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A B S T R A C T

Artificial Intelligence (AI) applications have already invaded our everyday life, and the last 10 years have

seen the emergence of very promising applications in the field of medicine. However, the literature

dealing with the potential applications of IA in Orthognathic Surgery is remarkably poor to date. Yet, it is

very likely that due to its amazing power in image recognition AI will find tremendous applications in

dento-facial deformities recognition in a near future. In this article, we point out the state-of-the-art AI

applications in medicine and its potential applications in the field of orthognathic surgery. AI is a very

powerful tool and it is the responsibility of the entire medical profession to achieve a positive symbiosis

between clinical sense and AI.
�C 2019 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Artificial Intelligence (AI) is commonly defined as ‘‘a system’s
ability to correctly interpret external data, to learn from such data,
and to use those learnings to achieve specific goals and tasks
through flexible adaptation’’ [1]. The dramatic increase in
computer power over the past 50 years linked to the big data
invasion pushed AI applications towards new frontiers. AI is
already ubiquitous in our everyday life through our smartphones
and cars. It has now gone on to invade the field of medicine. The
last five years have shed some light on very promising applications
of AI in radiology, dermatology and oncology. Herein, we present
the present and potential future applications of AI in the field of
orthognathic surgery.

2. History

Based on Alan Turing’s research work on machine intelligence,
the field of AI research officially emerged in the stream of the so-
called ‘‘Dartmouth Conference’’ in 1956. After 20 years of initial
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excitement, the technical limitations of AI programming led to its
‘‘first winter’’: a period marked by massive disinterest of financial
investors in this field. In the United Kingdom, the 1973 ‘‘Lighthill
report’’ severely criticized the failure of AI projects to achieve their
planned goals. In the United States (US), the Mansfield Amend-
ments published in 1969 and 1973 demanded that research funded
by the Department of Defense should have direct applications in
the US army. AI was considered a technique without any scientific
or economic potential and hence lost its funding from the Defense
budget for almost 6 years.

At the beginning of the 80s, a new form of AI emerged called
‘‘expert systems’’. This AI was highly promoted by the Japanese
government. In that decade, AI research benefited from a new
boost as funding worldwide increased once again. This period was
marked by some key developments for training neural networks
such as back propagation. However, the market grew progressively
disillusioned as this technology did not yield any major economic
breakthrough. By the end of the 80s, investor funding once again
collapsed leading to the ‘‘second winter’’ of AI. However, research
in the field of AI remained active.

In the mid 90s AI finally reached some of its oldest goals. One of
its most emblematic milestone was the IBM DeepBlue project
which led to the defeat of the world chess champion Gary Kasparov
in 1997. This was in part due to increasing computing power.

In the first decade of the XXIst century, AI applications spread
rapidly in various fields such as speech recognition, autonomous
driving, and medical applications. More recently, the continuous
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increase in computing power coupled to the availability of very
large databases (Big data) fueled AI applications to unprecedented
levels. Machine learning techniques that had been developed
decades ago, such as convolutional neural networks, finally found
applications in a wide variety of domains. A notable milestone for
deep learning applications was the Google-Alphago project that
allowed an AI-powered machine to beat the world Go champion in
2017. Nowadays, AI research involves various fields of expertise
such as mathematics, computer sciences, and cognitive science
amongst others.

3. Applications in medicine

In the past decade, numerous very promising applications of AI
have emerged in Medicine [2]. Convolutional Neural Networks
trained with massive labeled datasets proved to be very efficient in
image recognition. The main reason explaining the actual
superiority of AI over human doctors in select sub-specialties of
medicine is that machines can be educated with hundreds of
thousands of clinical cases. This exceeds by far the clinical
experience of even the best specialists in any field. Meanwhile,
healthcare data has become more abundant and more complex for
each patient. And, the ideal of personalized medicine requires
taking into account massive sets of data for each individual patient.

The fear that machines could potentially replace human doctors
in a near future is to be taken seriously as the momentum of change
in the field of AI research is unprecedented. As such, predicting this
evolution is becoming increasingly difficult. However, most
experts assume that humans will have to cooperate with a so-
called ‘‘weak AI’’ for at least a few more decades. Hence for the time
being, it is reasonable to consider AI as a tool that can definitely
assist human doctors in various areas such as diagnostic medicine,
clinical decision making, and personalized medicine.

The main actors in AI research have entered the global market of
connected health many years ago. GAFAM (Google, Amazon,
Facebook, Apple, and Microsoft) and their Chinese counterpart
BATX (Baidu, Alibaba, Tencent, and Xiaomi) have already massively
invested in the field of connected health [3]. For example, Google’s
Verily and Deepmind Health already propose AI-powered appli-
cations ‘‘supporting doctors and nurses to deliver faster, better care
to patients’’ [4]. The massive datasets obtained from these projects
(demographic information and clinical data) help in return educate
machine learning algorithms. Ultimately, this makes the programs
more and more efficient and accurate. Thanks to the huge amount
of data analyzed, it is likely that in a near future, AI-powered
clinical studies will be statistically more powerful and accurate
than ‘‘classic’’ clinical studies – including double-blind randomized
controlled trials.

Nowadays, medical applications of AI include – but are not
limited to – radiology [5], dermatology [6], neurology [7],
ophthalmology [8], oncology [9], cardiology [10], genetics [11],
emergency medicine [12], and drug design [13].

4. Applications in orthognathic surgery

To date, and to the best of our knowledge, the literature related
to the applications of AI in Orthognathic Surgery is very poor. The
only published study related to this topic aimed at applying AI to
assess the impact of orthognathic treatment on facial attractive-
ness and estimated age [14]. Applying a computational algorithm
based on a Convolutional Neural Network, Patcas et al. showed that
most patients’ appearance and attractiveness improved with
orthognathic treatment. These findings are in line with most
‘‘classic’’ clinical studies. This paper represents a proof of concept
Please cite this article in press as: Bouletreau P, et al. Artificial Int
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that AI must be considered a useful tool in evaluating facial
alterations after orthognathic surgery.

Furthermore, the use of AI seems particularly well adapted in
the context of orthognathic surgery protocols. The impact it could
have in the future is quite consequential.

Several different factors support this rationale:

� colossal investments are being made by the industry in research
and development of AI applied to digital orthodontics and
robotic surgery. Large economic returns are expected from these
fields (an estimated 3,6 billion s in the field of orthodontics
alone);

� the worldwide development of substantial image databases is a
proof of the increasing use of digital imagery and photographs in
the management of orthognathic cases. Specifically, the
introduction of intra-oral scanners has radically altered the
place of digital imaging in orthodontics and orthognathic
surgery;

� real-life demands from practitioners: reconstruction, tridimen-
sional morphometrics, automated treatment planning, custom-
ized surgical set up planning, etc.

At the outset, it is important to identify the type of AI that is
being discussed in this instance. A high level of AI in medicine is
characterized by an autonomous machine that is capable of
evaluating different solutions based on a predictable pathologic
evolution. This solution is not yet possible in surgical-orthodontic
protocols nor in general orthodontics.

A weak level of AI is an artificial intelligence that is ‘‘non-
discernable’’ and can only concentrate on one specific task. In
orthognathic surgery, digital solutions are introduced strictly for
the analysis of digital models of dental arches and radiographic
imagery.

The impact of digital solutions on surgical-orthodontic pro-
tocols can be grouped in the following 4 domains (Fig. 1):

� improved diagnostic precision using AI enhanced maxillofacial
imagery;

� treatment planning using 3D models;
� CAD/CAM (Computer Aid Design, Computer Aid Manufacturing)

manufacture of custom orthodontic and surgical appliances and
equipment;

� improved therapeutic follow-up due to finer interval compari-
son of results using image superimposing.

4.1. Maxillofacial imagery

AI intervenes at different levels to optimize the acquisition and
processing of data, as well as pre-analysis of maxillofacial imagery.
The various levels of resolution that can be analyzed offer the
practitioner a more transparent and global view of the patient’s
physical characteristics. This is input is essential for determining
the correct therapeutic option.

4.1.1. Acquisition

The use of AI in intra-oral scanner software allows for a quicker
and more efficient acquisition. Moreover, the use of AI in
tridimensional radiology optimizes the signal to noise ratio and
yields higher quality images using lower doses of radiation [15].

4.1.2. Interpretation

The techniques employed in machine learning allow for 3D
reconstructions that are rapidly increasing in efficiency. They allow
for superimposing of various diagnostic tools (i.e. CBCT, digital
photography, and intra-oral scanners) [16] to identify and
elligence: Applications in orthognathic surgery. J Stomatol Oral
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Fig. 1. Digital workflow on surgical-orthodontic protocols.
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calculate the dimensions of the upper airways. This data is
particularly pertinent in the treatment of obstructive sleep apnea
syndromes [17].

Moreover, the analysis of a lateral cephalogram is quite
unrewarding for practitioners. However, it is essential in an
orthodontic surgery protocol. Various software exist that incorpo-
rate artificial intelligence and machine learning [18] technologies
to automate cephalometric analyses (Fig. 2). This frees up cognitive
resources for the practitioner. Moreover, AI’s benefit extends well
beyond its 2D analyses capacity. In fact, it enables the practitioner
to achieve a true and objective tridimensional perception of a given
patient’s dento-facial characteristics. It could therefore be a
dramatically powerful diagnostic tool. Studies show that a
minimum of 100–200 craniometric points are necessary for a
biometric analysis of a 3D Cone Beam image of the face [19]. The
need for artificial intelligence lies in its capacity to succinctly
analyze and interpret so many parameters at once [20].

Currently, ambitious AI solutions are being developed with the
aim of producing a literary synthesis from biometric data. For
example, an AI would diagnose a ‘‘right hemifacial excess’’ when
there is a simultaneous right antero-posterior excess, a right
vertical excess, associated with a left mandibular deviation.

4.2. Treatment planning

The surgical-orthodontic planning presents several different
challenges. It is the result of the symbiosis between the surgeon
and the orthodontist and cannot be purely instinctive. It must be
carefully discussed and verbalized in an ongoing dialogue within
the team:

� the planning must take into account the orthodontic phase,
which is a long-term process, as opposed to the short-term
process of surgery;
Please cite this article in press as: Bouletreau P, et al. Artificial Int
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� the planning should also take into account the numerous
interdependent variables: bony structures, occlusion, periodon-
tal health, orofacial functions (swallowing, breathing, etc.), and
facial aesthetics. It is worth noting that while some of these
parameters can be quantified others need a more subjective
evaluation.

These paradigms show the need for 3D digital treatment
planning software. This can be achieved using a dynamic virtual set
up (Clin Check, Insignia, Orthoanalyser, etc.). These software are
enhanced by machine learning [21]. Algorithms have replaced the
long and fastidious task of setting up plaster stone models and
lateral cephalograms.

The dynamic virtual set up are a wonderful dialogue tool
between the maxillofacial surgeon and the orthodontist. It allows
the practitioners to visualize diagrams of each therapeutic
objective and the role of each intervention on the overall result.
It is also a very effective tool for dialogue and planning where there
is a multidisciplinary approach involved in the orthognathic
surgery protocols (ENT, general dentist, sleep specialist) as these
specialists may not be as familiar with the technicalities of
orthodontic surgery protocols. Virtual set up software are also
great tools to discuss and explain the procedures to the patient in
order to improve their understanding and implication in the
orthognathic-surgical protocol [22].

4.3. Custom orthodontic and surgical appliances

Following the planning phase, the next step using the CAD/CAM
technology allows the custom manufacturing of medical devices.
Indeed, 3D printing contributed to the digital revolution that has
allowed innovative and invisible treatments (clear aligner treat-
ments, or lingual therapy) [23]. It also allows for creating appliances
that incorporate the biomechanics of alveolar decompression (Fig. 3).
elligence: Applications in orthognathic surgery. J Stomatol Oral
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Fig. 2. CephX uses artificial intelligence and machine learning technologies to automate cephalometric analysis19.
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In the field of orthognathic surgery, CAD/CAM technology found
recent applications in treatment planning and transfer methods.

Standard surgical planning may be achieved by cephalometric
and clinical planning. In addition, Virtual Surgical Planning (VSP)
has been developed as an extension to these standard methods and
is now accepted as a very powerful tool to assist the surgeon in
most difficult cases such as facial asymmetries [24]. Moreover, the
dematerialized medical data it generates makes remote collabora-
tion between practitioners more fluid.

As far as transfer (i.e. clinical application of the planning) is
concerned, CAD/CAM technology brought about significant
progress in the last decade. Currently available transfer technolo-
gies include CAD/CAM surgical splints, CAD/CAM splints with
Fig. 3. With CAD/CAM technology the biomechanics of alveolar decom

Please cite this article in press as: Bouletreau P, et al. Artificial Int
Maxillofac Surg (2019), https://doi.org/10.1016/j.jormas.2019.06.001
extra-oral bone support, patient-specific osteosynthesis titanium
miniplates, and surgical navigation [25] (Fig. 4).

4.4. Treatment follow-up

Visualizing and quantifying the impact of a given treatment on
different anatomical structures presents several advantages in
orthognathic surgery. It allows the practitioner to validate the
chosen optimal treatment plan and evaluate the pros and cons of
alternative treatment options. Additionally, it offers the opportu-
nity for patients to visualize the effects of the treatment
hence optimizing informed consent. In addition, it enhances the
work of the orthodontist and maxillofacial surgeon by objectively
pensation could be incorporate on the appliance Insignia (Ormco).

elligence: Applications in orthognathic surgery. J Stomatol Oral
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Fig. 4. Realization of digital casts (Ormco), virtual construction of the surgical splint (Dolphin imaging), 3D printing of surgical splints (AAO).
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presenting the impact of the different phases of the treatment
through a non-biased filter. Moreover, the use of AI would allow
the practitioner to be better equipped to tackle future clinical
challenges with similar presentations.

AI is particularly well adapted as a tool for treatment follow-up
as it allows for the superposition of various digital images.

For example, software that was designed with different types of
machine learning available for use in the same intra-oral scanner
[26,27] allows for the superimposition and visualization of dental
arch movements of two digital models in a single patient side-by-
side [26,27] (Fig. 5).

Other AI based solutions offer the ability to combine digital
photography and 3 D models called ‘‘3D Matching’’ to yield a 3D
image of the dental arch models using the actual teeth photo-
graphs. This model is dynamically adjusted based on the evolution
of the treatment over time [28] (Fig. 6).

Naturally, in orthognathic surgery, the ability to superimpose X
ray imaging is particularly useful [29]. Thanks to the abilities of
artificial intelligence in 3D radiology, it is possible to automate the
use of geometric morphometric tools such as Procuste methods
Please cite this article in press as: Bouletreau P, et al. Artificial Int
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without a burdensome and labor intensive intervention from a
practicionner. The generated images can be Procuste superimpo-
sitions entirely [30], or limited to a designated area that is
considered stable [31]. Notably in mandibular advancement
surgery, a superimposition of a ‘‘designated area’’ comprised of
the sagittal ramus posterior to the osteotomy is of great
importance.

5. Discussion

The extraordinarily fast pace of progresses in the field of
computer technology during the last 20 years, following Moore’s
law, makes it very difficult to predict the path that AI intrusion in
the medical field will follow in the future. However, as far as the
current applications of AI in medicine are concerned, it seems
reasonable to hypothesize that physicians and AI will closely
cooperate in a near future. Regarding orthognathic surgery
specifically, it is worth contemplating how AI could enhance
human capacities in elaborating a treatment plan and what its
limitations are in this specific task.
elligence: Applications in orthognathic surgery. J Stomatol Oral
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Fig. 5. Superimposition of 3D digital models (3 shape software).
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Elaborating a treatment plan in orthognathic surgery is based
on three main components. The first component is a basic
knowledge in the fields of craniofacial anatomy, orofacial
functions, dysmorphisms and their etiologies, as well as surgical
techniques. This component is acquired through textbook knowl-
edge and personal experience.

The second component is linked to the artistic sense of each
physician. Indeed, facial aesthetics is a major feature of orthogna-
thic surgery, and elaborating a treatment plan requires a certain
artistic sensitivity on the surgeon’s behalf. The latter must be able
to perform an accurate facial esthetic examination. Furthermore,
the surgeon must be able to predict the esthetic impact of the
skeletal displacements of the maxilla and mandible necessary to
correct the dental malocclusion. To this effect, Dr. Harvey Rosen’s
principles deserve to be considered with great interest: ‘‘Soft-
tissue goals must influence the direction and extent of skeletal
displacements’’ [32]. This component is mainly acquired through
personal experience gained from contact with patients and an
artistic sense. The latter is forged away from the operating
theaters. It is developed while contemplating arts, discovering
museums, observing nature and overall increasing one’s general
culture about mankind and its societies.

The third component is the patient’s demand for a treatment. The
orthodontist-surgeon team must carefully assess the actual rea-
son(s) that make the patient seek an orthodontic-surgical protocol. It
must be emphasized that even if most patients bring forward
functional complaints during the first consultation (i.e. speech
problems, masticatory disorders, TMJ dysfunctions, periodontal
Fig. 6. 3 D Matching by
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health issues etc), the core reason usually motivating patients for
these procedures is an improvement of their facial aesthetics [33]. In
other words, being a well-trained artistically-educated physician is
just not enough if you don’t meet the actual patient’s demand.

As far as the first component (Basic Knowledge) is concerned,
there is little doubt that machines have by far exceed human
capacities in storing and organizing data. Today, no human
physician can compete with a computer as far as memorization
of data is concerned. That’s why the IBM-Watson system beat the
best human players at Jeopardy – a general knowledge game – back
in 2011. And, the amount of data for each patient has grown to a
point where we are unable to comprehend it all in its entirety.
However, while Silicium brains easily beat their biological
counterparts in terms of pure theoretical knowledge, they lag
far behind in the field of autonomous technical and procedural
expertise. Indeed, robotics in surgery have primarily developed in
the field of minimally-invasive surgery but it remains a very costly
process [34]. Thus its development has been hindered.

The second component is linked to the artistic sense of the
surgeon. Here again we are faced with a balance of advantages and
limitations of AI over the human brain that is interesting to
consider. Establishing a diagnosis requires a formal static and
dynamic facial aesthetic examination. Deep learning techniques
based on neural networks (and more specifically convolutional
neural networks) proved very efficient at image recognition as
proven by Patcas et al.’s demonstration of AI’s ability to assess the
impact of orthognathic treatment on facial attractiveness and
estimated age [14]. Thus, it can be hypothesized that in a near
future deep learning algorithms educated with hundreds of
thousands of expert-labelled clinical cases will be at least
equivalent to the best maxillofacial surgeons at establishing the
diagnosis of a dento-facial dysmorphism. Computer-aided facial
recognition tools are already routinely used to help doctors
diagnose rare craniofacial genetic disorders [35].

However, AI has yet to demonstrate its value and capacities in
the field of simulation of outcomes of orthognathic surgery.
Indeed, the question of the virtual simulation of the postoperative
aesthetic result remains unanswered to date. Skeletal displace-
ments induce soft-tissue alterations that are very difficult to
predict, especially in the nasolabial region, as the skin, subcutane-
ous adipose tissues, muscles and mucosa have distinct Young’s
modulus. The soft-tissue response to the underlying skeletal
displacements can be quite different according to the quality of the
soft-tissues linked to various factors such as (age, sex, ethnics, body
max index, etc.) and vary from one patient to the other. Therefore,
it seems still very unlikely that an algorithm could accurately
predict the planned final aesthetic result after an orthognathic
surgery in a near future. Although this information is of key
importance to most (if not all) patients, modern maxillofacial
surgeons address this subject with their patients with great care on
the basis of their own experience and clinical examination.
 dental monitoring.
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Not the least to consider is the third component in the
elaboration of a treatment plan. Patient satisfaction is the ultimate
goal the orthodontist-maxillofacial surgeon team should aim for.
This satisfaction is linked to the appreciation by the patient that
the treatment achieved the planned objectives. As stated above,
accurately assessing the core motivation(s) of a patient seeking an
orthodontic-surgical treatment requires a very fine analysis from
the physician. Patients’ demands are often ambiguous in the field
of craniofacial dysmorphisms and it needs all the experience of a
well-trained physician to detect patient’s real motivation(s) and
elaborate a personalized treatment plan. Beyond the natural
empathy that should be part of the doctor-patient relationship, the
orthodontist and maxillofacial surgeon should really try to
‘‘comprehend’’ (etymologically ‘‘to take with oneself’’) the patient’s
symptoms and demands. And, likewise the agreed upon treatment
plan should be ‘‘comprehensible’’ by the patient so that he can
really be involved in it. We believe this third component is
definitely the one that demands the more human skills, as
machines are not at ease when dealing with ambiguous data.

On the other hand, an overdependence to the enhanced
capacities that AI offers in every step of the process of an
orthodontic surgery protocol carries an obvious inherent risk: loss
of intrinsic specialist skills. By allowing the practitioner to rely too
heavily on computerized algorithms and simply execute esta-
blished treatment plans, practitioners could lose their clinical and
technical sense of reasoning in the long-term [36]. The lack of use
of specific skills learned and acquired by clinical experience could
suffer if critical thinking is not used in conjunction with these new
methods [37].

6. Conclusion

The number of digital tools available based on artificial
intelligence will have an immense impact on orthognathic-surgical
treatment plans from the initial diagnosis to follow-up treatment.
This paradigm change brings with it several obvious beneficial
effects:

� the passage from 2D to 3D imagery along with added benefits of
increased diagnostic precision;

� the possibility to visualize the treatment plan and engage
patients and practitioners in a constructive dialogue. This limits
confusion and brings a unique treatment plan for each patient
using the CAD/CAM technology;

� the assistance and collaboration of a software capable of
assisting practitioners in all steps from treatment planning to
treatment follow-up. Such a software would have the ability to
learn from every real-life case it is exposed to improve its
performance on the following cases.

Therefore, it is the responsibility of the entire medical
profession to successfully manage the use of artificial intelligence
in the diagnosis and treatment of patients and to achieve a positive
symbiosis between clinical sense and AI. In order to achieve this,
artificial intelligence needs to be viewed as a tool to be used with
the utmost care and training, and not as a threat.
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