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Chapter 1

Renan L.B. da Silva, Jun Ho Kim, Roberto A. Markarian, Rui Falacho, Djalma N. Cortes, Alan J.M. Costa, 
and Arthur R.G. Cortes

Introduction to Digital Dentistry

1.1  Definitions

Digital dentistry is the term used to describe the differ-
ent modalities of dental treatment workflow that are 
mostly performed with the use of digital technologies. 
Several digital methods have been incorporated to 
dental practice to replace conventional methods and 
techniques in order to enhance treatment planning and 
predictability of execution. Nowadays, digital dentistry 
is considered a whole field of study within dentistry. As 
with any other field of study, digital dentistry involves a 
learning curve to be mastered and used in the clinical 
routine. Ultimately, the dental professional is responsi-
ble for using existing digital tools appropriately for 
patient treatment. In other words, the basic theories of 
dentistry are still the same and should be very well 
known by the professional, who will be able to use these 
new digital tools to enhance predictability in executing 
the treatment plan.

In order to become familiar with digital dentistry 
and take advantage of its benefits, it is required to 
learn a series of important concepts and abbrevia-
tions. The most important of these are discussed below.

1.1.1 Three- Dimensional Imaging

Conventional two- dimensional (2D) imaging modali-
ties usually have several limitations such as image 

distortion, magnification, superimposition of anatomi-
cal structures, and lack of three- dimensional (3D) infor-
mation for diagnosis and planning. In this context, 3D 
imaging modalities such as cone beam computed 
tomography (CBCT), intraoral and facial scanning sys-
tems provide 3D digital images for dentistry  [1–3]. 
CBCT imaging allows for visualization and assessment 
of bone structures with high diagnostic accuracy and 
precision. For CBCT images, the professional needs to 
understand image acquisition parameters, since the 
quality of the image affects the quality of the work in 
digital dentistry. There are several CBCT acquisition 
parameters, such as field of view size (FOV), peak kilo-
voltage (kVp), milliamperage (mA), and voxel size. Each 
of these parameters has an influence on CBCT 
quality [2–5].

Intraoral and facial scanning can capture 3D patient 
images that can be used for digital treatment planning 
systems (Figure 1.1). The software will then develop a 
digital representation of the 3D object surfaces availa-
ble, which will be automatically converted into 3D 
images composed by wireframe models.

Any 3D images can be rendered and edited in the 3D 
space, before being converted and saved in a specific file 
format [5]. As discussed in the next chapter, three file 
formats are commonly used in digital dentistry: OBJ, 
STL, and PLY. These files are based on the geometric 
reconstruction of objects by vectors, triangles or 

SUMMARY

This chapter will discuss all the terms and definitions that the dental professional needs to know to understand the proce-
dures discussed in the following chapters. Such definitions include abbreviations and general concepts of digital imaging and 
digital workflow. The chapter also presents a history of the use of CAD- CAM in dentistry in the last two decades, and the basic 
knowledge required plus ideas and alternatives to start with digital dentistry.

0005285926.INDD   3 03-29-2022   07:32:13

CO
PYRIG

HTED
 M

ATERIA
L



Digital Dentistry: A Step-by-Step Guide and Case Atlas4

polygons, considering their positioning in a 3D space. 
After all data is ready, it is possible to store the shape of 
a model and other details such as color or texture.

Three- dimensional images can be manipulated in 
various ways, depending on the characteristics of the 
software. For example, with DICOM and STL files, 
using the CAD software one can plan and perform digi-
tal surgery of dental implants and wax- up of future 
prostheses. After digital planning, the implant surgery 
guide, temporary crowns, and definitive crowns can be 
printed with additive manufacturing devices or milled 
by subtractive manufacturing devices [5, 6].

1.1.2 Coordinates and Planes

All 3D images are created or rendered in a virtual space 
of coordinates and planes. Any objects that are digitally 
designed within the 3D coordinates can be fully edited 
in the virtual space, before being manufactured. The 
coordinate system is a method of assigning numbers to 
points. In three dimensions, three numbers are required 
to specify a point. Plain 2D images have numbers related 
to only two coordinates (x and y). The coordinate that 
represents the third dimension is usually an axis called 
z. The z- axis is perpendicular to both the x- axis and the 
y- axis (Figure 1.2).

The coordinates and the respective planes provide ref-
erences for the location, size, and volume of the 3D 
images. All 3D objects have their coordinates fixed in a 
virtual plane of the imaging software. It is important to 

make sure that multiple 3D objects to be manipulated or 
aligned are positioned in the same spatial coordinates, 
which can be used as spatial references. Therefore, 3D 
files from different imaging methods should be in the 
same 3D coordinates in order to be superimposed or 
combined with the aim of creating a virtual patient, as 
explained further in this chapter.

1.1.3 Computer- Aided Design and 
Computer- Aided Manufacturing (CAD- CAM)

The term computer-aided/assisted design is usually 
abbreviated as CAD. The methods used for image acqui-
sition (CBCT, scanning imaging, photographs) and 
manipulation (software programs) can be included in 
CAD. On the other hand, computer-aided/assistedman-
ufacturing (CAM) includes processes such as 3D print-
ers (additive manufacturing) and milling devices 
(subtractive manufacturing). CAD- CAM technologies 
are currently used in biomedical engineering, clinical 
medicine, customized medical implants, tissue engi-
neering, dentistry, artificial joint manufacture, and 
robotic surgery. Furthermore, the use of CAD- CAM 
technologies has been increasing in various fields of 
study of medicine and dentistry [5, 6]. Among the main 
devices that can be digitally designed and manufactured 
are different types of dental restorations and prostheses, 
surgical guides, occlusal splints, dental casts, and ortho-
dontic aligners [5, 7]. Details of the main clinical appli-
cations of CAD- CAM in dentistry are further addressed 
in the next chapters.

Figure 1.1 Three- dimensional objects imported in different 
coordinates of the 3D space (screen capture of MeshMixer 
software, Autodesk). Note that the fixed bridge is closer to 
the screen than the molar crown. The dynamic grid is used to 
orientate the spatial disposition of the 3D objects.

Figure 1.2 A 3D object (reconstructed model of a maxillary 
CBCT scan) is positioned in the 3D space of a software 
(Ultimaker Cura) to be 3D printed. Note the three axes 
depicted by the software in different colors (x- axis in red, 
y- axis in green, z- axis in blue).
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1.1.4 Mesh

The term mesh is used to describe the surface of a 3D 
object composed of triangular or polygon faces. A mesh 
object does not have any actual curvature. Instead, the 
appearance of curvatures in a 3D image composed of 
meshes is obtained by increasing the number of sur-
faces. The most common file format of these 3D images 
is the STL file [5], which will be discussed in detail in 
the next chapter.

1.1.5 Image- Guided Treatment

Since 3D patient scans are taken prior to dental treat-
ment, CAD- CAM technology can be used for the fabri-
cation of surgical guides, preparation guides, and 
maxillofacial surgical templates. Most of these applica-
tions require 3D hard and soft tissue images generated 
by CBCT and optical scanning image modalities, respec-
tively. Based on such images, CAD- CAM guides can be 
designed and manufactured to orientate directions of 
drilling procedures and incisions [5].

1.1.6 Image Superimposition/Alignment

Distinct 3D image files like DICOM and STL can be 
overlaid or aligned using CAD software. In the field of 
digital dentistry, aligning DICOM and STL is useful to 
plan implant placement. Details of image alignment 
will be addressed in the next chapter.

1.1.7 Resolution

In 2D images, the resolution depends on the number of 
pixels. A pixel is the smallest unit of a digital image that 
can be displayed and represented on a digital display 
device, also known as a picture element (pix = picture, 
el = element). A pixel is represented by a dot or square 
on a computer display screen. Pixels are the basic build-
ing blocks of a digital image or display and are created 
using geometric coordinates. Depending on the graphics 
card and display monitor, the quantity, color combina-
tion, and size of pixels vary and are measured in terms of 
the display resolution. A full high- definition (full HD) 
image is 1920 pixels in width and 1080 pixels in height, 
totaling 2.07 megapixels. Ultra HD (also known as 4 K) 
resolution has 3840 × 2160 pixels, totaling 8.3 megapixels.

The 3D version of a pixel is called a voxel. In general, 
the smaller the voxel size is, the better quality a 3D 
reconstructed model will have.

The quality of radiographic images depends on con-
trast resolution and spatial resolution. Contrast resolu-
tion is proportional to the size of the contrast scale 

available to produce the image. As a result, the higher 
the contrast resolution of an image, the easier it will be 
to distinguish between multiple densities. In digital 
imaging, contrast resolution depends on the bit- depth 
of the imaging method, following a logarithmic scale. 
Therefore, a panoramic radiograph produced with an 
8- bit system can show 28 = 256 different gray- scale lev-
els distributed from black to white. A CBCT device with 
a 12- bit system will offer 212 = 4096 gray- scale values. 
Spatial resolution is the ability of an imaging method to 
identify the actual limits and differentiate two adjacent 
structures [2–4].

Resolutions in 3D CAD files basically depends on the 
size and densities of the meshes. The quality of the 
respective manufactured device, however, is also 
dependent on factors related to CAM (e.g., resolution of 
3D printers or milling devices). For 3D printers, there 
will be factors related to the resolution such as the num-
ber of layers and layer thicknesses. For milling machines, 
the resolution will be dependent on the number of axes 
and size of burs (see Chapter 3).

1.2  History of Digital Dentistry

Science and technology are the foundations of human 
development. From the rudimentary creation and 
improvement of stone tools, accompanied by the break-
through in learning to control fire and the Neolithic 
revolution, which multiplied the sustenance availabil-
ity, to the significant invention of the wheel which 
allowed humans to travel and produce machinery, or 
the overcoming of physical barriers with advancements 
in communications, technology is what sets human-
ity apart.

Alongside technology, a lexicon development has 
always been necessary to provide a common under-
standing of innovations in the meaning and usage of 
new or existing words. The technological lexicon expan-
sion will often plainly exhibit a novel sense in use but 
also a rationalization as to why a fresh sense has sur-
faced. This derives from the need to name new inven-
tions, and when these ascend to a well- known state, so 
does the correlated terminology. A widespread example 
of this lexicon expansion is the “digital” concept which, 
in the last century, underwent a huge increase in usage 
and meaning as an unswerving consequence of modern 
computing.

However, contrary to what is customary in technol-
ogy, the term “digital” is by no means a new word. With 
its etymology in the Latin word digitus, meaning finger 
or toe, “digital” has come a long way since. In the 
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fifteenth century, the word was used to identify Arabic 
numbers from 1 to 9 and 0 as digits. It was not until the 
twentieth century that the term became widespread and 
gained significance. In the 1930s and 1940s, the existing 
analogue computing devices which computed data with 
the normal decimal system were replaced by new 
machines which functioned with data represented as 
sequences of discrete digits.

In the late 1970s, electronics using the digital concept 
were no longer limited to research institutions and com-
panies. As their cost dropped, the general public started 
to have access and myriad information sources and 
equipment were converted to the digital era. From a 
simple CD to a more complex digital sensor camera, 
radiovisiography or 3D scanner, the world was changed 
forever.

The construct of “digital” did not stop with machine 
development but acquired a broader meaning. It has 
evolved to encompass everything linked to digital or 
computer technology, as well as to describe any 
computer- mediated equivalent of an object or entity 
that exists in the palpable world. Daily uses of this con-
cept are digital shopping carts and digital books, among 
others. Not only ordinary objects but also professions, 
expertise fields, and whole organizations acquire the 
digital connotation when they embrace technology 
(either hardware or software) for their activities. 
Examples of this are the many references to digital den-
tistry or the thriving European Academy of Digital 
Dentistry that quickly became one of the most respected 
and widespread scientific societies in the dental field.

Although the twentieth century was overflowing with 
the word “digital” as the most significant technological 
innovation in human history, it is predictable that the 
twenty- first century renders the word “digital,” but not 
the concept, obsolete. As digital becomes the norm, the 
need to identify it as such becomes archaic. Fields like 
digital dentistry will overrun the previous model as all 
dentistry becomes digital, thus eliminating the need for 
an alias. Similar to the previously named “digital com-
puters,” so digital wax- ups, digital photography, and 
many more entities will lose the superfluous prefix.

Having discussed the past, present, and future general 
notions of digital, it is imperative to clarify the current 
concept of digital dentistry, as it may not comply with 
the ingrained notion promoted and labeled by the 
industry. Although more widely marketed in oral reha-
bilitation and surgery fields, digital dentistry has a vast 
predominance in endodontics, cariology, periodontics, 
orthodontics, and occlusion, among others. Nowadays, 
it is clear that digital dentistry encompasses all areas 
and not only the well- marketed misconception of 

“digital” as a synonym of CAD- CAM dentistry, a com-
mon buzzword in oral healthcare. CAD- CAM technol-
ogy presents a vast sea of innovation opportunities and 
is undoubtedly one of the drivers of development in 
modern dentistry. Nonetheless, according to the con-
cept regulated by the European Academy of Digital 
Dentistry, “Digital dentistry encompasses any and all 
scientific, clinical or laboratory techniques and/or pro-
cedures with the purpose of examining, diagnosing, 
treating, assisting directly or indirectly in the treatment, 
production of medical devices or any other techniques 
used by dentists and dental technicians to better pursue 
the goal of improving patient treatment, comfort and 
outcome, as well as the healthcare professional’s work 
environment.”

Taking the aforementioned concept, it is perceivable 
that dentistry areas such as endodontics present an even 
higher digitalization than other more well- known digi-
tal fields, as endodontists dwell in a fully digitalized 
workspace where all clinical procedures are performed 
with the aid of technology – diagnostics with 2D or 3D 
radiology, microscopes and cameras, apex finders, ultra-
sonic technology for accessing root canals, static and 
dynamic endodontic guides, instrumentation with 
highly advanced digital motors, irrigation activation 
techniques, and warm obturation methods.

The mandatory multidisciplinary approach in digital 
dentistry renders the task of defining a clear historical 
timeline impossible, as innumerable events, develop-
ments and clinical or laboratory fields are involved and 
intertwined in the modern concept.

However, focusing on oral rehabilitation and the 
developments in computer- aided design and manufac-
turing, the first CAD- CAM systems in dentistry date to 
1971  when Dr François Duret introduced them in his 
DDS graduation thesis “Optical Impression,” but the 
technology had been used since the 1960s in the auto-
mobile and aircraft industries.

In 1984, Dr Duret patented a CAD- CAM device, 
which was presented at the Chicago Dental Society 
Midwinter Meeting of 1989, where a dental crown was 
fabricated in a record time of 4 hours. In parallel, Dr 
Werner Mormann worked on the development of a digi-
tal scanning system to be used by the general dentist, 
which was branded CEREC 1 and launched in 1985. 
This innovative system was composed of a three- 
dimensional digital scanner and milling machine which, 
when combined, would allow dentists to produce chair-
side ceramic inlays and onlays in single appointments.

Since then, the technology has greatly improved and 
dentists and dental technicians experience a time when 
CAD- CAM can produce results that resemble pure magic, 
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which is what happens when technology is advanced 
enough. The next two chapters of this book will cover 
CAD- CAM technology and available procedures in depth.

The advent of 3D printing is revolutionizing several 
dentistry fields, improving the quality and precision of 
surgical techniques, and gaining a massive preponder-
ance in restorative dentistry. The term 3D printing 
defines a manufacturing process in which additive tech-
niques are used to build objects one layer at a time, in 
contrast to milling techniques that require a material 
block to be ground to the final desired shape.

Engineer Charles Hull introduced the first 3D print-
ing technology in 1986 with his patented stereolithogra-
phy (SLA) system and 4 years later, Scott Crump 
patented the fused deposition modeling (FDM) tech-
nique. Widely used in a multitude of manufacturing 
fields for the last 30 years, 3D printing with newly devel-
oped materials is on the verge of radically changing gen-
eral medicine and dentistry. From the production of 
surgical guides, study casts, mock- ups, temporary indi-
rect restorations, occlusal splints, and orthodontic align-
ers to the more recent production of long- term resin 
restorations, complete dentures and even titanium den-
tal implants, this additive technology is thought to be 
the future of CAM, with some much anticipated innova-
tions in materials and techniques that will soon allow 
ceramic restorations to be printed with higher customi-
zation possibilities and lower raw material waste.

With the advent of diagnosis, patient and case docu-
mentation, treatment planning, novel treatment tech-
niques and more recently throughout the workflow in 
oral rehabilitation, digital dentistry is a reality with a 
promising future. However, much more is yet to come 
and other fields such as artificial intelligence (AI) will 
play a major and currently unimaginable role in over-
coming all known boundaries. Already considered a ris-
ing field, AI technology in dentistry has been the focus 
of serious research. Software with deep learning capa-
bilities is already helping to improve orthodontic treat-
ment outcomes, caries diagnosis, diagnosis and 
prediction of periodontal diseases, risk assessment of 
oral cancer, treatment plan suggestions, patient data 
analysis, and smile design, among others.

Companies like Pearl, Smilecloud, and LM 
Instruments, among many others, lead the develop-
ment of new tools and software capable of autono-
mously predicting pathology, suggesting treatment 
plans or providing solutions to improve clinical man-
agement and maximize cost- effective approaches, as 
well as patient safety.

Within its many limitations and shortcomings, digital 
dentistry is an unavoidable new reality. However, it 

should not be considered as a means of solving all prob-
lems and dentist/dental technician errors, but rather as 
a tool to maximize and improve processes already per-
formed adequately.

Since the dawn of time, technology has brought forth 
what lies inside each of us in a sense that both medioc-
rity or greatness may emerge. Indubitably, a careful and 
knowledgeable dentist will see his/her work potentiated 
and productivity increased, but mediocre work will be 
emphasized by the technology. Hence, dentists and den-
tal technicians should not look for refuge in technology 
or take it as a means of solving preexisting problems, but 
rather focus on acquiring knowledge and performing 
high- quality dentistry that respects all the basic princi-
ples and then potentiate it through a digital approach.

1.3  In- House and Outsourced 
Digital Workflow

1.3.1 The Digital Dental Clinic

For many years dental professionals have been deliver-
ing dental treatments based on analogue workflows and 
well- established principles of dental procedures. With 
the introduction of digital dentistry, many of the conven-
tional steps in dental procedures are being changed for 
digital procedures, by means of computerized software, 
apps, hardware, equipment, materials and techniques.

Current and recent research projects have been 
addressing the actual benefits of the new digital meth-
odologies arising in the field of dentistry. The need for 
such projects is also being investigated, considering that 
there would be no point in changing established work-
flows and implementing new technological methods 
without clear benefits for patients and professionals. 
Among the research findings that are further discussed 
in this book is the fact that digital workflows can increase 
quality and predictability, deliver faster results, stand-
ardize processes, and enhance communication among 
the dental team and the patient [8]. These findings mean 
that the adoption of digital workflows is becoming more 
popular in several countries. Nevertheless, only a small 
number of dental clinics and practices are actually 
adopting in- house CAD- CAM systems in their daily 
clinical routine.

1.3.2 Impact of Digital Technologies 
in Dental Clinics

The digital era is completely transforming the ways in 
which people interact, work, and live. In many areas, 
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the number and types of jobs available are changing. At 
the same time, entire professions, markets, products, 
and services rise or disappear. The dental profession is 
also being impacted by the digital transformation. In a 
digital dental clinic, treatment workflows use comput-
erized technology that can affect dental teamwork at all 
levels: administration, support personnel, receptionists, 
dentists, hygienists, and dental technicians.

Administration personnel and secretaries can quickly 
store and analyze large amounts of patient data, using 
dedicated management software, improving efficiency 
and diminishing the quantity of paper used. The dental 
hygienist will need to be able to understand and use 
high technology equipment such as dental scanners and 
digital x- rays, while support personnel should also be 
able to maintain biosafety measures in highly sensitive 
machinery. This means that, for instance, the hygienist 
could perform intraoral scans and be able to analyze 
and correct mistakes during the procedure if necessary, 
using specialized software under dentist supervision. 
Currently, dental hygienists and even dental techni-
cians in most countries do not have digital dentistry 
training in school, making the selection of specialized 
personnel in the market more difficult. Therefore, with 
the adoption of digital trends, members of the dental 
team will need special education for the use of work-
flows, equipment, materials, and methodologies.

Another important aspect is that digital dentistry 
adds tools to aid in treatments that still follow the same 
principles of dentistry. The adoption of digital dentistry 
allows for enhancement of treatments and abilities 
obtained using conventional analogue techniques. For 
instance, oral surgeries can be more accurate and faster 
by using surgical guides to orientate drilling procedures 
(see Chapters 6 and 7). Digital imaging and new soft-
ware tools are useful to enhance oral diagnosis. New 
materials such as zirconia and new ceramics improve 
esthetic outcomes. Machinery can work continuously 
with accuracy and speed that no human is able to 
achieve.

1.3.3 The Education of the Digital Dentist

The need for education in digital dentistry is also very 
clear for dentists, who might have a key position in the 
dental team. The role of the digital dentist is to plan, 
execute, and coordinate the dental staff while delivering 
digital treatments. Ideally, the digital dentist needs to 
make decisions, and thus has to fully understand both 
analogue and digital dental procedures. A growing 
number of studies are increasingly supporting satisfac-
tory clinical outcomes with digital technologies. As a 

result, the reliability of CAD- CAM restorations is creat-
ing a growing demand from practitioners and students 
to learn about digitalization.

To support this trend, dental schools are increasingly 
improving their schedules with new information on 
digital technology for dentistry students. The student 
can be presented with concepts of digital dentistry 
applied in several areas of dentistry, but they are rarely 
allowed to conduct clinical cases, nor to receive more 
in- depth information.

Some academic discussions suggest that digital den-
tistry will advance to be a major field of study. One of 
the reasons for this is that the dentist needs to master 
new knowledge, skills, and training to conduct dental 
treatments  [9]. This suggests that digital dentistry 
should be considered a separate specialty degree in the 
field of dentistry. On the other hand, others believe that 
digital concepts are merely a new way to resolve tradi-
tional problems, and therefore digital dentistry is to be 
considered a subfield derived from the main specialties 
(i.e., digital prosthodontics using the principles of con-
ventional dental prosthodontics). Either way, digital 
dentistry represents a large field of study for young den-
tal professionals and more experienced practitioners.

Most practices that decide to purchase their first digi-
tal equipment are generally given technical training 
that could last some days. However, this initial educa-
tion is likely to be an introduction to the theoretical con-
cepts, technical features, and capabilities of the 
equipment and/or software. At this initial point, further 
education on courses, books, and scientific publications 
helps to fill the gaps in training while the equipment is 
used in a dental clinical routine.

Typically, the initial production of digital dental work 
will focus on basic procedures but over time, as the digi-
tal dentist becomes more and more experienced, a mind 
change is likely to occur and a digitalwayof thinking 
emerges, providing new insights into planning and exe-
cuting current dental procedures in novel ways. The 
dental clinic may thus be organized by digital dentists 
with expertise in digital technologies to organize and 
supervise the creation and outcomes of dental 
treatments.

1.3.4 Levels of Digitalization for the 
Dental Clinic

There is nowadays a paradox in the dental market as the 
most advanced treatments and materials are found in 
digital dentistry but only a minority of dental practices 
are digitalized. Factors which may be impairing a more 
widespread use of technology in dentistry include 
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investment costs, technical education, and cultural 
resistance to change. There can be a misconception 
among dentists that in order to use digital technology, 
one must first invest large amounts of money and that 
the return on investment would be hard to obtain.

The reality is that virtually any dental practice can 
offer digital treatments, not necessarily initially produc-
ing their own work in house but outsourcing to third- 
party clinics or laboratories more advanced in 
digitalization. Other possibilities can start with mobile 
phones, by using dedicated apps that allow smile plan-
ning, for example. The complete digital clinic, in which 
every single procedure is conducted with digital equip-
ment, delivering automated, standardized, cheaper, and 
reliable results, is beginning to be suggested as a feasible 
idea by some research findings [9, 10].

The actual digital clinic may be situated somewhere 
between the two extremes of lack of adoption and large 
investment for hard users. In a more realistic approach, 
the dental clinic and dental professionals can be digital-
ized in different levels. For instance, one orthodontic 
clinic may be digitalized for intraoral scans only, out-
sourcing the set- up, planning, and fabrication of align-
ers. Meanwhile another clinic is able to deliver same- day 
restorations produced with in- house equipment and 
personnel. The decision on the degree of digitalization 
for the practice will depend on the specialty of the den-
tal clinic and the focus on their more specific needs.

1.3.5 Types of Dental Clinics 
and Business Models

The rise of digital technologies is also modifying the 
dental clinic business itself, bringing innovations that 
can enhance traditional niche clinics and create new 
business models. As the equipment used in digital den-
tistry is highly specialized, different business models 
may be required, depending on the specific field of study.

Some examples of equipment and set- ups that can be 
created for special purpose clinics are shown in 
Table  1.1. However, multidisciplinary practices may 
eventually influence the hardware and software needed.

 ● Digitalimagingdiagnosticandradiologycenters: may 
invest in digital imaging equipment (panoramic radi-
ographies, CT scanner). Depending on the services 
offered, some practices could provide intraoral scan-
ning (or model scanners) and digital pictures for out-
sourced surgical planning. There is dedicated software 
available for imaging centers to provide better diag-
nostics and send back the requested information to 
the clinician.

 ● Digital esthetics: there will be a large demand for 
ceramic restorations (veneers, crowns). Practices 
could invest in smile design software, 3D printers, 
and single- unit ceramic milling machines.

 ● Digital implantology: a digital implantology center 
would probably need in- house imaging equipment 
and an intraoral scanner to correctly diagnose and 
create treatment plans. Additionally, guided surgery 
software would be needed to fabricate surgical stents, 
with a 3D printer. If digital restorations are to be exe-
cuted, additional equipment similar to oral rehabilita-
tion practices will be required.

 ● Oralrehabilitationandprosthodontics: oral rehabilita-
tion is a complex area that encompasses many of the 
main specialty areas of dentistry. Therefore, a digital 
prosthodontics clinic could require equipment and 
software to create at least some items in house, while 
outsourcing more complex work. To do so, good addi-
tions would be an intraoral scanner, chairside soft-
ware to design restorations, a small ceramic milling 
machine to produce single- unit same- day restora-
tions, and a ceramic furnace. If more complex in- 
house prosthetic production is desired, a dedicated 
internal digital laboratory can be created.

 ● In-house dental laboratory: there is no limit to the 
work that can be created by an in- house dental labo-
ratory when compared to commercial counterparts, 
since the same equipment and software can be 
acquired. However, a complete laboratory set- up 
would require a more robust financial investment in 
machinery, software, and materials. Additionally, a 
dedicated space is needed with special infrastructure 
planning to accommodate the hardware, and special-
ized personnel are needed to operate the machinery. 
The size, organization, and production rate of devices 
must be compatible with the desired workflow. 
Equipment for digital dental laboratory would include 
that required for a traditional lab plus a desktop scan-
ner, a milling machine for 5- axis capability for large 
blanks and ceramic blocks, a ceramic furnace, a sin-
tering furnace, CAD software to design prosthetics, 
and a resin 3D printer.

 ● Orthodontics: the digital orthodontist can enhance their 
practice with intraoral scanners. It is possible to acquire 
dedicated software and 3D printers to plan treatment 
outcomes, as well as in- house fabricated aligners.

 ● Generalpractitioner: can invest in intraoral scanners 
in order to easily digitalize their orthodontic, restora-
tive, and prosthetics patients. Digital sensors for radi-
ographies are also widely used.

 ● Surgery: oral and maxillofacial surgeons can acquire 
dedicated software to plan orthognathic surgeries and 

0005285926.INDD   9 03-29-2022   07:32:14



Ta
bl

e 
1.

1 
Es

tim
at

e 
of

 th
e 

am
ou

nt
 o

f m
ac

hi
ne

ry
, e

qu
ip

m
en

t, 
de

di
ca

te
d 

so
ft

w
ar

e,
 s

pe
ci

al
iz

ed
 p

er
so

nn
el

, a
nd

 p
hy

si
ca

l s
pa

ce
 d

ed
ic

at
ed

 s
tr

uc
tu

re
 to

 o
pe

ra
te

 d
iff

er
en

t t
yp

es
 o

f d
ig

ita
l 

de
nt

al
 b

us
in

es
s 

m
od

el
s.

In
tr

ao
ra

l  
sc

an
ne

r
D

es
kt

op
  

sc
an

ne
r

D
ig

ita
l  

im
ag

in
g

3D
  

pr
in

te
r

Sm
al

l 
m

ill
in

g 
m

ac
hi

ne
La

rg
e 

m
ill

in
g 

m
ac

hi
ne

Ce
ra

m
ic

  
fu

rn
ac

e
Si

nt
er

in
g 

 
fu

rn
ac

e
Ph

ys
ic

al
 s

pa
ce

 
st

ru
ct

ur
e

Sp
ec

ia
liz

ed
 

pe
rs

on
ne

l
D

ed
ic

at
ed

 
so

ft
w

ar
e

O
rt

ho
do

nt
ic

s
X

x
x

x
x

G
en

er
al

 
pr

ac
tit

io
ne

r
X

X
X

x
x

x

Es
th

et
ic

 
de

nt
is

tr
y

X
X

X
X

x
x

x

D
en

ta
l 

im
pl

an
to

lo
gy

X
X

X
X

X
X

xx
xx

xx

O
ra

l 
re

ha
bi

lit
at

io
n

X
X

X
X

X
X

X
X

xx
xx

xx

Su
rg

er
y

X
X

x
x

x

D
en

ta
l 

la
bo

ra
to

ry
X

X
X

X
X

X
xx

xx
x

xx
x

Im
ag

in
g 

ce
nt

er
s 

an
d 

di
ag

no
st

ic
s

X
X

x
x

xx

Pl
an

ni
ng

 c
en

te
r

X
X

x
xx

x

Sc
an

 se
rv

ic
es

X
X

x

M
ill

in
g 

ce
nt

er
s

X
X

X
x

xx
x

0005285926.INDD   10 03-29-2022   07:32:14
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would need at least desktop scanners to digitalize mod-
els, although an intraoral scanner would be preferable.

 ● Planningcenters: a digital planning center is a new busi-
ness model aiming to provide outsourced services to 
any dentist or practice, by means of dedicated software. 
The range of services provided can encompass ortho-
dontics, implant surgery, smile design, oral surgery, 
prosthetic design, and so on. Software licenses can be 
expensive and require initial investment and often sub-
scription updates charged yearly. Additionally, profes-
sionals are highly trained in software and can discuss 
the design with the dentist before delivery. The outcome 
of a digital treatment plan can be a physical item such 
as a surgical template or even digital files or pictures.

 ● Scanservices: for those who do not possess an intraoral 
scanner but would like to use one, scan services bring 
the scanner to the customer’s practice in order to reg-
ister the digital impression. This novel business model 
can occur as a standalone company or be offered by 
digital dental laboratories.

 ● Millingcenters: a digital milling center is a specialized 
dental laboratory focused on the production of milled 
structures or restorations. Specific materials such as 
cobalt- chromium structures are commonly used in 
prosthodontics but as highly dense materials, they are 
extremely hard to mill, requiring specialist and expen-
sive tools and machinery. Therefore, many small labo-
ratories tend to outsource their metal milling to 
milling centers. Depending on the focus and services 
offered by milling centers, other materials can be used 
such as zirconia, ceramics, PEEK or PMMA.

1.3.6 Financial Aspects of Digital 
Dental Clinics

The digital clinic can be more complex than a regular 
individual private practice, which generally presents 
lower complexity, operational costs, and levels of docu-
ment digitalization and a smaller professional adminis-
tration team. Therefore, the operation of a digital dental 
clinic is similar to a business company, something that 
dentists may not be used to. Potentially higher financial 
investments are necessary to equip a digital dental 
clinic, which makes it difficult for any clinic to enter the 
market. It is noteworthy that these issues are less likely 
to be experienced by larger dental clinics and hospitals.

A digital dental clinic can be potentially bigger than a 
regular practice, but not necessarily a more profitable 
business. As a practice grows and enlarges its operation, 
facilities, and employees, there is an increase in profits 
and liabilities in the same proportion. Therefore, in the 

real world, studies of economic viability of dental clin-
ics, or related to some specific equipment incorporation, 
can determine if a company will perish or thrive. More 
than ever, a successful dental practice needs a combina-
tion of highly skilled dentists and entrepreneurial skills.

1.3.7 How to Calculate the Return on 
Investment (ROI)

The return on investment is a ratio between net income 
and the funds spent on the investment, over a period of 
time. Applied to a dental clinic, the ROI calculation may 
predict how long it will take to return the money to the 
entrepreneur.

The estimation of ROI is based on complex calcula-
tions comparing initial costs, earnings, and projected 
estimate of cost/benefit after making an investment. To 
achieve the same production end, more than one digital 
solution is available and can be compared [9].

Return on investment calculations have three aspects.

 ● Earnings: how much revenue will the investment 
bring? Will there be an increase?

 ● Costs: how much will the investment save (time, clini-
cal steps, personnel costs, consumables)?

 ● With this information mapped, it will be possible to 
create a break-even estimation, which is the predic-
tion of when in time the investment will return. 
Reaching anything more than the break- even is con-
sidered profitable.

Estimations of ROI must take into consideration that 
after the equipment is acquired, it may require regular 
maintenance and consumables. Additionally, the obso-
lescence of the equipment must be included as technol-
ogy evolves over time and may need to be replaced with 
new financial investment. Finally, to represent a good 
inversion, the digitalization of dental care workflows 
should provide quantifiable advantages in terms of 
quality, time consumption, and personnel cost reduc-
tion. As ROI calculation can be complex, professional 
advice on these economic aspects should be taken.

1.3.8 Advantages of Digital Dentistry 
for Clinics

Before digital dentistry, it was common for the client to 
visit the dentist for multiple consultations to diagnose 
and plan dental treatments, while procedures could last 
long periods of time. However, dental practices are now 
able to diagnose, plan, and treat their patients much 
faster and with fewer clinical steps and less chair time 
using digital technology.
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Besides the potential financial benefits, the imple-
mentation of digital solutions can offer indirect bene-
fits. The patient experience tends to be better and more 
comfortable when using digital treatments, with a sense 
of quality and a high level of technological innovation. 
Aspects of treatments such as planning can be easier for 
the patient to understand. 3D digital simulations and 
impressions can improve patient engagement and 
approval, especially when esthetics are involved.

With the adoption of digitalized procedures, labora-
tory and clinical procedures tend to cooperate better 
with administrative records, treatment planning, and 
fabrication through standardized workflows.

1.3.9 Workflow in a Digitalized 
Dental Clinic

The term workflow refers to a sequence of predefined 
tasks executed by various people within the work envi-
ronment. The establishment of workflows creates 
mindsets throughout the organization that ensure a 
standardized exchange of data along the dental work-
flow from planning to therapy [10]. Each dental clinic 
may determine its own internal workflows, and how 
they would interact when some outsourced help is 
needed. Some procedures can eventually be planned to 
be exclusively digital, and there can be a mix of ana-
logue and digital components (Figure 1.3).

Furthermore, dental clinics commonly have several 
professionals who can conduct treatments with different 
levels of expertise. In this context, treatment workflows 

lead to standardization of outcomes and skill levels 
among the dental team. This enables a more consistent 
and controllable production outcome.

1.4  Current Knowledge and Perspectives 
in Artificial Intelligence in Dentistry

Artificial intelligence (AI) is a term commonly used to 
represent the concept of artificially created human- like 
intelligence [11]. AI has revolutionized several fields of 
scientific research and development, with improve-
ments ranging from facial recognition on our smart-
phones to genome analysis. AI has been developed in 
different sectors of society to solve various tasks by uti-
lizing data more optimally, including health areas like 
medicine and dentistry. Data science is an umbrella 
term that refers to the interdisciplinary area dedicated 
to the analysis of structured and unstructured data, 
which aims at the application of statistical methods for 
data analytics. The work of data scientists includes 
using advanced techniques such as machine learning. 
Machine learning is a subfield of AI, in which algo-
rithms are applied to learn patterns intrinsic to data 
structures, which allow data predictions (supervised 
machine learning) and data reduction and data han-
dling (unsupervised machine learning) [12]. One of the 
factors associated with the adoption of this methodol-
ogy would be that AI is especially suitable for overcom-
ing the variability in subjective individual examination 
and for increasing the effectiveness of diagnosis [13].

Figure 1.3 Digital workflow involving imaging and planning centers. All treatment plans are ultimately to be approved by the 
dental clinician responsible for the case.
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Unsupervised machine learning is used for reducing 
the dimensionality of such datasets, increasing inter-
pretability. Clustering uses metric variables as input to 
group data, enabling reduction of data into smaller 
groups, with categorical variables as outputs. Principal 
component analysis (PCA) also enables data reduction 
by grouping variables that correlate with each other. 
Multiple correspondence analysis (MCA) is used for 
data reduction and data handling of categorical varia-
bles that associate with each other. Unsupervised 
machine learning is very suitable for handling a large 
amount of data and for data mining, acquired through 
dental patients’ records for example [14].

Supervised machine learning, defined by its use of 
labeled datasets, is used for prediction. Accuracy will 
therefore depend on the size and quality of the database, 
as well as the labeling and training method. Supervised 
machine learning uses linear regression, logistic regres-
sion, ensemble models, and neural networks (NNs). The 
main component of supervised machine learning is 
labeling the dataset to train the algorithms and to accu-
rately classify data or predict results (Figure 1.4).

Neural networks are particularly useful for complex 
data structures, such as imaging data, as these models 
are capable of representing an image and its hierarchical 
resources, such as edges, corners, shapes, and macro-
scopic patterns [15, 16]. During the training process, the 
corresponding data and labels are transmitted repeatedly 
by the NNs. The computational power of these NNs 
depends on the quality and quantity of training data, 
which allow these networks to update the weights 
assigned to each variable of the model in question, and 
this training can be supervised or not. NNs can also be 
associated in several layers. The term deeplearning is a 
reference to deep (multilayered) NN architectures [12].

Recently, convolutional neural networks (CNNs) have 
been developed and applied in many aspects of the 
health field, including dentistry, with the performance 
of various tasks like image classification and object 
detection [11, 12]. CNNs use a clever trick to reduce the 
amount of training data needed to detect objects under 
different conditions. The trick is basically to use the 
same input weights for multiple artificial neurons – so 
that all those neurons are activated by the same pat-
tern  – but with different input pixels. Every convolu-
tional layer responds to stimuli only in a restricted 
region of the image’s field of interest, known as the 
receptive field. This structure differs from conventional 
image classification algorithms and other deep learning 
algorithms, as the CNN can learn the type of filter cre-
ated manually in conventional algorithms [15, 16].

When training image datasets are entered into a 
machine learning system, the learning procedures are 
automatically repeated, without the need for a manual 
definition of the image characteristics. In this way, 
machine learning methods (with or without deep learn-
ing) can adaptively learn image characteristics and 
simultaneously perform image classification [16]. Thus, 
the results from models that use machine learning differ 
greatly from systems that operate with conventional 
programming. From the moment that a NN is trained, 
weights are assigned to the characteristics of the sample 
data, and the results are intrinsically linked to the sam-
ple used for training this model. Therefore, more favora-
ble results can only be found with AI training with a 
new, larger, and more accurate sample.

Methods based on machine learning depend on the 
quantity and quality of information that can be learned 
(based on a set of training data). A smaller sample size 
can reduce the potential for identification accuracy in 
test images, thus decreasing the sensitivity and specific-
ity of the test. Furthermore, a large sample can be cre-
ated by using data augmentation, which is a feature 
used to increase the sample of images by using image 
rotation and resizing. Thus, based on a limited number 
of data, it is possible to increase the sample size, which 
can help researchers to work with small samples and 
avoid overfitting. Overfitting occurs when the intrinsic 
data of a specific sample are prioritized; thus, the per-
formance of the model for the images not belonging to 
the sample ends up being much lower than the perfor-
mance related to the sample used for training.

Several authors have reported high precision using 
NNs for object detection in the classification of dental 
elements  [17], periodontal disease  [18], dental car-
ies  [19], apical lesions  [20], cystic lesions and tumors 
[21, 22], dental fracture diagnoses [23], and sinusitis in 

Figure 1.4 LabelImg AI software tool being used to label 
the dataset.
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the maxillary sinus [24], among other factors, with the 
use of deep CNNs applied to panoramic radiographs 
and digital periapical radiographs. However, although 
methods for object detection via deep CNNs are rapidly 
progressing, object detection can still be challenging, as 
it is dependent on a large database and computational 
processing [25, 26].

Object detection software using AI already exists. 
Second Opinion®, for example (Hello Pearl, Los Angeles, 
USA), is an AI- driven assistant for diagnostics and treat-
ment planning. The software offers a computer vision 
platform that can instantly detect dozens of common 
pathologies (Figures 1.5–1.8).

In addition to object detection in radiographic analy-
sis, NNs have been used for automatic identification. 
Examples include comparison between antemortem 
and postmortem panoramic radiographs (human post-
mortem identification)  [25], diagnosis of osteoporosis 
on panoramic radiographs  [26–28], and malocclusion 
diagnosis [29, 30].

Another important possibility with the use of CNNs is 
the automation of identification and selection of struc-
tures in CBCT DICOM images. With this method, auto-
mated mandibular canal detection [31] and automated 
mandible segmentation  [32], an approach to dental 
implant planning [33], are possible.

Figure 1.5 Screen capture of the software Hello Pearl (Los Angeles, USA) showing automatic detection of a maxillary area 
with bone loss.

Figure 1.6 Screen capture of the software Hello Pearl (Los Angeles, USA) showing automatic detection of a mandibular area 
with bone loss.
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