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Abstract: The application of surgical navigation in oral and maxillo-facial surgery has been increasing
over time. In fact, computer-assisted surgery provides real-time, precise, and accurate position and
guidance during surgery. The purpose of our work is to introduce the evolution of surgical navigation
in recent decades, describe some technical aspects of this technology, explore new possibilities of
application of surgical navigation in oral surgery, and validate the accuracy of computer-assisted
surgery. We included four patients in our sample who underwent virtual planning on the cone
beam CT data set and surgical navigation using non-invasive fiducial markers. The first patient
presented a dislocated orthodontic arch in the soft tissues of the cheek, while the other patients
presented supernumerary and impacted dental elements. Among them, two patients were affected
by craniofacial synostosis. We evaluated the accuracy of computer-assisted surgery, calculating the
discrepancy between the real and virtual target. In all cases, the target registration error was less
than or equal to 1 mm. We can affirm that surgical navigation is a valid tool to enhance oral surgery,
guaranteeing an undoubted advantage in terms of the reliability and predictability of the results,
especially in complex cases.

Keywords: computer-assisted surgery; surgical navigation systems; oral surgery; oral surgical
procedures

1. Introduction

The surgical navigation can be considered the evolution of stereotaxic surgery. The
principles of stereotaxic navigation were developed more than 100 years ago by Horsley
and Clarke [1], who first described an instrument able to locate intracranial structures. In
1947, Spingel et al. applied this technique in humans to orient and guide the instruments
during surgery [2]. The set-up included the pre-operative positioning of a helmet made up
from a metal frame fixed to the patient’s head. The helmet had the purpose of maintaining
a constant position during the acquisition of the images and during the surgical phase,
limiting the surgical access even when working in small or deeply located brain areas.
The direction and depth of the surgical instruments, fixed on the helmet, were originally
determined by mathematical calculations based on stereotaxic anatomy atlases, in which
each internal structure was correlated with external points defined by a spatial reference
system.

The main limits of this procedure were that the individual variability of each patient
and the presence of pathological tissues were not considered [3].

Only with the development of CT and MRI since 1980 has it been possible to provide
more accurate and specific data for each patient [4].

However, the restricted access to the operating field due to the presence of the helmet
and the related artifacts on CT scan remained strong deterrents to clinical application. In
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1987, Watanabe et al. introduced, for the first time, frameless stereotaxic surgery [5]. This
technique was able to locate anatomical structures intra-operatively using data acquired
from pre-operative CT and MRI and allowing real-time information on the position of
surgical instruments without the presence of the bulky helmet.

In the first surgical navigation systems, the instruments were fixed on a mechanical arm
connected to a computer, thus reducing the range of motion and their field of application.
The development of ultrasonic and electromagnetic navigation systems made it possible to
eliminate the mechanical arm thanks to the principle of satellite tracking [3].

The improvement and the evolution of this technology led to its application in different
medical fields, such as oncology, reconstructive surgery, and traumatology. In particular, in
maxillo-facial surgery navigation was used for the first time in 1994 for the removal of a
tumor of the skull base and then has become, over the last 20 years, an aid to surgeons in
complex cases of traumatic injuries as well as oncological demolition and reconstruction.
Actually, articles on the use of surgical navigation for the management of complex fractures
of the facial skeleton are increasingly widespread in scientific literature, with particular
attention paid to the orbitozygomatic-maxillary complex [6–8], as well as for reconstruction
following oncological surgery, both for the maxilla and the mandible [9,10]. The use of
this technology, in fact, makes it possible to considerably increase the accuracy of the
interventions, thus improving the surgical outcomes, especially if associated with new
techniques, such as piezo-electric surgery [11].

The enthusiasm for surgical navigation has also spread to the dental world, which
is already prone to the use of new devices and technologies [12,13]. However, the most
described application in oral surgery is computer-assisted surgery for dental implant
placement [14–16]. In fact, only a few articles describe other uses of navigation systems;
some case reports analyze the results of computer-assisted surgery in the removal of
impacted teeth [14,17] and foreign bodies [18,19].

The purpose of this work is to lay the foundations for a preliminary assessment of the
different indications in oral surgery for the use of computer-assisted surgery.

2. Materials and Methods

In our preliminary study, we enrolled four patients treated in our center. The first
patient presented a dislocated orthodontic arch in the soft tissues of the cheek. In other
three cases, patients presented supernumerary and included dental elements. Among
them, two patients were affected by craniofacial synostosis (Pfeiffer Syndrome and Apert
Syndrome).

The process of computer-assisted surgery began with the fabrication of a personalized
maxillary occlusal splint, in which five titanium hexagonal-headed screws were inserted
in a non-coplanar position, as fiducial markers for patient’s orientation during surgery
(Figure 1). Then, a high resolution cone beam CT (0.8–1 mm slices) was performed, after
positioning the splint on the maxilla.

Surgical planning and navigation were performed according to the protocol previously
described by Novelli et al. [6,7]. Pre-surgical planning on DICOM data was performed with
iPlan 3.0 CMF software (BrainLab, Feldkirchen, Germany). After orienting the data set on
the axial, sagittal, and coronal planes, the fiducial markers and the surgical targets were
identified. These landmarks assume a specific spatial position in the three-dimensional
reconstruction of CT data (Figure 1).

Vector Vision II (BrainLab, Feldkirchen, Germany) was used for recording and for
surgical navigation. It is an optical navigation system that involves the use of a reflective
system fixed to the patient’s skull, called the dynamic reference frame, identifiable by an
infrared video camera (Figure 2).
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3. Results 
We described two cases of our sample in order to explain the procedure proposed: 

the first patient treated is a twenty-three year-old woman, who came to the attention of 
our department due to the evidence on orthopantomography of a foreign body in the right 
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Figure 2. A dynamic reference frame fixed to a skull patients.

The software, using the dynamic reference frame and the CT data set, is able to deter-
mine the real position on the patient of the fiducial markers. The accuracy of the recording
was assessed during surgery, by checking target structures in vivo with CT images.

3. Results

We described two cases of our sample in order to explain the procedure proposed: the
first patient treated is a twenty-three year-old woman, who came to the attention of our
department due to the evidence on orthopantomography of a foreign body in the right
infra-temporalis region, as visible in Figure 3.
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Since it was difficult to clinically investigate the anatomical region, a cone beam CT
scan was required in order to localize the foreign body and plan the surgical navigation. In
this case, we fabricated a splint with an extension in order to keep the mouth open during
surgery, as visible in Figure 4. In fact, mouth movements should be avoided to permit the
correct triangulation of the navigation system.
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The second patient treated is a twelve-year-old boy affected by Pfeiffer Syndrome 
with dental crowding and impaired eruption of dental elements 1.6, 6.5, and 2.6. The pa-
tient was referred to our center in order to proceed with the extractions under general 
anesthesia. 

Before surgery, we identified, on the cone beam CT, the dental elements to be re-
moved with iPlan 3.0 CMF software (BrainLab, Feldkirchen, Germany), as visible in Fig-
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Figure 4. A modified maxillary occlusal splint with a mandibular extension.

The surgery was performed under general anesthesia with an intra-oral incision in
the right upper vestibular fornix to reach the infra-temporalis fossa. The foreign body
was identified and removed after soft-tissue dissection with the aid of surgical navigation
(Figure 5). It was a fragment of a dislocated orthodontic arch.
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Figure 5. Intra-operative images.

The second patient treated is a twelve-year-old boy affected by Pfeiffer Syndrome with
dental crowding and impaired eruption of dental elements 1.6, 6.5, and 2.6. The patient was
referred to our center in order to proceed with the extractions under general anesthesia.

Before surgery, we identified, on the cone beam CT, the dental elements to be removed
with iPlan 3.0 CMF software (BrainLab, Feldkirchen, Germany), as visible in Figure 6.
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Figure 6. Virtual planning of the case.

The surgery was performed under general anesthesia with the aid of the surgical
navigation system, as previously described. An intra-sulcular palatal incision was made,
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extending from dental element 1.3 to the right tuber maxillae. We performed an ostectomy
to identify the dental element 1.6 in palatal position by using the navigation system pointer.
Then, we safely proceeded with the avulsion of the dental element 1.6. On the left side,
in order to remove the dental elements 6.5 and 2.6, we performed a vestibular incision
extending from dental element 2.3 to the left tuber maxillae and a similar access ostectomy
to identify the correct teeth before the avulsion. The intra-operative images are visible in
Figure 7.
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The data obtained from the analysis of accuracy in the four patients are reported in
Table 1.

Table 1. Accuracy—target registration error.

Case Target 1 Target 2 Target 3 Target 4

Case 1
Foreign body 1.00 mm

Case 2
Impacted teeth in Pfeiffer

Syndrome
0.5 mm 0.3 mm 0.6 mm

Case 3
Impacted teeth in Apert Syndrome 0.3 mm 0.5 mm 0.4 mm 0.5 mm

Case 4
Impacted teeth 0.3 mm 0.2 mm
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4. Discussion

Surgical navigation instruments give the surgeons the opportunity to be guided
through the anatomical structures, verifying, pre-, intra-, and post-operatively, the adequacy
of their actions and results.

The purpose of pre-operative surgical planning is to identify, in the virtual model, the
target of surgery in order to increase the predictability, reproducibility, and safety of the
surgical act [20,21]. In order to obtain these goals, several factors influencing the accuracy
of surgical navigation should be analyzed:

• Geometric accuracy is an index of image recording precision and indicates the technical
quality of the image. Marmulla et al. [22] and Eggers et al. [23] analyzed the geometric
accuracy of cone beam CT compared to Spiral CT. These studies showed that the
geometric accuracy of cone beam CT was lower than Spiral CT, in the range of fractions
of millimeters; moreover, it was unequally distributed over the region of interest.
However, cone beam CT appeared to be adequate for the purpose of oral surgery.

• The type of navigation systems influences the accuracy of computer-assisted surgery:

# Electromagnetic systems superimpose a magnetic field over the surgical site.
The position of a tracking probe is determined by analyzing the effect of its
ferromagnetic parts on the magnetic field. They have a fast intra-operative
registration, but there are interferences with metal instruments [24].

# Optical systems measure the time that it takes a transducer-emitted tone to
reach the microphone-bearing frame. They have a higher technical precision
without interference with the metal instruments commonly present in the
operating room. However, they must be positioned in a linear way with the
patient in order to interact with the surgical field [25,26].

• Target registration error is an index of accuracy of the navigation system. It is defined
as the discrepancy, in millimeters, between the real and virtual anatomical points and
the fiducial markers [27,28]. The factors that can most influence the target registration
error are the type and position of fiducial markers [29]:

# Invasive fiducial markers: they are normally made up of self-tapping titanium
screws inserted into bone through a cutaneous or mucosal access. They are
extremely precise, small in size, and do not undergo modifications from the
image acquisition phase to the operative time. Due to their characteristics,
they can be applied in large numbers. The disadvantages are linked to the
invasiveness of their positioning.

# Non-invasive fiducial markers: specific occlusal dental splints in which ra-
diopaque landmarks are placed in such a way that they can be worn during
the CT scan acquisition and used as non-invasive fiducial markers. It is an easy
technique, but it requires the additional time to fabricate the splint. It cannot
be used in edentulous patients, and its accuracy tends to be reduced above the
plane passing through the orbital floor. The splint can be safely removed after
registration and re-used during surgery and if the recording has to be repeated
to verify the post-operative accuracy.

# Dental landmarks: they can be used as an alternative to the occlusal splint. This
method requires the presence of at least 4 to 5 non-periodontopathic dental
elements in the upper dental arch on which dental brackets could be placed.

# Surface scanner: it allows one to scan the surface of soft tissues, recording an
average of 100–200 surface points. The advantage of this method is to allow a
rapid acquisition of a large number of reference points in order to obtain an
accurate superimposition with the virtual images, without the need of a CT
scan with landmarks.

According to Metzger et al. [29], the most accurate registration method is based on
invasive landmarks. Collyer [3] and Novelli et al. [6,7] validated the use of occlusal splints
for orbital surgery. We can state that in oral surgery the use of occlusal splints, dental
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markers, or bone anchoring screws can be considered valid and reliable due to the degree
of precision required and to the location of the surgical field.

The extraction of impacted teeth is a commonly performed procedure associated
with several potentially significant complications. Many of these complications arise as a
result of iatrogenic damage due to the operator’s inability to directly visualize anatomical
structures, such as inferior alveolar nerve, maxillary sinus, nasal cavity, and adjacent
teeth [30].

Although an easy but necessary learning curve for the surgical planning and reg-
istration process is needed, thus leading to an initial lengthening of the preoperative
times, computer-assisted surgery offers an undoubted advantage in terms of the reliability
and predictability of the results, optimizing operating times and reducing post-operative
complications [9].

In our sample, the target registration error was always less than a 1 mm, in the case of
impacted teeth. It reached 1 mm when the target was in the soft tissues and subjected to
variations of its position in relation to the jaws.

Our results show that the correspondence between the intra-operative target position
and pre-operative target planning has an average margin of error of less than 1 mm. We
can affirm that the target position can be faithfully predicted by the object planning.

5. Conclusions

Surgical navigation is also taking on an ever-increasing role in oral surgery. In fact,
the possibility of accurately identifying both impacted dental elements and foreign bodies
makes it possible to reduce the surgical invasiveness of the accesses and the risk of error or
injuries to anatomical structures adjacent to the surgical target. Our study is a theoretical
introduction to anyone who wants to approach surgical navigation, providing ideas for its
application in a clinical context and demonstrating its accuracy even in settings different
from those in which it was conceived. Obviously, other studies with a higher number of
cases are needed to validate its use in oral surgery and in order to exploit its potential and
justify the costs.

Until then, according to our experience in the field of computer-assisted surgery and
to these preliminary published results, it can be stated that surgical navigation is a valid
tool to enhance oral surgery.
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