Artifact-resistant superimposition of digital dental models and
cone-beam computed tomography images. J Oral Maxillofac
Surg. 2013;71(11):1933–47.

9.•• Plooij JM, Maal TJJ, Haers P, BorstlapWA, Kuijpers-Jagtman AM,
Bergé SJ. Digital three-dimensional image fusion processes for
planning and evaluating orthodontics and orthognathic surgery. A
systematic review. Int J Oral Maxillofac Surg. 2011;40(4):341–52.

Curr Oral Health Rep (2018) 5:116–120 119



Systematic review focusing on 3D radiographic imaging and
fusion technology in orthodontics.

10. Joda T, Zarone F, Ferrari M. The complete digital workflow in fixed
prosthodontics: a systematic review. BMCOral Health. 2017;17(1):
124.

11. Ayoub AF, Xiao Y, Khambay B, Siebert JP, Hadley D. Towards
building a photo-realistic virtual human face for craniomaxillofacial
diagnosis and treatment planning. Int J Oral Maxillofac Surg.
2007;36(5):423–8.

12. Jayaratne YS, McGrath CP, Zwahlen RA. How accurate are the
fusion of cone-beam CT and 3D stereophotographic images?
PLoS One. 2012;7(11):e49585.

13. Kau CH. Creation of the virtual patient for the study of facial mor-
phology. Facial Plast Surg Clin North Am. 2011;19(4):615–22.

14. Hatcher DC, Dial C. Three-dimensional surface imaging of the
face. J Calif Dent Assoc. 2009;37(3):193–7.

15. Xin P, Yu H, Cheng H, Shen S, Shen SGF. Image fusion in cranio-
facial virtual reality modeling based on CT and 3dMD photogram-
metry. J Craniofac Surg. 2013;24(5):1573–6.

16. Abramovitch K, Rice DD. Basic principles of cone beam computed
tomography. Dent Clin N Am. 2014;58(3):463–84.

17. Christensen GJ. Impressions are changing: deciding on convention-
al, digital or digital plus in-office milling. J Am Dent Assoc.
2009;140(10):1301–4.

18. van Noort R. The future of dental devices is digital. Dent Mater.
2012;28(1):3–12.

19.•• Joda T, Bragger U, Gallucci GO. Systematic literature review of
digital three-dimensional superimposition techniques to create vir-
tual dental patients. Int J Oral Maxillofac Implants. 2015;30(2):
330–7. Systematic review of the literature summarizing the cur-
rent status of knowledge and technical progess in virtual dental
patient simulation.

20. Maal TJ, et al. The accuracy of matching three-dimensional photo-
graphs with skin surfaces derived from cone-beam computed to-
mography. Int J Oral Maxillofac Surg. 2008;37(7):641–6.

21. Oliveira-Santos T, Baumberger C, Constantinescu M, Olariu R,
Nolte LP, Alaraibi S, et al. 3D face reconstruction from 2D pictures:
first results of a web-based computer aided system for aesthetic
procedures. Ann Biomed Eng. 2013;41(5):952–66.

22. Rangel FA, Maal TJJ, Bergé SJ, van Vlijmen OJC, Plooij JM,
Schutyser F, et al. Integration of digital dental casts in 3-
dimensional facial photographs. Am J Orthod Dentofac Orthop.
2008;134(6):820–6.

23. Swennen GR,MollemansW, Schutyser F. Three-dimensional treat-
ment planning of orthognathic surgery in the era of virtual imaging.
J Oral Maxillofac Surg. 2009;67(10):2080–92.

24. van der Zande MM, Gorter RC, Wismeijer D. Dental practitioners
and a digital future: an initial exploration of barriers and incentives
to adopting digital technologies. Br Dent J. 2013;215(11):E21.

25. Gkantidis N, Schauseil M, Pazera P, Zorkun B, Katsaros C, Ludwig
B. Evaluation of 3-dimensional superimposition techniques on var-
ious skeletal structures of the head using surface models. PLoS
One. 2015;10(2):e0118810.

26. Fluegge T, et al. A registration of cone beam computed tomography
data and intraoral surface scans: a prerequisite for guided implant
surgery with CAD/CAM drilling guides. Clin Oral Implants Res.
2017;28(9):1113–8.

27.•• Joda T, Gallucci GO. The virtual patient in dental medicine. Clin
Oral Implants Res. 2015;26(6):725–6. First technical report

demonstrating feasibility of triple superimposition of DICOM
+ ST + OBJ for replication of a virtual dental patient.

28. Schoenbaum TR. Dentistry in the digital age: an update. Dent
Today. 2012;31(2):108–13.

29. Kim BR, Oh KM, Cevidanes LHS, Park JE, Sim HS, Seo SK, et al.
Analysis of 3D soft tissue changes after 1- and 2-jaw orthognathic
surgery in mandibular prognathism patients. J Oral Maxillofac
Surg. 2013;71(1):151–61.

30. Mori Y, Shimizu H, Minami K, Kwon TG, Mano T. Development
of a simulation system inmandibular orthognathic surgery based on
integrated three-dimensional data. Oral Maxillofac Surg.
2011;15(3):131–8.

31. Schendel SA, Jacobson R, Khalessi S. Three-dimensional facial
simulation in orthognathic surgery: is it accurate? J Oral
Maxillofac Surg. 2013;71(8):1406–14.

32. Harris BT, Montero D, Grant GT, Morton D, Llop DR, Lin WS.
Creation of a 3-dimensional virtual dental patient for computer-
guided surgery and CAD-CAM interim complete removable and
fixed dental prostheses: a clinical report. J Prosthet Dent.
2017;117(2):197–204.

33. Hassan B, Gimenez Gonzalez B, Tahmaseb A, Greven M,
Wismeijer D. A digital approach integrating facial scanning in a
CAD-CAM workflow for complete-mouth implant-supported re-
habilitation of patients with edentulism: a pilot clinical study. J
Prosthet Dent. 2017;117(4):486–92.

34. Liebregts J, Xi T, Timmermans M, de Koning M, Bergé S,
Hoppenreijs T, et al. Accuracy of three-dimensional soft tissue sim-
ulation in bimaxillary osteotomies. J Craniomaxillofac Surg.
2015;43(3):329–35.

35. Ullah R, Turner PJ, Khambay BS. Accuracy of three-dimensional
soft tissue predictions in orthognathic surgery after Le Fort I ad-
vancement osteotomies. Br J Oral Maxillofac Surg. 2015;53(2):
153–7.

36. Coachman C, Calamita MA, Sesma N. Dynamic documentation of
the smile and the 2D/3D digital smile design process. Int J
Periodontics Restorative Dent. 2017;37(2):183–93.

37. Galantucci LM, Percoco G, Lavecchia F, di Gioia E. Noninvasive
computerized scanning method for the correlation between the fa-
cial soft and hard tissues for an integrated three-dimensional anthro-
pometry and cephalometry. J Craniofac Surg. 2013;24(3):797–804.

38. Katase H, KanazawaM, Inokoshi M,Minakuchi S. Face simulation
system for complete dentures by applying rapid prototyping. J
Prosthet Dent. 2013;109(6):353–60.

39. Lin WS, Harris BT, Phasuk K, Llop DR, Morton D. Integrating a
facial scan, virtual smile design, and 3D virtual patient for treatment
with CAD-CAM ceramic veneers: a clinical report. J Prosthet Dent.
2017;119:200–5. https://doi.org/10.1016/j.prosdent.2017.03.007.

40. Naudi KB, Benramadan R, Brocklebank L, Ju X, Khambay B,
AyoubA. The virtual human face: superimposing the simultaneous-
ly captured 3D photorealistic skin surface of the face on the
untextured skin image of the CBCT scan. Int J Oral Maxillofac
Surg. 2013;42(3):393–400.

41. Roy E, Bakr MM, George R. The need for virtual reality simulators
in dental education: a review. Saudi Dent J. 2017;29(2):41–7.

42. Marei HF, al-Eraky MM, Almasoud NN, Donkers J, van
Merrienboer JJG. The use of virtual patient scenarios as a vehicle
for teaching professionalism. Eur J Dent Educ. 2017;22:e253–60.
https://doi.org/10.1111/eje.12283.

43. Thomas R, Hopper E. Simulations: an opportunitywe are missing. J
Res Comput Educ. 1991;23:497–513.

120 Curr Oral Health Rep (2018) 5:116–120

https://doi.org/10.1016/j.prosdent.2017.03.007
https://doi.org/10.1111/eje.12283

	Virtual Dental Patient: How Long Until It’s Here?
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Data Acquisition and Technical Application
	Data Management and Processing
	Clinical Translation and Relevance
	Implication on Dental Curricula
	Summary and Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: •• Of major importance



