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Assessment of Accuracy of Navigated 
Implant Placement in the Maxilla

Alexander Gaggl, MD, DDS1/Günter Schultes, MD, DDS1

Purpose: The use of computed tomography (CT) based intraoperative navigation has greatly improved
surgery in many specialties. In this study, the precision of the SMN system (Zeiss, Oberkochen, Germany)
for navigated drilling and following implant placement in the maxilla was evaluated. This study should
demonstrate the suitability of navigation systems for computer-assisted implantation in the maxilla to
avoid perforation of the maxillary sinus. Materials and Methods: Sixty target drillings were carried out
on 10 standardized polyurethane milling models after CT scanning. The models were produced with cra-
nial open maxillary sinuses. The CT scans were performed with a slice distance of 1 mm. Then the CT
data were transferred to the workstation of the SMN system and registration of the reference markers
(fiducials) for superposition of the native and CT model was done. Referencing of the model was per-
formed with the aid of a drilling tool. This drilling tool was used for later navigation-assisted drilling into
the maxilla. The target of drilling was the maxillary sinus floor. The aim was to come as near as possible
without perforation. The distance from the bottom of the drilling holes to the maxillary sinus floor was
measured after sectioning of the model. In another 10 models, implants were placed after performing
60 navigated drilling holes. Results: In the first part of the study, an average drilling depth of 6.97 mm
and a mean distance to the sinus floor of 0.11 mm (standard deviation = 0.2) was found. In 13 speci-
mens, the inferior border of the sinus was perforated. In the second part of the study, a perforation of
the sinus floor by the implants was seen in 47 cases. The mean distance to the maxillary sinus was 0.25
mm (standard deviation = 0.2). Discussion and Conclusions: High precision of CT-based navigation for
controlled preimplant drilling was seen, but a high incidence of penetrations into the maxillary sinus was
caused by the subsequent implant placement.  (INT J ORAL MAXILLOFAC IMPLANTS 2002;17:263–270)

Key words: computer-assisted implantation, dental implants, maxillary sinus, navigation 

The use of dental computed tomography (CT)
scans for the planning of implant placement has

been of great advantage in implant dentistry.1,2 CT
images have been used for presurgical examination
of alveolar ridge morphology and to verify the posi-
tion and extent of critical anatomic structures that
should be preserved during implantation.3 The
essential anatomic structures to be preserved are the
neurovascular bundle of the mandible and the nasal
and maxillary sinus cavities of the maxilla. The main
question to be answered by CT data is whether
implantation is possible without injuring these

anatomic structures and what length of implants can
be used. The longest possible implants should be
selected. Furthermore, the indications for and kinds
of augmentation techniques that are possible can be
examined if necessary.4 The development of new
implants with reduced length and increased diame-
ter has circumvented the possible need for augmen-
tation.5 In many situations, sinus lift operations can
be avoided by using this kind of implant, if implanta-
tion in the lateral maxilla is necessary. In these cases,
optimized planning is necessary to avoid perforation
of the sinus floor and to exploit the whole height of
the jawbone for maximal stability of the implant.

When CT scans are used for preimplant planning,
intraoperative control is more difficult. Even when 3-
dimensional CT-based models are used for preopera-
tive planning, transfer of the model surgery into the
surgical environment can only be done by mechani-
cal devices.6,7 These devices can be fixed to the bone
or teeth, providing more precision for implant place-
ment. When these drilling devices are used in eden-
tulous patients, poor precision results. Thus, precise

1Clinical Department of Oral and Maxillofacial Surgery, University
Hospital/LKH Graz, Graz, Austria.
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intraoperative verification of operation planning is
more feasible by using CT data for the intraoperative
navigation of implantation tools. By using this tech-
nique, transduction of the patient and related CT
data can be done, and intraoperative control of
manipulation in the deep bone without surgical
exploration is possible. A drilling tool can be con-
trolled 3-dimensionally by watching the manipula-
tion of this drilling tool on a screen that shows 3-
dimensional reconstructions of the CT scan.8–10

With this technique, precise placement of
implants without injury to critical anatomic struc-
tures should be possible. While promising, the main
disadvantage in using navigation techniques has
been their high median error of transduction of CT
data to the patient and low precision of the naviga-
tion tools.11 With a new kind of system, optimized
referencing techniques, and better tool systems,
errors should be minimized.

The feasibility of utilization of a new CT-based
navigation system with an optimized working tool
for implantation in the severely atrophic maxilla was
the subject of this investigation.

MATERIALS AND METHODS

In the first part of the study, 60 target drillings in 10
polyurethane models of the maxilla were carried
out. The polyurethane models were produced on a
CNC milling machine (MDC, Kiel, Germany) on
the basis of a patient’s CT scan. The CT was
selected from CT scans that had been performed
presurgically prior to sinus lift operations in the lat-
eral maxilla. A patient was selected who had a
remaining height of the lateral maxillary alveolar
ridge between 6 and 8 mm and was edentulous in
this region. The height of the alveolar ridge was
measured from the inferior border of the maxillary
sinus to the inferior border of the alveolar crest of
the maxilla. 

The polyurethane models were then milled in a
way that provided open sinuses in the cranial
region, to make later control of perforation of
drilling possible (Fig 1).  

These models were then marked with 8 reference
points (fiducials). From these models, CT scans,
using an electron beam tomograph (Evolution/
UltraFast CT, Siemens, Erlangen, Germany), were
made. The thickness of the layers was 1.5 mm (slice);
the distance of the layers was 1 mm (feed). The CT
data were transferred to the workstation of the navi-
gation system (SMN, Zeiss, Oberkochen, Germany).
It is a CT-based infrared guided navigation system
with different possible working tools.  

To determine transfer errors, the diameter of 2
drilled holes into the pterygoid process of the max-
illa was measured at the smallest distance measured
on CT scan and native model. The native models
were measured with the aid of electronic calipers
and the CT model was checked by computer-aided
measurement on the computer screen. The corre-
sponding values were recorded and the differences
and standard deviations calculated. 

A 3-dimensional infrared sensor was attached to
the model by fixation screws in direct optical con-
tact to 3 distant infrared cameras, which, in turn,
had contact with the workstation. Therefore, every
3-dimensional movement of the models’ sensors
was registered by the cameras and transposed to the
CT data on the screen. Following model referenc-
ing according to the 6 fiducials with the drilling
tool, a calibrated norm-drill was attached. Three
infrared sensors were fixed to the polyurethane
model (Fig 2). These were in constant optical con-
tact with the 3 infrared cameras. 

Motion of the drill tip in relation to the jaw model
and the clearly visible maxillary sinus was visualized
at the workstation via transposition of the references
between the native and CT models and calibration of
the tool. Entrance and target of the drilling were
planned (Fig 3). The aim for target was the inferior
border of the sinus floor. For later measurement of
the perforation length, the maxillary sinus was filled
with an acrylate. By directing the tool, the relative
motion of the drill tip was controlled with a delay of
50 ms. After determining the point of entrance on
the model and the target, a CT-directed target
drilling was carried out. The drilling was stopped
when the drill tip was just short of the caudal border
of the sinus as seen on the screen of the navigation
workstation. This was carried out 6 times on each of
the 10 maxillary models (3 times left and 3 right).
Thus, 60 directed target drillings were made. 

Following drilling, the results were checked by
measuring the distance between the planned and
actual target drill distance. The model was opened at
each drilled hole with a milling machine (Fig 4). The
distance from the sinus floor to the deepest point of
the target drill was measured with a dental probing
compass (Fig 5). Where sinus perforations occurred,
the depth was measured with the inserted acrylic
device. Thus, planning errors of up to 0.01 mm were
detected. The measurements were carried out 5
times at each drilled hole. The greatest and smallest
measurements were discarded and the average of the
remaining measurements was determined. The total
drilling length was determined in the same manner.
The average of the individual averages and the cor-
responding standard deviation were calculated. 
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In the second part of the study, another 10 mod-
els were used for CT scans and navigation drillings
as described above. The models were then used for
simulation of dental implantation. Thus, the length
of the navigated drilling was marked at the drill after
navigated drilling and transferred to the implant
pilot bore and core bore of a conventional self-cut-
ting screw implant system (SIS Trade, Klagenfurt,
Austria). The marked pilot and core drill were used
for individual preparation of the implant bed with
the depth registered by the navigated drilling. The

drilling length was then transferred to the implant
and the implant was screwed into the implant bed.
The same procedure was performed with an addi-
tional 59 drillings in 10 milling models. After
implantation, the lateral wall of the maxillary sinus
was cut off and the distance from the implant apex
to the maxillary sinus floor or the length of perfora-
tion was measured as described for the drilling
depths in the first part of the study (Fig 6). 

Maximal and minimal values were registered for
both parts of the study. The significance of the

Fig 2 A 3-dimensional infrared sensor is f ixed to the
polyurethane model so movements of the drilling tool in compari-
son to the infrared sensor can be registered.

Fig 1 Polyurethane model of the midface and maxilla. The max-
illary sinus is opened to the orbit. 

Fig 3 Drilling with the drilling tool. The tool is standardized and
another 3-dimensional sensor is also fixed to the handpiece.

Fig 4 Cross section of the alveolar ridge and sinus after drilling.

Fig 5 Measurement of the distance between the bottom of the
drilling hole and the sinus floor by a probing compass.

Fig 6 Cross section of the model with 3 implants perforating
the sinus floor. 
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averages was checked by the unilateral t test. The
optimum of 0 mm difference between planned
drilling and achieved distance to the surface was
defined as a normal value.

RESULTS

The following results were seen for the first part of
the study. Measurement of the distance of the refer-
ence drill on the native model and CT scan showed
an average deviation of 0.2 mm. An average drilling
depth of 6.97 mm (SD = 0.46) and a mean distance
to the sinus floor of 0.11 mm (SD = 0.22) was
found. In 13 cases, the inferior border of the sinus
was perforated. The average depth of penetration
into the maxillary sinus measured 0.24 mm. Forty-
seven cases of drilling were accomplished without
perforation. The average distance to the sinus mea-
sured 0.23 mm. The individual results of the
drillings are shown in Table 1.

The second part of the study showed the follow-
ing results. Measurement of the distance of the ref-
erence drill on the native model and CT scan
showed the same average deviation of 0.2 mm as in
the first part of the study.

The mean length of implantation was 7.28 mm
(SD = 0.43), and a mean distance to the sinus floor
of 0.25 mm (SD = 0.26) was found. In 47 cases, the
implants penetrated into the maxillary sinus. The
average penetrating length into the maxillary sinus
measured 0.38 mm. Thirteen implants were placed
without sinus perforation. The average distance of
the implant apex to the sinus was 0.16 mm. The
individual results of implantation are shown in
Table 2.

DISCUSSION

Use of the CT scan has greatly improved preopera-
tive diagnosis for difficult implant cases.1,2,12 Alveo-
lar ridge CT scans enable precise analysis of poten-
tial implant sites.13 In recent years, the possibility of
using 3-dimensional visualization of CT scans has
been available, therefore enabling verification of the
position of at-risk anatomic structures such as the
neurovascular bundle of the mandible and the max-
illary sinus.14

Thus, 3-dimensional preoperative planning pro-
vides the opportunity to avoid injury of critical
anatomic structures by better assessing the anatomy
of the individual patient. Furthermore, the question
of augmentation necessity and technique can be
answered. Before the use of navigation techniques,

transfer of the planning into the actual surgery
could only have been done by mechanical devices
with minimal intraoperative control. 

Since a new generation of implants with an
enlarged diameter and short length has been used to
avoid augmentation in borderline cases,5 precise
drilling and implantation by using the maximum
bone height for enhanced osseointegration has
gained importance. If implants are to be used in the
lateral maxillary region, sinus lift operations can be
avoided in some cases. When the entire available
residual bone height is used, the possibility of injur-
ing the maxillary sinus increases. Consequently,
control mechanisms of implant drilling should
probably be used. Perforation control is possible
using the sinuscope, but it is not possible to avoid
damage of the sinus floor by this technique. Appar-
ently, only the navigation technique allows control
of the tip of the bore in the bone without a surgical
approach.9,15,16

Navigation techniques were first used in neuro-
surgery to localize and resect pathologic structures
without destruction of the neighboring brain.10,17,18

Because of the attractive results, this technique has
also been used in other specialties.18,19 In maxillofa-
cial surgery, osseous segments have been positioned
under navigation control to achieve symmetry in an
asymmetric face.20,21 Corrections of facial deformi-
ties have been controlled intraoperatively by CT-
based navigation.22 In this field, a mean intraopera-
tive error of 2.4 mm has been seen and seemed to
be tolerable.23 Nevertheless, this mean error can be
high for other surgical procedures. Therefore, the
precision of navigation systems has been improved
with better programs and reference tools.24,25 Mean
deviations of less than 1 mm have resulted. Further-
more, minor transfer errors of the CT scan should
be expected. In comparison to the real situation, a
mean error of 0.25 mm is caused by an electron
beam tomograph, when a slice of 1.5 mm and feed 1
mm is used.26 This advantage has made endosseous
navigation possible to circumvent destruction of
endosseous nerves and vessels. The 3-dimensional
controlled placement of implants in appropriate
prosthetic position has become possible.8,9,15 For all
surgical indications, optical navigation systems have
been better than magnetic ones, because many
metal instruments are used in the operating room
and can cause disturbances during navigation by
magnetic guidance.10,20 With laser sensors, a preci-
sion of 0.3 mm has been possible.24 In systems using
infrared sensors, as in this study, a high degree of
precision is possible. A mean error of less than 0.3
mm was seen during drilling under navigation con-
trol in this study. Thus, perforation of the maxillary
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Table 1 Drilling Results

Drilling Drilling Distance to the
Model no. no. depth (mm) sinus floor (mm) Perforation

1 1 6.8 0.2 No
2 6.2 0.1 No
3 6.9 0.3 No
4 7.3 0.3 No
5 6.8 0.1 No
6 6.9 –0.1 Yes

2 1 7.1 –0.1 Yes
2 6.3 0.1 No
3 6.9 0.2 No
4 7.2 0.4 No
5 7.0 –0.1 Yes
6 7.0 0.1 No

3 1 6.8 0.2 No
2 6.1 0.2 No
3 6.8 0.3 No
4 7.4 0.2 No
5 6.8 0.2 No
6 6.7 0.1 No

4 1 7.2 0.1 No
2 6.3 –0.1 Yes
3 7.0 0.2 No
4 7.6 –0.1 Yes
5 6.9 0.1 No
6 7.3 0.1 No

5 1 7.2 –0.3 Yes
2 6.4 –0.2 Yes
3 7.0 0.1 No
4 7.6 0.1 No
5 7.0 0.1 No
6 6.6 0.3 No

6 1 7.3 0.1 No
2 6.1 0.2 No
3 6.8 0.4 No
4 7.2 0.5 No
5 6.9 0.1 No
6 7.1 0.3 No

7 1 7.4 –0.6 Yes
2 6.2 0.1 No
3 7.2 0.1 No
4 7.8 0.2 Yes
5 6.7 0.5 No
6 6.7 0.1 No

8 1 7.5 0.1 No
2 6.0 0.5 No
3 6.9 0.2 No
4 7.8 –0.2 Yes
5 6.8 0.2 No
6 7.6 0.1 No

9 1 7.3 –0.5 Yes
2 6.2 0.1 No
3 7.2 –0.3 Yes
4 7.7 0.1 No
5 7.1 –0.3 Yes
6 6.8 0.1 No

10 1 7.4 0.2 No
2 6.2 0.3 No
3 6.9 0.4 No
4 7.6 0.2 No
5 6.8 0.2 No
6 7.6 0.1 No
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Table 2 Implantation Results

Implant Implant Distance to the
Model no. no. length (mm) sinus floor (mm) Perforation

1 1 7.2 –0.4 Yes
2 6.4 0.1 No
3 7.3 –0.5 Yes
4 7.7 –0.3 Yes
5 7.7 –0.3 Yes
6 7.4 –0.3 Yes

2 1 7.6 –0.3 Yes
2 7.2 –0.5 Yes
3 7.3 0.1 No
4 7.6 0.1 No
5 7.0 –0.2 Yes
6 7.8 –0.6 Yes

3 1 7.8 –0.6 Yes
2 6.9 –0.4 Yes
3 7.0 0.1 No
4 7.7 0.1 No
5 6.7 0.4 No
6 7.0 –0.3 Yes

4 1 7.7 –0.4 Yes
2 6.6 –0.3 Yes
3 7.4 –0.5 Yes
4 7.8 –0.1 Yes
5 7.2 –0.3 Yes
6 7.3 0.1 No

5 1 7.4 –0.6 Yes
2 6.5 –0.3 Yes
3 7.8 –0.7 Yes
4 7.9 –0.4 Yes
5 6.9 –0.3 Yes
6 7.2 –0.4 Yes

6 1 7.6 –0.2 Yes
2 6.8 –0.3 Yes
3 7.4 –0.2 Yes
4 7.8 –0.2 Yes
5 6.9 0.1 No
6 7.9 –0.4 Yes

7 1 7.0 –0.1 Yes
2 6.8 –0.5 Yes
3 7.4 –0.5 Yes
4 7.7 0.1 No
5 7.1 –0.3 Yes
6 7.3 –0.4 Yes

8 1 7.7 –0.4 Yes
2 7.0 –0.7 Yes
3 7.0 0.2 No
4 7.9 –0.3 Yes
5 7.3 –0.2 Yes
6 8.3 –0.9 Yes

9 1 7.3 –0.5 Yes
2 6.2 0.1 No
3 6.8 0.3 No
4 7.8 –0.3 Yes
5 7.3 –0.2 Yes
6 7.3 –0.3 Yes

10 1 7.1 –0.1 Yes
2 6.4 –0.3 Yes
3 6.9 0.2 No
4 7.6 –0.3 Yes
5 7.3 –0.4 Yes
6 7.4 –0.3 Yes
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sinus by navigated drilling can be avoided and
nearly all the residual bone height can be used for
implant placement. The drilling tool is advanta-
geous, because it can be used for referencing prior
to surgery and for drilling during surgery. No other
tools are necessary, which makes the whole proce-
dure easier for the surgeon. 

While there is an easy procedure for preparation
of the operation and for intraoperative manage-
ment, there may be a much higher incidence of
errors that are not caused by the navigation system
but by the surgeon himself or herself. Optimal
drilling does not necessarily mean optimal implan-
tation as shown in this study. Because of the neces-
sity of further steps of preparation of the implant
bed, there are other possibilities for perforation of
the sinus floor. Therefore, a higher incidence of
perforation has been seen after completed implanta-
tion in comparison to isolated navigated drilling.
Transfer of the drilling depth to implant length is of
great importance, because most penetrations into
the maxillary sinus are caused by the implant place-
ment and not by the navigated drilling. Navigated
drilling up to a distance of 1 mm to the sinus floor
may avoid destruction of the sinus floor during the
later implantation. If this security distance is recog-
nized, damage of the sinus floor can be avoided. 

Precision of navigation can only be achieved by
using bone-fixed fiducials, which makes placement
of screws or other fiducials to the bone in the
patients necessary.10 This was no problem with the
models, but can cause patient concern because
another surgical intervention for screw fixation is
necessary. 

By knowing about the precision of a navigation
system in models, clinical studies in humans should
be forthcoming. 

CONCLUSIONS

A high degree of precision was achieved in com-
puter-assisted surgery by the development of new
programs and working tools. The entire residual
bone height can be used for implantation in the
maxilla without perforation of the maxillary sinus, if
a controlled drilling procedure is carried out. A
more severe problem with a higher likelihood of
errors and perforation of the sinus floor bone may
be caused by subsequent implantation. 
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