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The digital workflow process follows different steps for all dental specialties. However, the main 
ingredient for the diagnosis, treatment planning and follow- up workflow recipes is the imaging 
chain. The steps in the imaging chain usually include all or at least some of the following 
modalities: cone- beam computed tomographic data acquisition, segmentation of the cone- 
beam computed tomography image, intra oral scanning, facial three- dimensional soft tissue 
capture and superimposition of all the images for the creation of a virtual augmented model. 
As a relevant clinical problem, the accumulation of error at each step of the chain might nega-
tively influence the final outcome. For an efficient digital workflow, it is important to be aware 
of the existing challenges within the imaging chain. Furthermore, artificial intelligence- based 
strategies need to be integrated in the future to make the workflow more simplified, accurate 
and efficient.
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Introduction

When trawling through advancements in dental medi-
cine, the classical steps in conventional workflows which 
were once considered as the norm, such as acquiring 
alginate impressions, treatment planning and template 
designing on gypsum- based models and relying on 
two- dimensional (2D) images of three- dimensional 
(3D) dentomaxillofacial structures, are constantly 
being superseded by more accurate and efficient digi-
tized approaches.1,2 The term computer- aided design 
and computer- aided manufacturing (CAD- CAM) 
dentistry should not be confused with digital dentistry, 
where CAD- CAM only refers to the application of 
technological resources aiding clinicians to perform 

dentomaxillofacial procedures by virtual designing and 
3D printing. Digital dentistry is a broader term and 
covers the inclusion of computer- based tools guidance 
for a wide variety of applications, such as, patient data 
collection, communication, diagnosis, treatment plan-
ning and follow- up assessment.3

The main developments in digital dentistry which 
have allowed most improvements in the workflows 
include low- dose high- resolution cone- beam computed 
tomography (CBCT) scanners, intra oral scanners (IOS), 
CAD- CAM software programs, medical 3D printers 
and dynamic navigation systems.4 This digitization in 
dental medicine has not just altered the functioning and 
thinking of dentists but also played an important role in 
improving the patients’ experience. It has had a strong 
impact specifically for specialties such as dental implan-
tology, restorative dentistry, endodontics and ortho-
dontics, by constantly aiming for and ideally delivering 
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a more accurate treatment with improved outcomes, 
a reduced complication rate and better patient moni-
toring.5,6 Also, further advancements are being made to 
simplify these digital workflows.7–9

The implementation of digital workflows in conven-
tional orthodontics has allowed fabrication of various 
orthodontic appliances through 3D printing, virtual 
planning of brackets and the possibility to review the 
predicted outcomes beforehand.10 In restorative and 
prosthetic dentistry, it is now possible to fabricate and 
provide patients with the crown and/or bridge resto-
ration and denture through the digital workflow and 
additive manufacturing with a reduction in the number 
of visits, which once required multiple appointments 
using a traditional workflow.11–13 In implantology, 
endodontics and oral and maxillofacial surgery, digital 
designing of guides and templates have allowed for more 
precise provision of the treatment by enabling ideally a 
flapless insertion of dental implants.14–16 Furthermore, 
application of the dynamic navigation systems in the 
digital chain have had a strong impact in the digital 
world by providing clinicians a virtual environment and 
real- time guidance for diagnostics, treatment planning 
and performing both simple and complex dental proce-
dures with a higher accuracy and precision compared to 
the freehand or even static guided approaches.17,18

The digital workflow process in all dental specialties 
follows different steps. However, the most commonly 
shared main component between most of the clinical 
diagnostic, treatment planning and follow- up workflow 
recipes is the imaging chain for the creation of a virtual 
augmented model.19,20 Clinically, it is pivotal to have 
a precise imaging chain for the generation of a model 
with sufficient details of the anatomical structures in 
question, enabling practitioners to accurately deliver 
the virtual planning in reality. An inadequate virtual 
model might lead to an inappropriate patient assess-
ment, flawed treatment planning and unsatisfactory 
clinical outcomes. Therefore, the aim of this review was 
to provide an evidence- based overview of the possibili-
ties and pitfalls associated with the integration of CBCT 
scanning, as well as intra  oral and facial soft tissue 
imaging for the creation of a virtual model. Further-
more, recommendations for improving the existing 
imaging workflows will be provided.

CBCT image acquisition
The first step, which paved the way towards digitizing 
dental workflows was the introduction of CT scanners. 
With the popularization of medical- grade helical CT 
scanners, early applications for dental medicine became 
available, which included utilization of the cross- 
sectional images for pre- operative assessment of the 
jaws for endosseous implant surgery.21–24 Later, 3D plan-
ning software programs were introduced allowing refor-
matting of the CT- based cross- sectional images for the 
visualization of bone height/width, virtual placement 
of dental implants and 3D simulation of the surgical 

procedures.25 However, the wider implementation of 
CT scanners for regular dental applications was impos-
sible due to the large size and cost of the machines, high 
radiation exposure and risks that outweighed poten-
tial benefits. To overcome these limitations, it was in 
1998, when the first CBCT device, the NewTom 9000 
(Quantitative Radiology, Verona, Italy), was introduced 
in the field of dental medicine.26 Although it offered 
lower radiation exposure, the image quality was still not 
up to par to that of a CT scanner. Since then, CBCT 
devices have undergone multiple modifications and are 
now able to offer low- dose high quality images with the 
availability of limited field of view (FOV). The constant 
developments in hardware and software programs with 
cutting- edge reconstruction algorithms have greatly 
contributed towards reduction in the radiation dose 
using 3D imaging. However, this dose reduction is also 
associated with a sub  optimal image quality, which 
might negatively influence the 3D dentomaxillofacial 
treatment planning.27–29

The most troublesome aspect in achieving an optimal 
accuracy of the digital workflow is the actual image 
acquisition, which can influence the later steps and the 
final outcome. Currently, approximately 279 CBCT 
devices exist in the market with variable technical param-
eters.30 The majority of the devices available offer a vari-
able radiation dose, ranging between 10 and 1000 μSv, 
which corresponds to 2–200 panoramic radiographs.31–33 
A limited amount of information is provided by most 
of the companies pertaining to the technical character-
istics of the CBCT devices, such as the effective radia-
tion dose range.34 Furthermore, a wide difference exists 
amongst and even within the same CBCT devices in 
relation to the dose depending on the technical settings, 
where some devices are able to provide a 3D image at a 
lower dose compared to others which offer a radiation 
level equivalent to that of a medical CT.30 Thereby, it is 
recommended that companies provide radiologists with 
all the technical parameters, so further optimization of 
the settings can be achieved, allowing a balance between 
a low radiation exposure and an optimal image quality 
for reconstructing an accurate virtual model. In a dental 
practice, an accurate virtual model is vital for estab-
lishing a definitive and objective treatment plan and 
follow- up assessment when using a digital workflow, 
which might in turn improve patient care. For instance, 
creating guides for a precise dental implant insertion 
and endodontic treatment, design and production of 
dental restorations, virtual orthodontic and surgical 
planning, transfer of planning in combined orthodon-
tic–orthognathic and oral oncology procedures and 
assessing treatment outcomes by superimposing virtual 
models at different time points.5

Amongst the exposure parameters such as tube 
voltage (kV) and tube current (mA), most devices offer 
adjustable settings to alter these parameters depending 
on the task at hand while in some they are fixed.30 It is 
important to realize that these features can drastically 
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alter radiation dose exposure as well as image quality. 
Thus, it only makes sense that a radiologist should have 
a manual control over these parameters to achieve a high 
quality image while following the ALADAIP (as low as 
diagnostically acceptable being indication- oriented and 
patient- specific) principles.35

Even though kV and mA are adjustable in most 
devices, still no clinical evidence exists related to the 
optimal scanning settings for reducing the influence 
of streak metal artifacts,36 which needs to be explored 
in future studies. Another important parameter is the 
FOV, where agreement exists that ideally a smaller FOV 
should be selected to reduce radiation dose exposure 
to the patient.37 Although a smaller FOV is optimal 
for general diagnosis, a larger FOV might be indicated 
for using CBCT during the digital workflow related to 
dental implant treatment planning, since these cases 
require increased numbers of data points for an accu-
rate merging, superimposition and stable placement 
of surgical guides. In addition, cases involving oral 
pathology might also require visualization through 
a larger FOV to include also areas of healthy bone 
surrounding the lesion.5

Finally, the voxel size selection also influences the 
image quality and radiation dose. A smaller voxel size 
offers higher image quality with increased radiation 
exposure and vice versa. Some specific workflows in 
which small structures such as root canals, root fracture/
resorption or periodontal tissue need to be visualized 
optimally for treatment planning, a smaller voxel size 
would be more feasible.33

All the aforementioned acquisition parameters have 
the ability to influence the accuracy of later steps for 
generating a virtual model such as segmentation and 
registration, which in turn can lead to a sub  optimal 
treatment planning and outcome. Further research 
and formulation of guidelines is required to optimize 
these parameters in relation to the digital workflows. 
As the prior guidelines have been laid based solely on 
the diagnostic quality of the images without charac-
terizing the influence of image quality on the accuracy 
of a digital workflow.35 The guidelines should focus 
towards achieving a balance between low radiation dose 
and optimal image quality for the creation of a virtual 
model.

Segmentation
The second most critical step in the digital workflow 
consists of image segmentation for generating a 3D 
model of the anatomical region of interest. These 3D 
surface- rendered volumetric models are an integral part 
of orthodontic, oral implantology, maxillofacial surgery 
and guided- endodontic digital workflows for ensuring a 
correct diagnosis and accurate virtual treatment plan-
ning.38,39 Also, it is an indispensable step in the imaging 
chain allowing successful monitoring of complex maxil-
lofacial reconstructive procedures at follow- up.40 If  an 
accurate segmentation is not achieved, then it might 

negatively influence the further steps in the treatment 
planning phase. For instance, it could impede an accu-
rate registration with the surface- based data, thereby 
resulting in an imprecise planning of surgical drilling 
guides for implant placement and occlusal wafers in 
orthognathic surgery.41,42 The segmentation quality is 
dependent on the CBCT parameters settings, where a 
smaller voxel size might improve the image quality with 
a better segmentation accuracy, however, requiring a 
higher radiation dose.33

Another common shortcoming observed with 
segmentation of CBCT images using semi- and fully 
automatic third party software programs is that the 
thresholding level for the automatic segmentation of 
these software algorithms has been originally developed 
for medical CT images with standardized Hounsfield 
units (HUs), which cannot be applied to CBCT images.43 
These software packages utilize a sensitivity tool known 
as “HU” for identifying the density value of a scan and 
segmenting based on voxel value (also known as gray-
scale value/gray value) which corresponds to that of 
the CT HUs and not the voxel values obtained from 
a CBCT image.33,44 For that reason, manual segmenta-
tion by an expert could be considered as a solution over 
thresholding- based segmentation techniques. However, 
it is a very subjective technique, which relies on the 
observer’s experience and is also time- consuming. Addi-
tionally, when transferring the CBCT data to third- 
party software programs for segmentation, the data 
export causes image degradation if  data compression is 
performed using a suboptimal (lossy) method,33 which 
can further influence the segmentation and accuracy of 
the later steps in the digital workflow. To overcome the 
information loss during data export, it is advisable to 
either use the original data for segmentation or to apply 
lossless compression algorithms when data are being 
transferred.45,46

Recently, various artificial intelligence (AI)- based 
networks have been deployed to overcome errors asso-
ciated with segmentation and to simplify such digital 
workflows. Most of these AI- based machine- or deep 
learning networks have been applied for segmenting the 
teeth and skeletal structures and have provided methods 
to precisely segment even in the presence of artifacts.47–49 
Figure 1 illustrates an example of the dentomaxillofa-
cial structures segmented with an online cloud- based 3D 
deep learning convolutional neural network platform (v. 
1.0, Toothflow, Relu Inc, Leuven, Belgium).

Although, these algorithms have been deemed highly 
accurate and time- efficient for segmenting anatomical 
structures in the dentomaxillofacial region, their gener-
alizability is still questionable. Due to the wide variety 
of CBCT devices offering different scanning param-
eters and technical settings, all these factors influence 
the accuracy of AI- based segmentation. For instance, as 
the AI- network is trained on a specific data set acquired 
from a single CBCT device, the segmentation outcome 
might be optimal for only the images acquired with 
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the same device and settings, hence requiring further 
optimization.

Intraoral image acquisition
The advancements in CBCT imaging have come a long 
way since its initial steps in clinical practice to provide 
accurate bone tissue segmentation. However, it still fails 
to provide adequate information related to the dentogin-
gival tissue, interocclusal relationship and bite registra-
tion.50,51 Moreover, the presence of patient motion and 
artifacts from restorative materials or metal including 
dental implants further hampers its ability to provide 
an accurate 3D replica of dentogingival tissue. The 
conventional workflows which were based on acquiring 
stone models for the diagnosis and treatment planning 
in various fields of dentistry offered the limitation of 
dimensional changes and mould instability due to the 
ongoing chemical changes within the material.3

To overcome the inherent inaccuracies associ-
ated with dentogingival tissue capture using CBCT 
imaging and conventional impression techniques, IOS 
have streamlined the digital workflows by providing 
with a more realistic and accurate surface reproduc-
tion. Currently, the main clinical applications of IOS 
are designing of inlays/onlays, veneers and crowns in 
restorative dentistry, denture frameworks and cleft 
obturators in prosthodontics, rendering customized 
archwires, fixed and removable appliance, aligners and 
indirect bonding trays in orthodontics, guided- surgery 
in implantology and production of surgical guides and 
wafers in maxillofacial reconstructive procedures.52,53 
The optical impressions have offered multiple advan-
tages when incorporated into the digital workflow by 
offering decreased patient discomfort, time efficiency 

and better communication with the patient and dental 
technician.54

At the same instance, the disadvantages of IOS 
cannot be ignored. To date, extensive evidence exists 
justifying the trueness and precision of intra oral scan-
ning and studies have found it to be clinically satisfac-
tory for various dental procedures.52,55 However, most of 
this evidence has been based on justifying the accuracy 
for manufacturing short- span prosthesis or restorations 
and 3D modelling templates.56 When considering the 
accuracy for acquiring a full- arch impression for a long- 
span prosthesis, conventional impression methods still 
remain the clinical standard as the IOS error rises with 
an increase in the edentulous scanning area.57 Further 
research needs to be conducted to improve the preci-
sion and trueness of IOS for whole arch scanning and 
to observe its influence on the accuracy of designing a 
long- span prosthesis.

Facial soft tissue image acquisition
A realistic representation of the facial soft tissue is of 
vital importance for an optimal treatment planning and 
outcome assessment in the digital workflows of ortho-
dontics and maxillofacial reconstructive surgery. Addi-
tionally, its importance in prosthodontic, restorative and 
dental implantology workflows cannot be denied, where 
rehabilitation of the aesthetic zone is at question.58

To date, CBCT- based images lack the ability to offer 
a diagnostically distinct 3D image of the soft tissue 
due to a lack of contrast resolution and texture, which 
limits its application in the aforementioned digital work-
flows for soft tissue evaluation.33 Also, the application 
of stabilization aids used for CBCT imaging protocols 
such as chin rests or forehead restraints might further 

Figure 1 Artificial intelligence- based segmentation of maxillofacial skeletal structures (mandible vs facial skeleton), teeth and mandibular canal.
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distort the surface anatomy of the facial soft tissue.51 To 
overcome the provision of the lack of soft tissue infor-
mation acquired with CBCT devices, 3D scanners have 
been employed into the digital workflows such as stereo-
photogrammetry, laser, and structured- light systems, 
providing a non- ionizing method of image acquisition 
to create a replica of the facial soft tissue with an accu-
rate representation of the static geometry and texture in 
three dimensions.59 The stereophotogrammetric devices 
should offer a distinct advantage over the other systems 
by providing a fast acquisition time, a single shot capture 
offering a wider coverage of the facial soft tissue of up to 
360 degrees and decrease the impact of the facial move-
ments. However, based on current evidence all 3D scan-
ners whether stationary or portable offer the same range 
of accuracy without any clinically significant difference 
if  scanning protocols are appropriately followed.60

Various four- dimensional (4D) stereophotogram-
metric devices are also available in the market. 4D 

imaging which is defined as “‘a time sequence of 3D 
models of facial animations” allows recording of facial 
dynamics.61 Clinically, these real- time motion imaging 
devices are mostly applied in the digital workflows 
of cleft lip and palate and orthognathic surgery for 
assessing the surgical outcomes in relation to the facial 
soft tissue symmetry by asking patients to perform 
certain facial expressions.62 At present, the clinical appli-
cations of 4D imaging are limited due to its high cost 
and time- consumption, and is mostly used for research 
purposes. The current digital workflows rely on the 3D 
devices as these are faster and clinically more acceptable 
in the virtual clinical evaluation phase where all steps 
in the workflow are static. Future studies should focus 
on generating a real- time 4D virtual patient, where the 
integration of functional and dynamic records of the 
soft tissue, muscle tonicity and jaw motion path might 
allow to establish a comprehensive 4D treatment plan 
especially for surgical workflows. Additionally, 4D 

Figure 2 Steps of workflow in a conventional digital imaging chain and recommended improvements based on induction of artificial intelligence 
based systems to simply and improve the accuracy of workflow. AI, artificial intelligence; CBCT, cone- beam computed tomography
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imaging could potentially act as a valuable tool for the 
smile design process by adding motion to observe the 
virtual smile path. This would then allow an efficient 
and dynamic treatment planning including relevant 
considerations of orofacial aesthetics.63

Registration of images
The final step in the imaging chain of the digital work-
flows is related to registration or superimposition of the 
acquired 3D images of the skeletal structures, teeth and 
soft tissue for the creation of a 3D virtual augmented 
model.64 The image quality of the dentogingival tissue 
displayed on the CBCT scan and the presence of arti-
facts makes it difficult to segment the teeth and to plan an 
accurate dental procedure or design an optimal surgical 
guide, so it is recommended to replace the region with 
virtual surface data of the teeth acquired from the IOS.41 
The integration of the segmented CBCT model with 
the intra orally scanned teeth is commonly performed 
by a surface matching method, where the same teeth 
surfaces or anatomical regions on both the CBCT and 
IOS are selected to perform the registration. Even while 
integrating the scanned teeth into the CBCT model, 
the influence of CBCT artifacts from restorations and 
orthodontic appliances makes it difficult to achieve a 
perfect registration.50 Some authors have recommended 
the application of intra  oral reference devices with 
fiducial markers or attachment of titanium markers 
onto the gingiva to facilitate an accurate registration 
process which is a time- consuming process.51,65 Others 
have suggested voxel- based registration by acquiring 
a double scan—a low resolution CBCT of the dento-
skeletal region integrated with the teeth acquired from 
a high resolution CBCT to obtain an augmented virtual 
model.66 The drawback of this method is the violation 
of the ALARA principle due to the increased radia-
tion dose as well as the increased potential for doubling 
segmentation errors. For most digital workflows used 
in dental medicine today, the registration is performed 
with surface- based registration. This approach uses an 
iterative closest point (ICP) algorithm for replacing the 
segmented CBCT dentogingival region with the IOS 
image. The corresponding surfaces are selected from 
both images and the algorithm automatically allows 
superimposition based on the similar shape features.67 
However, its accuracy is questionable in cases where a 
CBCT image consists of streak metal artefacts from 
orthodontics brackets, which has a deleterious effect on 
the segmentation process and in turn might negatively 
influence the superimposition accuracy.

Similarly, integration of the facial soft tissue onto the 
CBCT data is commonly acquired with surface- based 
registration. The accuracy of the registration is depen-
dent on various patient- related and image acquisition 
factors, such as, soft tissue and muscular apparatus 
changes, jaw and head movement, patient positioning 
and patient stabilization devices. Although, the facial 
soft tissue surface artifacts induced by the patient 

movement (swallowing, breathing, head movement) 
during CBCT capture are minimized when using non- 
ionizing facial soft tissue imaging devices due to their 
short acquisition time. However, due to the dissimilar-
ities between the data acquired from both devices, the 
issue of an accurate registration still persists.68,69 At the 
same instance, if  the CBCT scan is not followed imme-
diately by the facial soft tissue capture or vice versa, 
there is a higher risk of an inaccurate registration due to 
the changes in the soft tissue drape with a higher poten-
tial of patient movement.51 Also, it is recommended 
to acquire the CBCT without a stabilization device to 
overcome the deformation of the soft tissue for an accu-
rate registration, otherwise the cumulative error might 
increase and lead to inaccurate treatment planning. One 
solution to improve the accuracy of the registration 
could be the simultaneous capture of the CBCT image 
and soft tissue by placing the facial scanner in front of 
the patient during CBCT acquisition.70 Another alterna-
tive could be the utilization of CBCT devices integrated 
with a facial scanner, allowing the capture of both, 
CBCT and soft tissue with a single scan.71

Lastly, even though with the introduction of state- 
of- art technologies, an accurate surface registration 
of the teeth and soft tissue onto the CBCT data is a 
time- consuming process, prone to error and dependent 
on the accuracy of the segmentation of dentoskel-
etal and soft tissue structures from the CBCT image. 
Recently, AI- based neural network algorithms have 
been proposed for the automatic fusion of the intra oral 
scan and CBCT images without any human interven-
tion.72 However, further research needs to be conducted 
to refine their accuracy.

Conclusions and future outlook

Imaging forms the basis of all the digital workflows in 
dentistry. The accumulation of errors at every step of 
the workflow might negatively influence the treatment 
planning, final outcome and monitoring at follow- up. 
Therefore, it is important to assess the induced collec-
tive error and how it might influence the clinical effi-
cacy of a workflow. For an efficient digital workflow, 
it is important to be aware of the existing challenges 
within the imaging chain and come up with strategies 
for making the workflows more simplified and efficient. 
Although recent technological advancements have 
drastically enhanced the imaging aspect of the digital 
workflows, there is still room for further improvement 
by integrating AI- based strategies. The following future 
possibilities should be considered to further simplify the 
imaging workflow and to facilitate a personalized and 
predictive treatment planning and outcome assessment;

• Development of AI- based neural- network algo-
rithms for automatic segmentation of dentomaxillo-
facial structures an improved virtual diagnosis and 
treatment planning.
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• Generalization of the AI segmentation techniques by 
standardizing scanning. parameters used, propose 
and agree on patient- and workflow- specific guide-
lines, and train AI algorithms with larger data sets 
to improve the precision of the segmentation in the 
digital workflows..

• Development of an automated AI- based fusion al-
gorithm for registration of the facial soft tissue and 
teeth surface data onto the segmented skull without 
any manual intervention or dependency on the selec-
tion of the region of interest.

• Application of imaging- based AI algorithms for the 
prediction of treatment outcomes and automatic 
assessment of tissue healing, growth and follow- up 
changes.

The application of these networks and state- of- art tech-
nologies will definitely add to the time- efficiency of 
present digital workflows and could become a clinical 
standard in the near future for workflows where integra-
tion of 3D images forms the basis of treatment planning 
and outcome assessment (Figure 2).
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